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ABSTRACT
This dissertatioii describes advances in the photorefiractive dynamic response, and
in the understanding of response limitations. In a PVK/ECZ based composite using a
tolane chromophore and TNFDM sensitization, a photorefractive response time constant
of 4 ms was observed at an applied field (£a) of 95 V/^m with a writing fluence of 0.5
W/cm^, while the birefringence response time was under a millisecond. This showed that
the chromophore orientational response does not limit speed, and suggests fiirther
investigation of photogeneration and transport processes to improve dynamic response.
Another segment of research investigated performance changes by exposure
under working conditions. Photorefractive properties for composites using chromophores
of varied ionization potential (Jp) were characterized as a function of exposure at Ea = 80
V/um, up to 10^ J/cm^ total optical field exposure. The response time and
photoconductivity were found to fatigue for all samples, but a higher chromophore Ip was
correlated to greater stability. The four-wave mixing dependence upon Ea showed a
variation in trap density with exposure which verifies the role of the Qo anion, the
ionized sensitizer, as a photorefractive trap.
The third segment of research was the proof-of-principle of a photorefractive
injection molding process. Photorefractive properties of molded materials were verified
by four-wave mixing and two-beam coupling measurements. At Ea = 95 V/jim, a
diffraction efficiency of 25-30% and a gain coefficient near 50 cm ' was observed. This
shows industrial processing potential of these materials and provides a path from hand
crafted devices to mass-production techniques, promoting commercial acceptance.
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CHAPTER 1 INTRODUCTION
This dissertation explores the background, characterization, and development of
organic polymer-based photorefractive materials. Specific contributions in improving the
speed, working life, and commercial processing options will be described. A background
will be developed in the necessary analysis tools, the historical development, and the
experimental techniques used to advance the field, followed by experimental results
which comprise the present worio

1.1 Commercial plastics: polymers and composites
The development of the commercial plastics industry is a story of explosive
growth and innovation. In the 1967 film 'The Graduate", the title character was tokl
"there's a great future in plastics." The time since then has borne out that advice. In the
1980s, the volumetric annual consumption of plastics overtook that of steel; by the early
1990s the world's plastics consumption by mass outstripped that of steel [1]. Naturally,
most of the world usage of plastics is in structural applications, blow-molded food
wrapping film, housewares, and so on, but plastics are also a critical component of the
microelectronic revolution [2,3]. Though a relatively small portion of bulk consumption,
plastics in electronic and optical applications have great economic importance.
When we speak of plastics in high-technology applications such as these, we
often used the temi "polymers." Polymers are generally organic materials in which a
chemical structure is repeated to form long chains. In conunercial use, polymers are
largely thermoplastk:s, meaning they may be thermally formed. A central reason for the

19
rapid development of plastics is the versatility of thermoplastics. They may be extruded,
injection molded, compression molded, cast, spun, or drawn, just to mention a few
possibilities. Composite materials may be constructed blending different polymers or by
adding other substances to change the melting behavior, fnu:ture toughness, tensile
strength, electronic properties, or optical parameters, for example. One may ask how this
relates to the field of photorefractive materials, which is the focus of this work. The
essence is simple. Polymers provide a very adaptable vehicle for the design of materials
with specific properties.

In the present case, photorefractive materials require the

coexistence of several critical properties in a material, and polymer-based materials have
the required flexibility to do this. In this dissertation, the understanding and design of
photorefractive polymer-based materials is advanced in several ways. Before describing
the specific activities, we will first look briefly at photorefractive materials in general

1.2 Photorefractive materials
The advent of photorefractive materials began as a discovery in 1966 of opticallyinduced refractive index inhomogeneities in lithium niobate ferroelectric crystals [4].
Though initially the effect was an annoyance, since it rendered carefully prepared and
expensive crystals damaged in their design application, it was soon seen as an exploitable
trait.

The phenomenon was subsequently observed and studied in many inorganic

crystalline materials [S], including semiconductors.

Briefly, the effect occurs by the

photogeneration of mobile charge in a system, the redistribution of the charge to form a
space-charge field, and the subsequent variation of the refractive index of the material
due to electro-optic effects produced by the space-charge field. The light distribution is
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often a sinusoidally varying one produced by two-beam interference.

In the early

observations, the redistribution of charge occurred by diffusion, but also may be effected
by drift in an imposed electric field. The index modulation requires some form of optical
anisotropy, and may occur through the Pockels effect, Kerr cffect, or other mechanisms
acting through the spatially varied electric field in the materiaL Since the space-charge
field has a derivative relationship to the charge distribution itself, the index variation is in
general out-of-phase with the optical light distribution which induced it. This led to the
observation that coherent beams may transfer energy when interfering in photorefractive
materials [6], a hallmark of photorefiractivity.

There are many ways of inducing a

refractive index modulation in materials in-phase with the writing light pattern, but only
photorefractivity exhibits this characteristic phase shift.

The details of the

photorefractive process and the fundamental modeling used to describe it will be
discussed in Chapter 2. Since the present work of this dissertation involves advances in
organic polymer-based materials, let us examine to development of such materials, which
are the basis for new work in the field.

1.3 State-of-the-art
The photorefractive effect was first reported in organic crystals in 1990 [7], and in
amorphous organic polymers in 1991 [8]. These reports showed grating formation with
very small diffraction efficiencies, but proved the principle of organic photorefi^tive
materials. This prospect was (and continues to be) exciting because polymer systems are
easier to process than inorganic crystals, lower in cost, more flexible in formulation, and
capable of much broader tailoring of properties. The properties of photogeneration.
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charge transport, and optical anisotropy, as well as mechanical and other properties, may
be manipulated by mixing multiple components or by chemically modifying a single
component. After the initial observations, there were a rapid series of improvements in
diffraction efficiency, and gain coefficients for the exchange of energy between two
beams were demonstrated and improved as well The speed of the grating formation
process was initially on the order of minutes or longer.
The most active area of development was in the so-called guest-host materials.
These materials use a polymer host, usually a photoconductor, with additives such as
plasticizers to reduce its glass transition temperature (F,), sensitizers to provide
photogeneration in a specific part of the optical spectrum, and optically anisotropic
species, often called chromophores, to allow refractive index modulation.
When the experimental work of this dissertation began, diffraction efficiency near
100% and gain coefHcients over 200 cm ' had been reported using applied electric fields
less than 100 V/^m. The time required to form a photorefi^tive grating was on the order
of 100 milliseconds or more. The high levels of performance had been found to result
from periodic orientation of the optical chromophores due the periodic space-charge
field. This class of materials is often referred to as low-glass-transition-temperature
(low- Tg) materials or orientational photorefractives because the chromophores can orient
freely in the material at room temperature.

Having established good steady-state

performance characteristics, efforts were made to reduce the applied electric field needed
to reach a maximum in diffraction efficiency, resulting in a maximum efficiency of over
70% at a field of 28 V/fim. Initial problems with phase separation of components in the
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polymer composite had been attacked and improved to yield projected shelf-lives of
years. The preparation of the materials remained largely a craft, subject to acquired skill
and art. Commercial processing was an open question subject to investigation. For a
more complete picture of the state-of-the-art and the historical background, an account is
given of the materials development in Chapter 3.

1.4 Motivation for research
Communication capabilities approaching terabit line rates are propagating into
use. Optk:al fiber transmission systems employing wavelength division multiplexing arc
fast becoming a critk:al part of the global communication infrastructure. Unlike the endnode scene, where traditional wire solutions continue to compete with optical
technologies on a cost basis, the k)ng-haul and backbone strategies are shifting towards
pure optical strategies. Systems still convert optical signals to electronic ones at many
places in a typical network, but it is desirable to make the transition to all-optical
technologies.

This could require not just optical signal modulation, transmission,

distribution, and regeneration, but perhaps buffering or logical operations as well.
Polymers are attractive for devk:e development because they can be formed by a
broad range of processes, can form thin, thick or large-area films, and can be doped or
chemically altered to produce an array of capabilities. They offer the promise of largescale integration of optical and electronk: functions, as in electro-optic modulators or
micro-opto-mechanical systems.
A number of applications of photorefractive materials have been described or
demonstrated. A few examples are image amplification [5,9], phase conjugation [S,10],
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image processing [11,12], dynamic holography [13], optical storage [14], classical
interferometry [IS], phase-shifting interferometry [16], imaging through scattering media
[17,18], fiber optic mode conversion [19], laser wave-front correction [20], beam steering
[21], and narrowband interference filtering [22,23]. Many of these were conceived with
photorefractive crystals in mind, despite their limited size, great expense, and relatively
small gain. As the unique qualities of polymeric materials are reflected in applications
development, some new capabilities will certainly be exploited.

As the technical

challenges of materials design arc met, the creativity possible in device design will
expand, and the effects could be likened to the growth of electronics made possible by the
development of integrated circuits. Photorefractive materials provide another tool in the
progress of integrated optkrs, as well as bulk devices.

1.5 Present work
The background in existing analysis models and materials which is provkled in
Chapters 2 and 3 will be supplemented in Chapter 4 by descriptions of specific
experimental techniques used to explore and extend the state-of-the-art Techniques for
transient measurement of grating formation and optical birefringence responses were
critical to this work, and new capabilities devekiped in conductivity measurement are
sure to contribute to future understanding, modeling, and analysis. These and other
techniques described therein form a suite of measurements which enable improved
material designs and modeling.
The results of several studies in organic photorefi^tives will be presented in
Chapter 5. The first is a comparison of the transient response of the grating formation
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process to that of orientational birefringence in a state-of-the-art fast material, illustrating
that the physical orientation process docs not limit photorefractive response. The sccond
is a study of transient response fatigue in a family of materials under typical use
conditions of applied electric field and illumination. This study illustrates that fatigue of
response-time correlates to a reduction in photoconductivity. Further, it shows that such
effects may be stabilized by engineering of the relative molecular orbital energies of the
optical chromophore which provides index modulation and the photoconductive host
which provides charge transport The third study uses knowledge of material stability
and of industrial processing technique to provide a proof-of-principle for injection
molded photorefractive devices. It shows for the Hrst time that a photorefr^tive material
may be injection molded while retaining its photorefractive properties. This opens the
issue of conunercial applicability of polymer photorefractives from

the processing

perspective. It also may allow new device geometries with relatively complex shapes or
thick structures, promoting innovative new device concepts.
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CHAPTER 2 ANALYSIS OF PHOTOREFRACTIVE MATERIALS
The phototefractive efTect combines light-induced generation of charge,
photoconductive transport processes, and electro-optic effects to produce gratings which
are written dynamically. The process is sensitive enough to be observed using low-power
lasers, even inexpensive laser diodes.

Most importantly perhaps, the gratings arc

distinguishable from gratings written via any other phenomenon, in that they are not in
phase with the light interference pattern which produced them. This non-local response is
a hallmark of photorefractivity, and gives rise to the ability to transfer energy from one of
the writing beams to another.

An overview and details of this mechanism will be

described in this chapter.

2.1 Fundamental description of the photorefractive effect
To understand the effect, let us assume that two beams, inclined by angles ±d
relative to the z-axis, are interfering in a photorefractive material to produce a sinusoidal
irradiance pattern along the laboratory X-axis as shown in Figure 2-1. The interference
pattern has a period [24,25] given by

where Xo is the vacuum wavelength of the interfering beams, n is the refractive index of
the material, and 0 is the angle of inclination of the beams in the material. The
irradiance of the interference pattern may be described by the expression [26]

(2.2)
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where Icf=Ii •¥ I2 \s the sum of the incident wave intensities, and the parameter m is the
fringe visibility of the interference function [27],

m = /.

where

-Ls^

=

hUKe

^i:.

(2.3)

are the unit polarization vectors of the beams 1 and 2.
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Figure 2-1: The interference of two beams in a material
The basic steps to produce a photorefi^tive grating are outlined in Figure 2-2.
Material absorption leads to free-charge generation in the brighter regions. These charges
move, by diffusion or drift, away from the bright regions. They also leave behind centers
of opposite charge, which we will assume remain fixed. The effective charge density, p ,
is a signed sum of the charge densities of the two species (p^

-p.),

and is connected to

the resultant space-charge electric field, E ,c, by the Poisson equation (CGS units).
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This is a one-dimensional form, so we have assumed variation along only one direction,
along the normal to the grating planes. In the case of transport by diffusion, the mobile
charges will move towards darker regions in either direction, while by drift in an applied
electric field, they are biased selectively in one direction. The charges migrate towards
darker regions until they arc trapped, due to the lower conductivity or other mechanisms.
The result is the formation of a space-charge fiekl, E,c which is not in-phase with the
original illumination.
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Figure 2-2: The fundamental steps of photorefractivity.

This space-charge field, through electro-optic effects, leads to a variation of
refractive index. It is possible for the index to be modulated via classical electro-optk:
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effects such as the Pockels effect; alternately, dipolar chromophores in the material may
be drawn to align with the spacc-charge field so that their polarizability anisotropy effects
an index variation.

This is the key effect in so-called low-7^ or orientational

photorefractive materials. This index modulation is in-phase with the periodic spacecharge field formed by the charge grating, and is thus out-of-phase with the illumination
which produced it. This non-local response is the signature of the photorefractive effect,
and gives rise to capabilities beyond those of gratings written by other mechanisms.
Perhaps the most remarkable resuh is the ability to transfer energy from one of the beams
to the other.
To see intuitively how this may occur, let us assume we are writing a grating in a
conventional, permanent index-modulation material using the same geometry described
above. The two writing beams are assumed to be polarized perpendicular to the plane of
incidence. To make the situation as simple as possible, let us also assume that the
material has very high contrast, so that our grating approaches a binary character with
alternating half-periods of high-index and low-index zones. Assume that the index is
increased as a result of exposure. The result will be high-index zones in the positions of
interference maxima, and low-index zones aligned with the intensity minima.

Now,

assume we move the grating so produced in the direction of the grating vector to displace
its phase by ic/2, i.e. spatially shifted by A/4. This places the intensity maxima, i.e. the
positions where the two beams have equal phase, at the boundaries between the highindex regions and the low-index regions as shown in Figure 2-3.
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Figure 2-3: Energy exchange between two beams using a shifted grating.
If we consider what happens when each writing beam hits the interface between
the regions, we must remember that light incident from the high-index region has no
phase shift upon reflection, while light incident from the low-index region undergoes a
phase shift of n upon reflection. This leads to constructive interference of the reflected
and transmitted waves on one side of the boundary, and a corresponding destructive
interference on the other side of the boundary. This is the energy transfer to which we
have alluded before. Though this analysis is simple, it provides an intuitive picture of the
origin of such energy transfer. A more detailed analysis may be done using coupledwave solutions, and this will be demonstrated later.
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Now that we know the basic components of photorcfractivity,
• charge photogeneration
• charge transport
• space-charge field formation
• refractive index change by the space-charge field
we are prepared to discuss the details of these processes.

2.2 Photogeneration
The process of generating free charges by absorption of light is the initial step in
the photorefractive effect Absorption of light does not guarantee the production of free
charge, however. Since a free charge must be liberated from some center which initially
bound it, the binding energy must be overcome.

If this does not occur, the optical

excitation is, in effect, lost to the recombination event. Thus, photogeneration of free
charge, henceforth simply photogeneration, involves two sub-processes. First, a photon
is absorbed to produce an electron-hole pair, an exciton. This pair is partially dissociated,
but is nonetheless still bound. The recombination of such a pair, often called geminate

recombination, has been considered extensively, with a summary of results outlined
below.
Current understanding of geminate recombination has much of its basis in the
work of Poole and of Frenkel [28] in the separation of charges by field-induced reduction
of ionization energy. The most widely-used relationships are drawn from the description
of the dissociation of ions-pairs in weak electrolytes due to Onsager [29,30]. These
relations are derived from the Smoluchowshi equations, which assume that the mean free
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path of the mobile charge is small relative to the Coulomb radius [28]. Onsager applied
boundary conditions to produce a model of photogeneration via the two steps of
excitation and dissociation described above. The excitation process is described by a
primary quantum yield, ^ and the escape probability, Q, of the excited charge by

air,e,E) = e - \ " ' ^
-.=0

„
ml (m + n)!

(2.5)

where in CGS units the parameters are defined
M=—4—
BockTr

(2.6)

B = ^ eEr ^ (1 + COS0)
2kT ,

(2.7)

where e is the elementary charge, E is the applied electric field,

^

static

dielectric constant, A: is the Boltzmann constant, F is the temperature and 0 is the polar
angle [28]. Forming the product 0o ^ assuming an distribution of thermalized pairs
described by an isotropic delta function, and integrating over space, the integration may
be completed [31] to give a usable result for the photogeneration efficiency, 0(£. ro).

f
1-(2C)"'S^(*^K(2^)
t=o

(2.8)

where At (x) is defined by the recursion relation
Mx) =

kl

(2.9)

and
^(x) = 1 - e-'

(2.10)
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The parameters

are defined in CGS units by

eErp
2kT
The radius

2

K s^ /

t

(2.11)

characterizes the thermalization distance of the electron-hole pair, and

is

a characteristic distance which may be called the Onsager distance [31,32].
This allows us to model the field dependence of the photogeneration efficiency.
The infinite sum converges reasonably in ten to twenty terms. Curves are displayed in
Figure 2-4 for various values of the thermalization radius. In general, a value of the latter
is chosen to best fit experimental data. The values which fit experimental data are larger
than we expect from the physical dimensions of typical sensitizer molecules. However,
the relations are useful since they can provide good fits with proper parametric
relationships. It should be noted that in the range of 10 to 30 A thermalization radii, the
variation in photogeneration is remarkable, orders of magnitude, as we move from 10
through 100 V/fim. This is a typical scenario for many organic photorefractive materials
and experiments.
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Figure 2-4: The Onsager curves for electric-field dependence of photogeneration
efficiency over a range of thermalization radii.

2.3 Transport
Once free carriers are generated, they must move from the brighter to the darker
zones to form a space-charge field. Charge transport in polymers may follow a number
of mechanisms. One example is ionic conduction, in which the transport occurs by the
movement of ions such as hydronium ions. Another example is redox transport; this
involves electrochemically active sites bound to a nonconducting backbone [33]. The
mechanism important in organic photorefi^tive composite materials is electronic
conduction. Whereas in crystalline materials, charges may move via the delocalized band
modes, transport in amorphous materials requires a different mechanism and description.
The lack of order leads to a distribution of the energy levels of individual molecules into
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a continuum of localized states. In a sense, every transport event must be considered a
discrete event, because it is indeed a localized interaction between a charge and a
temporary binding or trapping site. Since this process consists of a series of trapping and
de-trapping events, the Poole-Frenkel form of electric Held dependency [34] applied
earlier to photogeneration processes has also been applied here for common organic hole
transport systems [35]. This empirical form for the field and temperature dependence of
the mobility /i was applied to the description of organic charge-transfer systems [36]
using
/i=/ioexp

kZ

(2.12)
jj

where

Here //q is a specific film parameter,

1

1

t

tr0 .

(2.13)

a constant coefficient for a particular transport

system, £„ a zero-field activation energy, and f

the applied electric field.

The

temperature 7^ is a temperature at which all field curves intersect. Characterization of
the trap-f^ drift mobility resulted in estimates several orders of magnitude above the
overall drift mobility in certain organic systems, emphasizing the importance of trapping
processes in transport [37]. This relationship remains an important empirical fit for
experimental data whose robustness has been subsequently explored and explained [38].
Since this result was presented, theoretical treatments based upon the discrete, localized
transport phenomena have been developed.
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This intermolecular mode of transport is icnown as hopping, and was described in
seminal work by Scher and MontroU [39] using a time-domain random walk model for
the movement of charge among sites with regular spacing. It resulted from observations
of transient photocuncnt in materials for xerography that the mobility of carriers
depended on the thickness of the samples, and thus was not strictly an intrinsic material
property. The transit times of carriers in amorphous materials are dispersive, and the
model attacked this phenomenon using a distribution of hopping times. The result was
able to fit a range of available data, and has formed a basis for succeeding work.
Enhancements to this model include a multiple trapping model which assumes a
distribution of trapping energies [40].

More recently, the most important advance

considers distributions of the hopping site energies [41] and additionally of the hopping
site positions [42-44], and is known as the disorder formalism.
The disorder formalism issues from the development of several key assumptions.
These are
• distribution of both site energies and intersite distances is Gaussian
• hopping rates may be described by the Miller-Abrahams form
• polaronic (charge-phonon coupling) effects are negligible
• the phase is lost in each hop.
The second assumption is very important. The Miller-Abrahams form was developed to
describe certain hopping phenomena in semiconductors [45]. The rate of hopping
between states i , j with site energies
relation

and site positions Ri,Rj is given by the
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v,i=v,exp(-2y(«j-«,|)xJ"''\
1

£> -g.\
kT }
.

(2.14)
fy<£,

where Vq is a frequency prefactor, and / is an inverse wavefiinction decay constant [43].
The first exponential describes the wavefiinction overlap between the two sites, and the
next (variable) part describes the hopping probability. The important point is that this
form describes a rate asymmetry, a dichotomy between transfer upward in site energy
versus transfer downward in site energy. It does, however, ignore energy dissipation in
downward transfers, which is not strictly reconciled with the neglected phonon-charge
interactions.

Given the assumption of Gaussian distributions for the energetic and

positional disorder with standard deviations a and £, respectively, the mobility is given
by

/i(a,2:,£)=/ioexp

.(2.15)

The asymmetry in the hopping behavior is reflected in the form of mobility shown here,
which is present due to the initial assumption of the Millers-Abrahams form. Strictly
sp>eaking, the parameter £ may be considered the standard deviation of the product of
intersite distance and wavefiinction decay constant, but the latter is assumed to be
uniform for all sites in the initial development of the formalism. When dipolar variations
are added [46], this difference may be important, but this is beyond the scope of the
present work [47]. These variations may become more important in analysis of time-

yi

domain transport issues in photorefractive composites, since there will be a strong
presence of dipolar chromophores in such materials. It may be noted that the temperature
dependence of this result differs from the traditional Poole-Frenkel form; to distinguish
between the two forms would require experimental measurements over a wide
temperature range. While the Poole-Frenkel model required the presence of hypothetical
traps which are charged when empty, it has served as a basis for a number of refined
models. The refinements have eliminated this necessity, and continue to be improved as
experimental results fuel the process.

2.3.1 Space-charge field formation
To form a photorefractive grating using the mobile charge carriers discussed so
far, they must stop moving to form a periodic space-charge field. This trapping process
is largely the result of a great decrease in mobility between bright and dark regions of the
material. A model was devek>ped [48] by Kukhtarev to describe the equilibrium spacecharge field in photorefractive crystals by solution of an appropriate set of
electrodynamic and continuity equations. The results are applicable to organic materials,
as well. The next section highlights the result following Kukhtarev's method. There are
two cases presented, that of electron transport, and of hole transport which has been more
important so far in organic materials. The scenario is that of two beam interference
producing a sinusoklal irradiance pattern in the medium as described earlier in the
chapter, given by the equation (2.2).
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2.3.2 Kukhtarev model for electron transport
The material is assumed to have a population of donors which contribute electrons
to the transport process. It is also assumed that with no thermal or optical ionization of
these donors, a number are ionized to produce a compensating population of ionized
acceptors.

These assumptions allow the balance equations to be written for the

populations of the species. Given a total donor concentration
concentration

a compensating acceptor concentration

, an ionized donor
N'^, and a electron

concentration n,, the rate equations may be written

^=
dt
dt

(2.16)

e

in which y, is the electron current and e is the elementary charge,
^ = (j/(x) +
at

-n; )-rn,K

(2.17)

where s describes the photogeneration rate of electrons, /3 the thermal generation rate,
and Y the recombination rate. The current continuity is
je = n,/i,tf£+/i,kTVn,
where

(2.18)

is the electron mobility, E is the electric field, k is the Boltzmann constant, and

T the temperature. The relationship of the electric field to the charge distribution is given
by the Poisson equation (CGS) as

= —4jce (n, +

)

(2.19)
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where

is the static dielectric constant of the materiaL These equations include the

unknown quantities n,,

E, and J, which may be expanded to linearize the system

of equations as follows.
"r ='*»0 +^(",1

+C.C.)

(2.20)

J E = J ^ +^

+ C.C.)

(2.21)

E = EO +X(£,«"*' +C.C.)

(2.22)

2

+ C.C.).

K=

(2.23)

where the grating spatial frequency K is defined by
K=—
A

(2.24)

In each case, the 0 subscript denotes the constant term, the 1 subscript denotes the term
which varies with the grating frequency K, and the complex conjugate is denoted by
"c.c.". These values are substituted into the previous equations. Small modulation depth
is assumed (m«l). The modulated terms are all assumed small relative to the constant
ones, so products of any two spatially-varying terms are neglected. The constant terms
are gathered into a set of equations, and the AT-frequency terms (in
another. An algebraic solution of these yields the value for

) are gathered into
, which is the spatially

varying component of the electric field, i.e. the space-charge field.
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where the diffusion field is defined by
E„ = KkT

(2.26)

and the trap-limited field is defined by
E —
where

(2.27)

N

is an effective trap density. To get the phase of this field, it is resolved

into its real and imaginary parts
Re(£i) = m-

-fo

I

(2.28)

Z' _ V '
V '/

Eo l+-^4
E, EoE,
Im(£i) = -m\2 f \
1+ ^

(2.29)

V '/

and the phase is given by

(Im(£,)^ = tan~'
[rc(£;)

J

E,

EoE,

(2.30)

In many cases, the analysis of systems requires only the magnitude of this field, which is
written
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|£,| = m

(2.31)

Using this result, the space-charge field may be written as
=|£;|COS(a:X+<i>)

(2.32)

2.3.3 Kukhtarev model for hole transport
The solution is analogous to the previous one.

The entire argument will be

presented for completeness and reference, but the process is the same. It is assumed that
the hole-transport mechanism dominates in this system. The material is assumed to have
a population of acceptors which contribute holes to the transport process.

It is also

assumed that with no thermal or optical ionization of these acceptors, a number are
ionized to produce a compensating population of ionized donors. Given a total acceptor
concentration N^, an ionized acceptor concentration N^, a compensating donor
concentration

«and a hole concentration

dt
in which

, the rate equations may be written

e

(2.33)

is the hole current and « is the elementary charge.

^ =UlU)+ P)(N°-N:)-rn,N;

(2.34)

where 5 describes the photogeneration rate of holes, P the thermal generation rate, and 7
the recombination rate. The hole current may be written
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(2.35)

Ik =n^H^eE-H^krVn^
where

is the hole mobility, E is the electric field, k is The Boltzmann constant, and T

the temperature. Again, the electric field is associated to the charge distribution by the
Poisson equation

Coc^.E = 4ne (n» +
where

- VV; )

(2.36)

is the static dielectric constant of the material These equations include the

unknown quantities

E, and

which may be expanded to linearize the system

of equations in a manner analogous to the previous case in equations (2.20)-(2.23). The
solution for the spatially varying component of the electric field
(EQ I'EO)E^

£, = —m

E. + En +/Eo

in this case is
(2.37)

where the diffusion field E^ and the trap-limited field E, are defined as before in
equations (2.26) and (2.27), respectively. To get the phase of the space-charge field, it is
resolved into its real and imaginary parts
-En

Re(£i) = m-

1+^

3-= «'(£,)(\electron

(2.38)

Eo

and
1+

Im(E;) = m—

Eo^ Eo
E, EoE,

1+^

= -Im(£;)l

(2.39)
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and the phase is given by

'koU

tan"'

J

rim(£;)] = tan"'
[RC(£;)

E,

Eo£, /J

The magnitude of this field is the same as in the case of electron transport given in
equation (2.31), and the space-charge field may be written as
=|£;|cos(^+<I»^^,)

(2.41)

The comparison of the two solutions is intuitively satisfying, since the results have the
same magnitude, and simply opposite senses of the phase shift. A number of potential
refinements of these one-species models have been discussed, including multiple trapping
levels, dual species, and even the inclusion of Onsager's form of geminate recombination
in the photogeneration term of the continuity equation [49], but these are not essential to
the understanding of our current experimental results.

2.4 Refractive index grating formation
Having established a shifted modulated space-charge field in response to the twobeam interference pattern, the remaining
modulation of the refi^tive

step in the photorefiractive process is the

index to form a phase grating. The original observation of

index modulation was the result of electro-optic index variation because of the spatial
variation in electric field in an anisotropic material. This mode of photorefiactivity is
observed in inorganic crystals, and was also the mode found in early organic systems.
However, in organic systems with low glass transition temperatures, an orientational
mode of modulation was found in which the molecules themselves were physically
aligned by the modulated electric field. In this case, the birefiingence of the composite
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due to the polarizability difference between the chromophoie's dipole axis and other
orthogonal axes tends to dominate the refractive index modulation mechanism. In this
case, the orientation must be determined for the dipoles, and the resultant index variation
is then determined.

In this section, the oriented-gas approach for determining the

orientation of the dipolar chromophores and its relation to the electro-optic properties will
be discussed. The resultant index modulation via these mechanisms will be discussed
briefly and related to the electro-optic parameters of the chromophores. Also, the basic
principles of chromophore design will be introduced. Finally, the practical analysis of
photorefractive performance will be described in terms of models for gain and diffraction
efficiency.

2.4.1 Poled polymers and the oriented-gas model
When an organic composite is made in a typical way, by solution mixing and
melting to form films, there is a random orientation of the electro-optic chromophores.
The response typical in purely electro-optic photorefractive materials is a second-order
nonlinear effect, which requires that the inversion symmetry of the material be broken.
In orientational photorefractive composites, the dipolar chromophores must actually be
oriented in the photorefractive process.

In either case, the process of orienting an

ensemble of dipoles using an electric field is known as poling. For materials with a high
glass-transition temperature, Tg, of the first class above, the poling is done at an elevated
temperature to allow the dipolar chromophores to move more freely

in the polymer

matrix, and the temperature is then reduced to freeze the orientation. For materials of the
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second class with a low

, the poling is done dynamically as the photorefractive process

is exercised. Using the oriented-gas model, the effect of poling upon dipole alignment
may be predicted, and the relationship between the microscopic properties of the
chromophore and the macroscopic optical properties of the materials may be determined.
The objective is to connect the microscopic polarization components to the macroscopic
observable polarization in the laboratory frame of reference.
To move from the frame of the molecule {x.y.z) to the frame of the laboratory
(X, Y,Z) it is convenient to picture the d^lar molecules as in Figure 2-S. The cursive
notation for the molecular frame is used as a reminder that this convention is applied only
in this section dealing with molecular coordinates. The usual approach is to assume the
molecules are rod-like, with the dipole moment oriented along the long axis designated as
the molecular axisz. Other assumptions used to facilitate this analysis are
• the dipolar chromophores may move freely in their surroundings at the poling
temperature under the force of the applied electric field.
• the chromophore molecules do not interact with each other.
This allows the general relationship between the microscopic polarization p and
macroscopic polarization P to be written

where the / refers to laboratory coordinates of the macroscopic system, the i denotes the
coordinates of the molecular system, and V denotes the volume being considered. The
evaluation of this equation can be carried out properly by noting that 1) the molecular
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parameters of polarization must be adjusted for their presence in a dielectric matrix, 2)
the summation must be a thermodynamic ensemble average, 3) there must be a
transformation of all tensor relations between the systems.

Figure 2-5: Transformation from the molecular (Jt.jf.z) to the laboratory (X, Y,Z)
frame of reference.

To review the molecular quantities which describe the polarization, the t''
p>olarization component,

, of a molecule can be expressed in a power series of the form

P. =
where

+aijEj + PijtEjEt ...

is the permanent (ground-state) dipole moment,

tensor elements,

(2.43)
are the linear polarizability

are the first hyperpolarizability tensor elements, and the various
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Ej,Et are the field components which polarize the molecule. Here the Einstein repeatedindex summation convention is assumed. It must be noted that the specific value of
depends upon the nonlinear process being observed. This may be indicated by including
notation of the specific frequencies of the fields in the interaction, but this concept is not
required to understand the basic process of associating the molecular and macroscopic
behavior. These terms are the only ones that will be considered in the description of
photorefractive polymer index modulation that follows. The form of the macroscopic
polarization induced by applied fields may be written
p = p'"

+ p'-'

~ Xu Ej
where the P, are the polarization terms, x^u

XuK^ jE k •••

(2.44)

the linear susceptibility tensor elements,

XuK are the second-order susceptibility tensor elements, and the Ej,Ek are the field
components interacting with the material.
The fields at the molecular level are influenced by the surrounding environment
of the matrix, so they must be corrected. It is assumed that the molecule is enclosed in a
spherical dielectric cavity, and the relevant

field correction factors for electro-optic

interactions have been described by the Onsager field correction factor for dircct-current
(DC) fields
£ee(£^_

and by the Lorentz-Lorenz field for high-fluency (optical) fields

(2.45)
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(2.46)
given a low-frequency or DC dJelectric constant

and the optical-frequency dielectric

constant £.. These are applied to the molecular constants as appropriate to the DC and
optical fields involved. For example, the second hyperpolarizability in an electro-optic
interaction of a E>C and an optical field to produce another optical field of the same
frequency would be corrected by
(2.47)
The

superscript is used to denote corrected values, which are also sometimes called

dressed values.

Having compensated the microscopic values for the local field

conditions, the thermodynamic distribution of orientation of the dipoles will be
considered.
The oriented gas model provides the route to the ensemble-averaged propeities of
dipoles oriented by an applied electric field. Referring again to Figure 2-5, the coordinate
systems and the angles of transformation are shown. The angle between the laboratory Zaxis and the molecular axis z given by d. It is assumed that the molecular dipole moment
is oriented along the molecular axis z. To simplify the relationship,

two assumptions

mentioned earlier are applied. First, the molecules are assumed to be rod-like with
cylindrical synmietry, which eliminates the dependence upon the molecular rotation
angle xff. Second, only the contribution of the hyperpolarizability tensor element

,

along the molecular axis, is considered; this removes the dependence upon the angle 0.
This may be seen as a consequence of the bulk averaging of a random variable. The
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orientation of the dipoles is considered to follow a Maxwell-Boltzmann distribution
function [26] in the interaction energy between the d^le and the applied poling field.
This energy is given by
U(e)= -fi'

« -ji' •

"

2
= -|/2*||e,|COS(0) = -KkTcosm

with K s

(2.48)

u'E
— and /i* = /o/i
kT

where the induced polarization is ignored as a much smaller effect than that of the
permanent dipole. Here

is the poling field applied along the laboratory Z-axis. This

leads to a Maxwell-Boltzmann distribution function given by

sinOde
= fM-Bie)de

/,_,(«)Jft =

The thermodynamic average for some function g((9) of a volume of an oriented species
IS

(«(»»=^
°
JT
jg(e)e*"'^ sindde
_ 0

sinddd
0

(2.50)
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This general relation allows the evaluation of the macroscopic clectro-optic properties of
poled polymers using a coordinate-transformed microscopic quantity as the kernel
function g(0) in this relation. When the function g(0) has the form of cos'd,

'jcos" 9
{cos"0) = -2-^j

sine de
=

'

(2-51)

Jc'^-^sind de
0

this defines the Langevin functions, ^(K). When the applied electric field is small
enough to make the parameter K < 1, the system is said to be in the weak poling limit.
This allows the Langevin functions to be approximated by
M

I

=

K

(2.52)

This condition is satisfied in most experimental conditions of interest, and these
approximations will be used to evaluate some of the relations developed in succeeding
sections.

2.4.1.1 Purely electro-optic material
For the class of photorefractive materials which exhibit purely electro-optic index
modulation, the typical mode is a second-order nonlinear effect. Thus, it is desired to
connect the microscopic first hyperpolarizability of the dipolar chromophore to the
second-order susceptibility of the composite material which contains it. Beginning with
the dressed first hyperpolarizability, the connection to the second-order nonlinear
susceptibility is made by the orientational ensemble average.
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zSi=N{(ii){Jj)(Kk)p^)

,

(2.53)

where i , J , k are unit vectors in the macroscopic frame and i,j,k arc the corresponding
unit vectors in the molecular frame. If operating in poled polymers far from resonance,

so

that Kleinmann's symmetry applies, there are only two unique elements in the
susceptibility tensor.

Xii — Xzxx
<^33 = Xza.

(2.54)

These can be evaluated by (2.50) as

x'Sx =N{(Z z ) ( x . r ) ( x ^ ) ) p - ^
= N (cosO sin^ 0 cos^

•

(2.55)

x'i^ =w((z/)(z-^-)(z/))/5i^
= N {cos^

(2.56)

= N[L,mWzz
'2Z?
The integrated geometrical transformation factors have been resolved

into Langevin

functions Ly,(K), where the argument K is as defined in (2.48). When K is less than 1,
the weak poling field limit, the relations may be simplified to
,2,

XxKx ~ ^

~ ^ \5kT

'

(2-57)
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These susceptibility tensor elements may be associated to electro-optic coefficients to
obtain observable index modulation values in the laboratory frame by the relations

(2.59)

ft
where

; x'S

: k.E.e^

are the polarization vectors of the incident and diffracted waves,

respectively; e is the dielectric tensor,

is the second-order susceptibility tensor, and

A* is the unitary grating vector defined by

(2.60)

2.4.1.2 Orientational photorefFactive material
For orientational photorefractive materials the typical index modulation mode is
due to a change in linear susceptibility. Thus, it is desired to connect the microscopic
polarizability anisotropy Aa =<*„ -a^ of the dipolar chromophore to the linear
susceptibility modulation of the composite.

The thermodynamic average is done in

similar fashion to the previous case, except that the unpoled thermodynamic average
must also be determined and subtracted from the poled solution. In other words, it is not
the absolute birefringence which is sought, but rather the change in birefringence upon
poling [50], The results are
2

(2.61)
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AjrS.'=A;ri;=~AjrS

(2-62)

where the low poling field limit is assumed in the last approximation of (2.61). The
ce„,ax are the linear polarizability elements parallel to and perpendicular to the molecular
dipole axis, respectively. The field correction factor is given by
F'" = /.,

(2.63)

the Lorentz-Lorenz factor as introduced earlier. These susceptibility elements may be
related to the index modulation by the relation (CGS units)
=1+ 4;^
^ 2/1^ =

(2.64)

An=—

n
Now that the role of the microscopic, molecular optical properties has been introduced,
the principles of chromophore design will be described briefly.

2.4.1,3 Basic molecular optical properties and chromophore design principles
In the classic case of purely electro-optic photorefractive materials, the results
displayed earlier show that the effect may be enhanced by increasing the first
hyperpoiarizability P of the chromophore.

Of course, the benefit of such an

improvement is not limited to photorefiactive applications.

The electro-optic use of

polymer materials for optical modulation, for example, also improves with chromophore
optimization. The study of molecular optical characteristics has developed around these
prospects.

54
For a molecule to exhibit a first hyperpolarizability, it must have broken
centrosymmetry. This principle has been investigated in organic materials for several
decades, beginning with experiments in functional group substitution on molecules with
high initial symmetry. The benzene molecule provided a good basis for critical woik in
the field by Oudar and Chemla in which single substitutions were made of a hydrogen
atom on a benzene ring. The early result [51] came to be called the Equivalent Internal
Field (EIF) model [52]. The theory considers the perturbation £„ of the internal electric
field of the molecule by the substituent group, and its effect on the clectromcric moment
A/i, by the relation

An =aEo +y£o =«^o

(2.65)

When the molecule interacts v^rith an optical field, its perturbed polarization is given by

p = a(Eo + ^ + YiEo +

+ 3£ o£- + E' ) ,

(2.66)

which shows a second-order term in applied Held E. Thus, a first hyperpolarizability
may be defined for the perturbed system as
(2.67)
where the latter form uses equation (2.65). The polarizability was formed using an
irreducible tensor formalism [51,53], where geometrical sunmiing of the individual neiectron bond system contributions took the place of a full tensor treatment. These
results were extended to a large number of mono- and di-substituted benzene molecules
[54-56]. It was noted that para-substituted molecules with a donor and acceptor had
significantly greater quadratic polarizability than meta-substituted forms, which was
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attributed to stronger intramolecular charge-transfer [57]. These considerations were
extended to conjugated molecules where both a donor and an acceptor group were
substituted [52,58]. These results built a consistent picture of the individual effects of
substituents on the first hyperpolarizability, and the enhancements in conjugated systems
with both donor and acceptor groups led to the concept of the push-pull molecule.
The push-pull molecule idea is illustrated by a schematic example, a polyene, and
a para-substituted benzene molecule in Figure 2-6. This means that the ic-electron system
in the conjugated path between the donor and acceptor allows the donor to push or distort
its charge towards the acceptor.

The result is an effect on the polarization of the

molecule which is larger than expected from the sum of the two individual groups [57].

schematic

substituted
polyene

substituted
benzene
Figure 2-6: Illustrations of the push-pull molecule concept.

The first hyperpolarizability of these molecules is described by the sum of two terms
P ~ Pedant

Per

(2.68)
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where the B

is the simple additive component from the two groups, and

^^

charge-transfer enhancement This charge-transfer interaction is estimated by using a
two-ievel model for the interaction between the ground-state and the charge-transfer
state, I. e. the one in which the donor and acceptor have transferred charge. Restricting
the problem to the electro-optic case pertinent to photorefractives, the charge-transfer
contribution is predicted to have the form
(2.69)

Pcr((a,0,a}) oc p(p)
where cOg-cr

the frequency of the charge-transfer absorption, to is the frequency of the

optical stimulus, and ^(0) is called the dispersion-free hyperpolarizability. It is given by
=

=

,

(2.70)

£g-cr

«

where again the subscript g-CT denotes the transition between the ground and chargetransfer states. An important message in this result is that as the energy of the chargetransfer absorption decreases, the hyperpolarizability is enhanced. However, this also
corresponds to an increase in wavelength of the absorption, reducing the transparency of
typical molecules in the visible region.

This consequence is often called the

transparency-nonlinearity trade-off [59]. Fortunately, the advent of photonic applications
in the near-infrared allows this phenomenon to be exploited. The principles discussed so
far in this section have given rise

to a molecular-engineering approach [S3] to

chromophore design, which will be discussed briefly.
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Due to the difference in meta- versus para-substitution in di-substituted studies
mentioned before, it is logical to question the effect of conjugation length on the
nonlinearity of push-puU systems [60,61]. In a larger sense, this is related to the more
general question of the effect of order on the nonlinear optics properties [62]. Intensive
molecular modeling using the form of P just presented initially showed that it could be
optimized by selection of appropriate donor and acceptor strengths in a given conjugated
bridge system [63]. In push-pull molecules, the charge separation and its relationship to
the bridge was correlated to the bond-length ahemation of the bridge [64-66]. This is just
the average difference between bond-length of adjacent bonds in the bridge. It was found
that the ground-state bond-length alternation can be used as a predictor of the
hyperpolarizability, and indeed molecules may be modeled to design the desired
nonlinearity.

This was subsequently extended to the linear polarizability and the

polarizability anisotropy [65-67] as orientational photorefnu;tivity [68,69] was observed
and developed. Having discussed the mechanisms and design principles which lead to
index modulation in photorefractive composite materials, the analysis of the
photorefractive effects themselves will now be discussed.

2.4.2 Key applications of coupled-wave equations
With the understanding of charge generation, transport, space-charge field
formation, and the mechanisms of refractive index modulation, the effect of such gratings
in an experiment may be explored. The two types of experiments which are typically
used to characterize photorefiactivity are two-beam coupling and four-wave mixing, as
shown in Figure 2-7. In two-beam coupling, the exchange of energy between the two
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writing beams is observed directly. In four-wave mixing, a third beam is used to probe
the grating formed by the first two, leading to a diffracted fourth beam. The following
discussion will briefly introduce the analyses of such data and the origin of the pertinent
relations. First the basic coupled-wave equations for the interaction of two beams in a
modulated medium will be derived.

Then these results will be used to explain the

solution for the two experimental cases.

Rgure 2-7: The four-wave mixing process (a) uses two writing beams (black
arrows), with the grating probed by another beam (gray arrow) which is transmitted
and diffracted. In the two-beam coupling process (b), light is coupled from one
writing beam to the other.
2.4.2.1 Coupled-wave equations in grating media
The geometry of this system is shown in Figure 2-8. The beams are assumed to
be matched to the grating, such that the grating vector~k^. This condition is often
called the Bragg condition. This means that there is perfect constructive interference
between successive grating periods, with a phase difference of 2jc , i.e. an optical path
difference of A. It is also assumed that the grating parameter
(2.71)
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to ensure the system is in the thick-grating regime [70].

The two plane waves are

represented by the forms
(2.72)
/i = l,2

Each field is substituted into the Helmholtz equation for resonant propagation

f

2,..2 N

V^2 +

(2.73)

£=0

where the spatial derivatives arc done for each field in its natural coordinate system. This
yields for beam 1
2
9 ik,'f
»

az,=

2 \

A=o

+ 2.-^ AOZ,

(2.74)

/J

The slowly-varying envelope approximation (SVEA) is applied assumiag that the first
term, in the second derivative order, is much less than the second term and is
subsequently neglected. The variation of the refractive index must be applied to the last
term to couple the two waves by the expression

=(no

=n^ -h2no^-h(An)^

(2.75)

= n^+2/ioAn
where Hq

the nominal index, and ^ is the modulation. The approximation assumes

that the second-order term in An is much smaller and may be neglected. Using the spatial
index modulation function
An = An

e

-re

gathering terms with like dependence yields an equation in ib,

(2.76)
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i2A:, ^ j i 4 , + ^ ( n o A + r h ^ e ' * A i ) = 0 .

Noting that the wavevector A:, is by definition

c

(2.77)

, the second and third terms canceU

leaving the equation

c

a4,
dz,

^2.78)

c

which is conveniently simpliHed to bare the derivative term and transform the beam
coordinate to a laboratory coordinate, with the assumed symmetric geometry
COS0 =cos©, =cos02, to

^ = |dz
2ccos6

.

(2.79)

The corresponding equation for the other beam differs in form only because of the sense
of its x-component, and is given by
dAj fliA/i
-^
= 1-e—^
A^ .
dz
2ccos6

Qfw
(2.80)

These are the general coupled-wave equations for two-beam interaction in a medium with
a sinusoidally-modulated refractive index. They have been solved for many cases; there
have also been derived multi-beam versions of these equation and second-order ones, but
these are not necessary in the present context

Next, two particular solutions are

described which are useful in data analysis. The first is the solution for two-beam energy
exchange, and the other is the form of the diffraction efficiency of a grating typically
formed in a four-wave mixing experiment.

61

beam 2

Figure 2-8: The propagation of two coupled waves in a grating medium with wave
vectors
and grating vector K.

2.4.2.2 The sohition for gain in two-beam coupling
To determine the gain coefficient in a two-beam coupling experiment, the index
modulation is connected to the complex space-charge field which produces it. Given an
effective electro-optic coefficient

, the complex index modulation can be written

=

where

(2.81)

is the complex, spatially varying space-charge function, and E„ is the

maximum space-charge field when m=l. The last form of the equality above is useful
because it relates the index change to its maximum available value. Substituting this
form into the coupled-wave equations, they can be cast into the form
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dA,
r
dz "*2

lAlkl

(2.82)

where f* is defined as
(2.83)
An experiment involves observations of power in the two beams, so it is desirable to cast
the solution into a form which reflects this. Using the relation
(2.84)

/=tKr.
the coupled-wave equation may be rewritten as
dlj _ nc
dz ~2jc

nc
lit

r

(2.85)

IMW

lAlkl

2 LiAr-^Krj

e-^A^A,

LiAr-^K.rj

Using the following expressions for the individual waves

(2.86)
the equation can be written completely in terms of energy as
\

=r

1c c
«

r
'2

+
>

(

1

dl\ _ nc
dz 2x

c
>

/./,

and
rsfsin[<I>-(^, -^^2)]
The equation for the second beam is obtained in the same process and the result is

(2.87)
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dl.
dz

(2.88)
/.+/.J

These equations assume a lossless phase medium, so in addition to the transfer of energy
the absorption coefHcient, a, may be included to obtain

dl^_
dz

^ = r LLS -a/,
dz
l/.-H/J

J

/./.

lA+zj

-Of/,

(2.89)

This suggests a change of variables to decouple T and a. The variation is done by the
substitution
(2.90)
to obtain new coupled equations

dU
dz

=ru

dV = -aV
dz

(2.91)

V(z)=cy'

(2.92)

with general solutions of exponential form

Uiz)=

,

The boundary conditions are now applied to these solutions. The beam powers
(irradiances) are known at the input z=0 side. This allows the particular solutions to be
written

[/(z) =

I,iz)

1,(0)

V ( z ) = /, (z) + A (z) = [/, (0) /, m]ewhich can be reduced conveniently to reference the beams directly by

(2.93)

64

/;(;) = /,(0)"

= /;(0)

V

•

<2-94)

fc = /2(0)/
//.(O)
The quantity 6 is called the beam ratio. In cases in which the beam ration is relatively
large, this results in simplification of the beam 1 (amplified beam) expression to
/,(z)=/,(0)<r"'-^'' ,

(2.95)

which is a very useful relation for understanding the interaction of the beams intuitively.
In an experiment in which the beams are observed after passing through a photorefractive
material, the data are often normalized by the transmitted beam power in the absence of
the other beam to produce a dimensionless gain factor / as follows

il+b)e''^
i+be'"

/.(^)L=o
Solving for the gain coefficient, one gets

r = i[bi(y,fc)-ln(l+Z>-y,)] .
a

(2.97)

Finally, it is worthwhile to note the assumption that the angles between the beam
trajectories and the Z axis is ignored in the loss terms, but this correction is adequate for
many analyses This allows analysis of two-beam coupling, the critical experiment which
identifies the photorefractive effect. To gain the tools for analysis of four-wave mixing
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experiments, the coupled-wave equations will be solved for the diffraction efficiency in
four-wave mixing experiments.

2.4.2^ Kogelnik solution for diffraction efBdency of a transmission phase grating
The results of this derivation arc due to Kogelnik, whose seminal woric has
formed the basis for many worics in coupled-wave theory. In a sense, the approach is
very simple, and much has been made of improvements to it. However, it is a very
important and flexible result. The general solutions may be written
i4, (z) = fl,

+0,2^""^

^2(2)—+£122^

(2.98)
—
tn

An
Xcosd

subject to boundary conditions which fix the constants Oij. In this case, we are treating
the grating as a pre-existing grating which is probed by a single input beam. The output
consists of a transmitted probe beam and a di^acted one. Thus, the boundary conditions
may be presented as

y4,(0) = A ,

i42(0) = 0 ,

(2.99)

where the A^ overbar is a reminder that this is the constant input amplitude, not the
variable A,. This leads to the constant evaluations

fljl ~ ^2 ' ^1 — ^^22 '

(2. ICX))

the first to make the result a real and decreasing function, and the second to make the
result identically zero. The amplitude solutions are thus
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i4,(2) = i4,cos(CJ2) ,

i42(z)=iA,siii(fiJz) ,

(2.101)

and the results will again be put in terms of optical power fluence. The diffraction
efficiency 77 is given by dividing the output diffracted power by the input power

l ^ i d ) = -2_^ = ^sm
^
n =-2
(CTJ)
/.(O) |;i;f

(2.102)
. 2 rf
= sm

1
(.Acos^ J

showing the form of dependence for a transmission phase grating. The Kogelnik results
are derived for a general slanted-grating geometry. They also include losses and have a
more complex form which can be used for slightly off-Bragg conditions. The original
work should be consulted for a complete development in cases where these extensions
are needed. The results are presented here for reference. For a lossy slanted phase
grating, the diffraction efficiency is given by
/.
r.,2
-ad _l_^_l_'l sin^[v^
I7=exp
c. c.
1

(2.103)

with the parameters

TcAnd.
e r eJ

,

ad

1

1

(2.104)

The parameter v is a coupling constant; ^ is a measure of coupling losses due to
absorption and Bragg mismatch. The latter parameter is neglected for the Bragg-matched
case of a typical experiment in samples with ad less than unity. The factors c, ,c^ are
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the obliquity factors of the incident and diffracted waves, respectively. The vectors
are the unit polarization vectors of the incident and diffracted beam, respectively. These
parameters may be connected to the standard laboratory geometry, assuming the incident
probe beam is the one nearer to the sample normal, by the relations
c, =cosce, , Cj =cosa2
A

r(a,-Ka,)
r(

(2.105)

2

where again o, is the angle in the sample of the incident beam (closer to the sample
normal) with respect to the Z axis,

is the angle in the sample of the diffracted beam

with respect to the Z axis, A is the grating spacing, and 9 is the angle of the grating
vector with respect to the Z axis. The angles are related to sample tilt angle yf and the
inter-beam half-angle 0 outside the sample by the relations
a, =sin"'

.

(2.106)

This provides the necessary information to analyze experimental data and to understand
the critical assumptions behind such an effort. These equations may also be applied to
the case in which the incident beam is further from the sample normal than the diffracted
beam by simple inversion of the grating vector orientation, i. e. changing the sign of the
diffracted order so that ~k
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CHAPTER 3 MATERIALS DEVELOPMENT FOR
PHOTOREFRACTIVE COMPOSITES
The necessary analytical tools to understand photorefractive composite materials
and their constituents have now been introduced. We will use this background to explore
the development of these materials.

Though the discussion centers on organic

photorefractive composites with orientational birefringence, i. e. so-called low-glasstransition-temperature (Tg) materials, there will be some discussion of photorefractive
materials and components in the broader sense. This is because the direction of the field
has taken various turns in its development, and may do so again. A broader perspective
is good preparation. First, following the pattern of the previous chapter, the individual
functions of photogeneration, charge transport, and electro-optk; index modulation will
be discussed in terms of materials, as well as inert polymer components which have a role
in some composites. Then, the general development of organic photorefr^tive materials
will be discusscd in which these functions are combined. This will provkle a setting for
the experimental work and the results presented later.

3.1 Photoconductors: coupled photogeneration and transport processes
Photoconductors are materials whose conductivity changes by exposure to light.
Conductivity relates to the amount of charge present in a material and to the speed at
which it moves. Thus, photoconductivity depends upon the amount of charge
photogenerated, which depends on the light absorbed. It also relates to the drift speed of
that charge, which depends on the mobility and on the electrk: field.

In organk:
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photoconductors, the photogeneration process also depends strongly on the electric field,
as described earlier in the theoretical terms of the Onsager theory. The ability to absorb
light and convert the resulting electron-hole pairs into free charges is summarized by the
photogeneration efficiency.

This is determined by photoconductivity measurements.

Transport processes are also field-dependent, and may be understood in real organic
materials by using the disorder formalism presented earlier. The ability to move the
photogenerated free charge is characterized by mobility measurements, which are usually
done by transient photocunent or time-of-flight experiments. A survey by Borsenberger
presents experimental results in the context of the disorder theory [71], and may be useful
in interpreting the conduction dynamics of new composites.

In particular, as

photorefractive dynamics are scrutinized, the effect of dispersive transport may become
critical to performance improvements.

Some detailed experimental analyses of

dispersive transport effects have been done in organic photorefractive materials [72-74],
including investigations of trap density variations [75,76]. In fact, it has recently been
demonstrated that the holographic dynamics may already be correlated to dispersivity of
charge transport in fast photorefi:active organic glasses [77]. A holographic time-of-flight
technique [78] has been used to supplement [79] the traditional technique, since the latter
results are thickness-dependent in highly dispersive materials [39], The combination of
techniques has allowed estimation of the effective charge drift length in an organic
photorefractive material, which provides the impetus to design materials with optimized
drift length to improve speed [80].
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An organic photoconductor may be tuned to absorb outside its intrinsic absorption
band by the addition of a sensitizer. This may result in either a direct absorption by the
sensitizer or by a complex established between the sensitizer and the transport species. In
organic materials, the hole-transport mode has dominated. This requires a sensitizer
which has an electron acceptor nature relative to the transport species. Upon excitation,
the acceptor has an electron transition from its effective ground state, called the HOMO
(Highest Occupied Molecular Orbital) level, to its LUMO (Lowest Unoccupied
Molecular Orbital) level The hole left in the HOMO level then accepts an electron that
is transferred from the donor, and thus a hole is opened in the transport system and may
propagate. Of course, if one makes an electron transporting system, the sensitizer must
donate electrons (i. e. be an electron donor) to activate the conduction process. This
nature may be examined by measuring the ionization potential (/^) of the molecules,
with larger

corresponding to a less electron-rich species.

An intrinsic organic photoconductor may consist of small molecules or of
polymers. While small molecules may be used in photorefractives, polymers have been
used in this capacity predominantly.

Among polymers used for this purpose, most

attention has been focused on so-called pendant-group polymers. This means that the
aromatic groups of interest are hanging off the main polymer chain or backbone. In this
case, the electronic characteristics of the polymer are actually very similar to those of the
pendant group in isolation [81], bccause the backbone effectively isolates the group and
reduces their interactions. The transport process actually entails direct charge transfer
between pendant groups, not through the backbone connections. For further discussion
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of these systems, as well as non-pendant-group systems, a review by Moit [2] may be
consulted.
Organic photoconductors have a rich history prior to the advent of organic
photorefiractive materials. Photoconductors in general found application in electrostatic
imaging in which a charged powder was used to produce a visible image on a charged
photoconductor, as described in a seminal patent by Carlson [82]. This introduced and
reduced to practice the essential process in commercial photocopiers. Though his initial
work involved inorganic materials, it led to the investigation of anthracene as a suitable
material, the first organic photoreceptor in this application [28]. Since then, organic
photoreceptors have advanced largely by the influence of this industry. There has been
considerable work in developing inorganic photoreceptors such as amorphous selenium
[83] and other members of the so-called chalcogenide glass family.

However, the

polymers such as polyvinyl carbazole (PVK) have come to dominate because of their
ability to form flexible structures and because of their relative cost, and despite lower
drift

mobility

[84].

The

first

major

organic

photoreceptor

in

photocopier

(electrophotographic) applications [85] involved PVK as a conductive polymer, doped
with trinitrofluorenone (TNF) as a photosensitizer. The photocopier business has been a
major influence in organic photoreceptor development, as witnessed by the volume of
patents which reference the original Shattuck patent (62 US Patents currently), and the
continued activity along these lines [e. g. 86,87]. PVK is itself photoconductive, but its
absorption is in the near ultraviolet region. The incorporation of TNF leads to absorption
in the visible, and very efficient charge transport, through the formation of a charge-
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transfer complex with PVK [88]. The formation of a charge-transfer complex simply
means that the molecules interact to foim hybrid absorption characteristics not present in
either alone [89]. While the PVK/TNF system has passed out of usage in photocopiers
due to concerns about its toxicity, poor mechanical qualities [90], and post-consumer
waste, in photorefractive applications this concern is more limited because the material
would be encapsulated and of relatively small volume. This system and derivatives
continue to contribute to progress in photorefractive composites.
The PVK/TNF complex has been studied extensively.
included here.

A few highlights arc

As described in the section on transport analysis. Gill developed a

correlation to describe the fleld and temperatiue dependence of hole mobility in which
was reported in 1972. This was the result of extensive measurements in the PVK/TNF
system. Through photoconductance measurements and their correlation Onsager theory,
photogeneration was characterized in a number of organic systems. A consensus formed
on the thermalization distances typical of pure PVK [91,92], in the range of 20-30

A.

This work v^as carried out in the PVK/TNF system yielding values of about 35 A [93].
While the absorption of the PVK/TNF complex is peaked near the center of the
visible, and essentially zero in the near infrared, extended response into the infrared is
desirable to enable photorefractive applications using infrared photodiodes or ultrafast
pulsed sources.

A variant of TNF, (2,4,7-trinitro-9-fluorenyUdene)malononitrile

(TNFDM), was developed to provide such extended response, and its utility was reported
for applications in pulse-gated imaging [17,18].
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Another class of sensitizers important in organic photorefractive materials are the
fiillerenes. Though various members of the family have been used, the most common is
C^o- Photorefractivity was observed in a Cao-sensitized composite soon after the first
observation in a polymer [94], It has been a mainstay in the field ever since, and has
recently been instrumental in producing faster response due to high photogeneration
efficiency in some composites [95-98]. A number of examples of composites containing
C60 will be discussed in more detail in the following section focusing on photorefractive
development.
Finally there are a few other classes of sensitizers which are important in organic
photoconductors. Though not used in the research presented here, they are introduced
briefly, based on a comprehensive review by Law [90]. Phthalocyanines are a class of
photoconductors which exhibit intense absorption in the green through red, with some
crystalline morphologies extending absorption into the near infiared. Squaraines also
exhibit absorption in the green, red and near-infrared part of the spectrum, and have very
high extinction coefficients. Another class, azo pigments, involves a -nitrogen=nitrogenbridge between two aromatic groups.

It is a very broad and pervasive group of

compounds which has been extensively developed. As a result, their sensitivities can be
virtually anywhere in the visible spectrum, as well as into the near infiared. The width of
the absorption spectrum is typically about 200 nm, and sensitivity can be as high as any
of the phthalocyanines or squaraines. Perylene pigments may absorb through most of the
visible spectrum, but do not generally extend into the infiared.

74
With the cunent intefest in nanomaterials, it is worth considering the construction
of hybrid photoconductors using inorganic photogenerators. One recent example of this
strategy used a dispersion of cadmium sulfide nanoparticles in a PVK matrix plasticized
by tricrcsyl phosphate (TCP). The chromophore was 4-nitrophenyl-L-prolinol (NPP). A
diffraction efficiency of 8% was observed at 137 V/^m applied electric field, along with
a net gain of 30.8 and S0.8 cm ' at 107 and 119 V/^m, respectively.

The strategy

involved coating the nanoparticles to prevent secondary growth and agglomeration. One
limitation to this approach is that it increases the effective dielectric constant of the
composite, which may limit the space-charge field formation [99].
Though PVK has been the key photoconductive host in photorefractive composite
materials, others have been investigated. A photorefractive material incorporating an
electron-transporting host was recently reported, and will be discussed in the section on
guest-host composites.

3.2 Inert polymer matrix materials
The host material does not necessarily have to be photoconductive, nor does it
have to be functional in the sense of supporting the photorefi^tive process. An inert
matrix may be doped for all of the appropriate photorefractive functions. Many common
commercially-available polymers may be used in such applications, for example
polymethylmethacrylate, polystyrene, polycarbonate, or copolymers incorporating
various monomer groups. The potential advantages may include improved chemical
resistance, optical quality, control of thermal properties, birefringence control, or
enhanced solubility of components. This provides the prospect for improved materials
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processing options as photorefractive polymers approach commercial use. This will be
discussed later in the context of guest-host composites, as well as in the results section
which addresses some prospective industrial fabrication options.

33 Electro-optic chromophores
As with photoconductors, the field of nonlinear optic organic materials was rich
before organic photorefractive materials came along. In early comparisons of the secondharmonic generation of inorganic crystalline materials to select organic ones [100], the
high performance of the latter was noted.

The development of poled

guest-host

polymers for use as second-harmonic generators [101] promoted material development to
achieve high first hyperpoiarizability in chromophores. The theory which emerged from
the work of Oudar and Chemla [51] has been described, and the principles are readily
applied. Without discussing specific compounds, the nonlinear properties in a push-pull
molecule may be described qualitatively in this way. The push-pull system consists of a
donor and acceptor group joined by a conjugated bridge. For a given bridge, the first
hyperpoiarizability nonlinearity correlates to the strength of the charge-transfer
interaction between the donor and acceptor. This charge transfer interaction is related to
the total difference in charge "pushing" ability between the groups. In donors, this is a
positive value; in acceptors it is negative. Consulting Table 3-1, the nonlinearity for a
given bridge would tend to increase as stronger combinations of stronger donor and
stronger acceptor are chosen. This intuitive approach may be supplemented by quantumchemical calculations or other sophisticated approaches, but that is beyond the scope of
this work.
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Table 3-1: The approximate relative strengths of a number of donors and acceptors
adapted from multiple sources [56,58].
Increasing strength
•

donors

OH

F, Br, CI I

CHa, OCH3

NHj

N(CH3)2

acceptors

CN

CHO

CCX:H3

NO2

NO

The practice of chromophore design and optimization for photorefractive
performance is relatively new. Initial activity was mostly a matter of selecting existing
nonlinear optic species and trying them. Fortunately, this is an area where the structureproperty relationships

have become reasonably well-understood.

As described in the

previous chapter, the bond-order alternation theory provides a means of molecular
engineering the first hyperpolarizability of a push-pull chromophore [63]. This concept
was extended to manipulation of the linear polarizability anisotropy [66,67] as this
became important in the advent of orientational photorefr^tive materials [68]. This
approach has been applied to designing a chromophore which produced unmatched
dynamic range in photorefractive four-wave mixing tests [102]. This will be described in
the section on guest-host materials. The chromophore was also designed to have very
high solubility in the host system, and some intrinsic transport ability, which leads it to be
caUed a multifunctional chromophore. A number of other multifunctional chromophores
has been described in the literature, but they will not be treated individually here. Most
often, there have been combined the nonlinear optic and the transport functions, in some
cases in molecular form [103,104], while in other cases as polymers [105].
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Multifunctional polymers will be discussed a bit more in the next section in the context of
fiinctionalized systems.

3.4 Organic photorefractive materials development
Though photorefractive materials have been explored for decades, the advent of
organic photorefractives is relatively recent. The first observation of the photorefractive
effect in an organic material occurred in 1990. The material was not a polymer but rather
was a nonlinear optic organic crystal 2-(cyclooctylamino)-S-nitropyridine (COANP) with
an electron acceptor, 7,7,8,8-tetracyanoquinodimethane (TCNQ), doped into it to make it
photoconductive [7]. The preparation of the doped organic crystal was painstaking and
problematic, so few reports have followed on organic photorefr^tive crystals [25]. The
first observation of the photorefr^tive effect in a polymer was made in an electro-optic
polymer (bisA-NPDA) composed of bis-phenol-A-diglycidylether reacted with the
chromophore4-nitro-l,2-phenylcnediamine, and doped with a hole-transport material
diethylamino-benzaldehyde diphenylhydrazone (DEH).

The resulting diffraction

efficiencies were on the order of 10'^ at applied fields of 12.6 V/|im; the grating
development was observed over a period of about 3 minutes [8]. The space-charge fieki
was determined to be 2.6 V/pjn, greater than that typically obtained in inorganic crystals.
In this case, the electro-optic material also functioned as a photogenerator. No two-beam
coupling was initially observed in this material due to its small response.

The

significance of this event is that it proved the principle of polymeric photorefractive
materials, with the inherent advantages of film-forming capability, doping flexibility, and
limitless synthetic avenues to explore. This potential has led to advances along parallel
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paths in organic photorefiractives.

This doping or guest-host approach has been

continually explored. In this segment, dopants have been introduced in which additional
capability is introduced in the electro-optic species, leading to so-called multifunctional
chromophores. Functionalized-polymer approaches involving the inclusion of essential
photorefractive function on the polymer backbone have been explored.

These

developments will be examined in succeeding sections, showing progress towards the
current state-of-the-art.

Since the bulk of contemporary work involves guest-host

composites, a brief example of the fiinctionalized approach will be discussed first,
leaving the guest-host until last to provide the newest developments in the fiekl.

3.4.1 Fuliy-fitnctionaiized polymers
One significant milestone in organk: photorefractive materials modified a
photoconductive side-chain group to provide electro-optic function.

The carbazole

group, a functional group or moiety whk:h is historically important as a photoconductor,
was used as a basis for polymer materials. Its structure is shown in Figure 3-1.

Figure 3-1: The carbazole group.
This form was attached to a polymer backbone to form a photoconductive
polymer; some of the individual units had a tricyanovinyl group attached to include a
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nonlinear optic effect [106,107]. The resulting structure is shown in Figure 3-2. Two
forms of this material were described with different glass-transition temperature (7,).
This form is a lower-T, form, an acrylate, while the high-F, form was a methacrylate in
which the substituent hydrogen on the main chain was instead a methyl group. These
forms differ in poling stability, the tower-7^ form lacking poling stability but being
capable of easy poling in-situ. The electro-optic, photoconductive, and photorefractive
characteristics of these materials were investigated. Diffraction efficiency on the order of
10'^ was observed just below 50 V/^m applied electric field [106]. The grating writing
process was observed to take many seconds. The limitations of efficiency were attributed
to low photogeneration efficiency, while it was suggested that the speed was limited by
k>w charge mobility. This paper envisioned molecular doping of photosensitizers to
improve these parameters and thus to improve photorefractive performance.

Another

notable effort synthesized a number of functionalized conjugated systems and
polyimides. Small gains were reported as poled systems, and gains of about SO cm ' were
shown at 60 V/^m applied field [108].

Another group investigated functionalized

structural polyimides and in corona-poled devices reported small gains -6-7 cm ' [109].
These are interesting in part because polyimides are pervasive in microelectronics
fabrication; the prospect of hybrid optoelectronic/photorefnictive devices may be fiiiniled
by such attention. The fiinctionalized-polymer approach has been used in a few other
efforts, but the advantages [110] offered by the orientational enhancement mechanism in
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low- Tg guest-host systems drew much attention away from this approach. This and other
key developments will be described in the following section.

C-CH

m

c=o

:=o

JCN

CN

CN

Figure 3-2: Example of a fiinctionalized photorefractive material: functional sidechain polymer with a tricyanocarbazole group.

3.4.2 PartiaUy-functionalized systems
There have been a few milestones in organic photorefractive materials where
some functions were attached to a polymer backbone while others were added by
molecular doping.

One significant development involved a co-polymer of methyl-

methacrylate and 2-[(N-p-nitrophcnyl-N-methyl)] aminoethyl methacrylate (PMMAPNA), the latter a p-nitroaniline derivative which provided nonlinear optic function. This
polymer was doped with diethylamino-benzaldehyde diphenylhydrazone (DEH) to
provide transport This material provided grating formation in about one second at 1
W/cm^ beam fluence, with a diffraction efficiency on the order of 10'^ [111].
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The same materiaJ was further explored through the addition of the fiillerene Cm
as a photosensitizer. This produced marked increases in the photoconductivity, grating
growth rate, and diffraction efHciency; a gain coefiHcient of 0.6 cm ' with an applied
electric field of llV/pjn and IW/cm^ writing intensity was reported in two-beam
coupling [112]. In part, the improvement was due to a simple increase in absorption at
the operating wavelength of 647 nm, but it showed the utility of the sensitizer in that
spectral region.

This knowledge has been applied broadly in guest-host composite

systems, as will be seen in the next section.
Anotlier example of a nonlinear optic polymer doped with other functionalities
used boron diketonate (BDK) as a sensitizer and tri-/»-tolylamine as a transport agent
[113]. As a pre-poled material, diffraction efficiency on the order of 10'^ was observed
below 35 V/p.m. Photogeneration efficiency of about 1% was shown by Onsager fits to
data in the range of 30 to 130 V/^m electric fiekl.
The first photorefractive polymer, the nonlinear optic polymer bisA-NPDA doped
with DEH, was later shown to exhibit a measurable two-beam coupling gain of 0.33 cm '
at a field of 11V/jim [114,115].

3.4.3 Guest-host polymer composites
One of the reasons the guest-host approach has come to dominate the scene in
organic photorefr^tive research is the matter of convenience.

It is simply easier to

introduce and test a number of factors when they arc not physically attached to each
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other. Interactiotis must still be addressed, but this is a matter of good experimental
design [116] and protection against systematic errors [117].

3.43.1 Progress in steady-state diffinaction efSdency, gain, and piiase stability
By 1993, gain coefficients were being reported for some organic photorefractive
materials, as mentioned in the preceding sections. In a guest-host system the observation
of net two-beam coupling gain was reported [118]. The composite employed a holetransporting polymer, po]y-(N-vinylcarfoazole) (PVK), doped with 2,4,7 trinitro-9fluorenone (TNF) as a photosensitizer, both shown in Figure 3-3. The opticaUy nonlinear
chromophore was 3-fluoro-4-(N,N-diethyamino)-P-nitrostyrene (F-DEANST).

The

diffraction efficiency exceeded 1%, grating growth time was on the order of 100 ms, and
the gain coefHcient was shown to be >10 cm ' at an applied field of 40 V/^m and writing
intensity of 1 W/cm^. The absorption coefficient was reported as 1.4 cm ', and thus there
was a significant net gain. The

of -40°C led to important observations about the

nature of the index modulation.
PVK

ECZ

TNF

NO^
Figure 3-3: PVK, ECZ, and TNF molecular structures conunonly used in guest-host
polymer systems.
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The sudden improvement of diffraction efficiency by more than two orders of
magnitude was explained by a mechanistic leap. While the classical view was that index
modulation was achieved through pure electro-optic effects modulated by the superposed
applied field and space-charge field, the explanation recognized that the chromophores
themselves may be oriented by this field. The linear polarizability anisotropy results in
index modulation which is enhanced [68] relative to the classic case. This so-called
orientational enhancement is central to succeeding developments in the field. To observe
this effect, orientational mobility of the chromophore is obviously required. Thus, the 7,
must be near or below the ambient condition.

As was shown in earlier analysis, a

measure of this mechanism for a given chromophore is the product

Aa, since the

dipole moment determines the field orientability and the polarizability anisotropy
provides the means of index modulation.

When the term low-T^ photorefractive or

orientational photorefr^tive is used, this is the origin of it.
Such orientational photorefractive composites advanced in performance rapidly.
In 1993, the group at the University of Arizona produced a low-T^ composite of PVK,
using TNF as a sensitizer.
ethylcarbazole

(ECZ)

To control the

was included,

and

, the plasticizer/photoconductor Nthe chromophore

2,5-dimethyl-4-(p-

nitrophenylazo) anisole (DMNPAA) provided nonlinear optic function [119].

A

diffraction efficiency approaching 100% (86% external) was reported at an applied field
of 60 V/^m, as well as a net gain of >200 cm ' at an applied field of 90 V/^m [69]. This
material was used to demonstrate its utility for dynamic holography, given its grating rate
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of <500 ms [13]. This composite contained the chromophore at SO weight % (wt%)
concentration, and there was a tendency for crystallization to occur with a degradation in
optical quality.

This necessitates research in the stabilization of solubility of

chromophores in composite systems [120].
The issue of phase stabUity has been addressed since the photorefractive steadystate performance has become so good. It is possible to engineer a composite which
inhibits phase separation by including a mixture of isomeric chromophores.
Improvements in stability were repotted in 1996 by using a chromophore family which
forms organic glasses, which also provided some transport, and which served as a host
material [121]. One study, following the important results just described in steady-state
performance, used a eutectic mixture of two DMNPAA isomers [122], while another
used a mixture of four related isomers of NPADVBB [123,124]. These trials did produce
dramatic improvements in the stability of the materials with some detrimental
performance effects. The latter study projected a lifetime as long as several years, and
some samples remain which are still clear and usable after more than three years. The
group at the University of California San Diego (now at Stanford University) used a new
chromophore,

4-piperidinobenzylidenc-malononitrile

(PDCST)

with

a

different

plasticizer, butyl benzyl phthalate (BBP) to make stable composites [125]. In the latter
case, PVK was used as a matrix, with Qo as the sensitizer. The gain coefficient was 200
cm ' at 120 V/^m, and a maximum diffraction efficiency of over 80% at 80 V/^m.
Moreover, the response time was SO ms at 100 V/^m with writing intensity of 1 W/cm^.
An approach applied in University of Manchester research was to add a racemic
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(optically inactive) ethylhexyl group to a chromophore to increase its solubility in the
conventional PVK/ TNF matrix [126].

The chromophore, l-(2'-ethylhexyloxy)-2,5-

dimethyl-4-(4"-nitrophenylazo)benzene (EHDNPB), did provide stability over months of
use, even at a concentration of 55 wt%. Its diffraction efficiency was reported as 60%,
with a two-beam coupling gain of 120 cm '. This approach was applied to a highly
refined multi-fiinctional chromophore design which incorporated solubility, charge
transport, and high electro-optic performance characteristics. The chromophore was 2,
N, N-dihexylamino-7-dicyanomethylidenyI-3,4,5,6,10-pentahydronaphthalene (DHADCMPN). An initial experiment was performed using a conventional PVK host system,
plasticized by ECZ, and sensitized by TNF. This resulted in a peak diffraction efficiency
at an unprecedented 30 V/^m [18].
seconds.

The response-time was on the order of a few

This paper also introduced the use of the sensitizer (2,4,7-trinitro-9-

fluorenylidene) malononitrile (TNFDM), a TNF derivative which extends the
photosensitivity of composites into the near infrared.

In fiuther study of this

chromophore, an inert matrix material composed of several different monomer types,
which may enhance solubility, was chosen as a matrix. It is a commercial birefnngencefree acrylic resin, OZ-1330, produced by Hitachi Chemical Company.
composition

is

poly(methyl

methacrylate- co-tricyclodecyl

cyclohexyl maleimide- co-benzyl methacrylate)

(PTCB).

Its general

methacrylate- co-N-

It was plasticized using

diphenyl isophthalate (DIP), and sensitized using TNFDM. The result [102] was a net
gain of 202 cm ' at 50 V/pjn and a peak diffraction efficiency of 28 V/^m

This

composite serves as a basis for some results presented by this dissertation, and is still the
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state-of-the-art in dynamic range, /. e. index modulation per unit applied field. The
chemical structures arc given in Figure 3-4.
A comparable dynamic range was subsequently reported for a composite using a
mixture of DMNPAA and another chromophore, amino-thienyl-dioxopyridine (ATOP)
[127], but the gain was lower.

A key limitation of the DHADC-MPN/PTCB-based

composite was a slow response, on the order of seconds [128]. Also notable was the
observation of beam fanning in these composites, a phenomenon in which scattered
radiation is amplified or in which irradiance gradients cause deflection or distortion of
beams [129]. It is important because it may lead to mistaken measurements of gain in
high-gain materials due to improper accounting of energy; it is also interesting because it
may be harnessed to effect self-pumped phase conjugation [130]. The effect was first
reported in a PDCST:PVK:BBP:C6o polymer (described above) by the UCSD group
[131] at about the same time, and has subsequently been explored in detail [132]. There
are many examples of chromophores designed to incorporate fimctions beyond the
nonlineai optic characteristics, but the examples just described are used as milestones.
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DHADC-MPN

TNFDM

OaN

NOz

PTCB

DIP

Figure 3-4: The components of highly stable composites with high gain and
dynamic range. Shown are the trifiinctional chromophore DHADC-MPN, the
extended-response sensitizer TNFDM, the inert optical grade matrix polymer
PTCB, and tte plasticizer DIP.

Since

many of

the developments described

here involve PVK

as a

photoconductive, hole-transporting host, a recent development in alternative transport
materials bears mentioning.

An electron-transporting photorefi^tive material was

recently reported [133]. The polymer was a thioxanthene (P-THEA), and used 4-(N,Ndiethylamino)-P-nitrostyrene

(DEANST)

for

nonlinear

optic

function.

The

photorefractive performance was enhanced somewhat over comparable PVK/ECZ/Qo
composites, but its significance is more in proof-of-principle. This is of interest, in part.
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becausc the dynamic effects of using an electron-transporting material may make it
attractive in the future, due to different trapping effects and energetics.

3.43.2 Addressing dynamic response
As the diffraction efficiency and gain were advancing, there were also efforts to
improve the speed of response. An early example attempted to improve the speed of
response by using photoconductive host materials with greater hole mobility. In 1993, a
host polymer poly(4-n-butoxyphcnylethylsilane) (PBPBS), the chromophore Coumarin153, and the sensitizer Cm were combined to obtain a mobility of -lO"* cm^/V-s at an
applied field of 10 V/p.m [134]. This material had a diffraction efficiency of lO'* at an
applied field of 16 V/^m, and a rise-time of 39 ms at an applied field of 11.4 V/^m with
1 W/cm^ writing intensity. Though the efRciency was small, the response rate was the
key result. It was found that the response rate is limited by the charge generation process,
rather than mobility, in this composite. Remember that orientational response was not a
consideration yet at the time these results were presented.
An interesting foray into slow response was made by the IBM Almaden research
group in 1994 in which long-term quasi-nondestructive readout of gratings was shown.
This is mentioned in the context of improving response rate because it does provide
information about the means of manipulating dynamics, and because such readout
demonstrates principles important in applications such as holographic data storage. The
material consisted of a poly-methylmethacrylate host, the nonlinear optic material 1,3dimethyl-2,2-tetramethylene-S-nitrobenzimidazole (DTNBI), and Cm as sensitizer.

A

diffraction efficiency of 7% and a net gain of 16 cm ' at 40 V/^m were reported [13S]. A
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grating written over a ten-minute period, after which time the writing beams were
removed, was shown to be stable over at least 24 hours, and was shown to be gated by the
applied electric field.

Finally, at very small probe intensities (-200 nW/cm^), the

diffraction efHciency of the retained grating exhibited an increase over time, a
phenomenon called grating revelation.
Returning to efforts to increase the response rate, the present work of this
dissertation began when a typical response-time was several hundred milliseconds, with
best values around 50 ms [12S]. In 1997, a new polymer with very high drift mobility
was used in a photorefractive composite with a two-beam coupling response-time of 7.5
ms at 70 V/^im applied field [136], with a total writing intensity of 0.5 W/cm^. The
polymer was synthesized by polymerizing tetraphenyldiaminobiphenyl (TPD) units with
n-butyl acrylate to fonn the polymer designated PTPDac-BA2. The composite used 4(N,N-diethylamino)-^nitrostyrene (DEANST) as the nonlinear optic function, and was
C^o-sensitized. In 1998, two-beam coupling response-times of 4 ms [95,96,98] were
reported

for

PVK/BBP/C6(rbased

composites

containing

a

4-homopiperideno-

benzylidene-malononitrile (7-DCST)^ or alkoxy-benzylidene-malononitrile (AODCST)^
chromophore. By comparing the intensity dependence of the response-time to that of
sample photoconductivity, it was concluded that photoconductivity is the limiting factor
in these materials.

As significant as this leap in speed was, the race for speed has

prompted efforts to understand the limitations of photorefractive dynamics in polymer

^ The form of abbreviation foUows from the general family name "^cyanostyrene", with the prefix
denoting the nature of the substituent added, rather than the lUPAC-conventional name.
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composites. This setting is another aspect of the prior art improved by the present
research of this dissertation, reported in the ensuing results.
One possible limitation to dynamic performance is the orientational response of
the chromophores in the surrounding matrix. Observing performance through composites
of varied Tg of [137] or a variation of the temperature of observation of a single
composite may be used to gain some insight into the process. However, these approaches
may be confounded by ancillary changes in photogeneration or transport.

Direct

observation of the component processes is the preferred path. In one instance, transient
four-wave mixing experiments were used in combination with frequency-domain
ellipsometry to estimate the charge mobility, with the conclusion that photogeneration
and mobility improvements were important to increase speed [138]. A study of grating
erasure dynamics led to similar conclusions [139], specifically attributing limitations in
erasure speed to the space-charge dynamics rather than to the re-orientation limit.
A recent improvement of understanding was made by varying the ionization
potential ( /^) of a family of chromophores related to PDCST, shown in Figure 3-5, and
observing the effects in a PVK/ECZ matrix sensitized by TNFDM or Cm. Measurements
were conducted of photoconductivity, photogeneration efficiency, and response-time [97]
and correlations to

were observed. This serves as a basis for another aspect of the

present work presented in the results of this dissertation.
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Figiiie 3-S: The PDCST chromophore and the fiillerene Qo sensitizer used as the
basis for photoconductivity, photogeneration, and response-time studies.
Succeeding work has resulted in qualified reports of faster response-times. Using
another photoconducting host, poly-(9,9'-dioctylfluorene-co-N-(4-butylphenyl)-diphenylamine) (TFB), a 1-ms response-time was reported at 76.5 V/^m applied electric field
[140], though the writing beam intensity in this case was 1.44 W/cm^. The composite
also contained diisooctylphthalate (DO?) as a plasticizer, DMNPAA as the chromophore,
and Ceo ^ sensitizer. The key contribution of this report may be the suggestion of a new
inverse-Laplace transform analysis method, CON TIN, in addition to the typical timedomain fitting of data to resolve the components cf the dynamics. This may provide a
more robust way to characterize the transient photorefractive behavior of materials, and
to identify structure-property relationships by characteristic frequency. It is important as
reports of increased speed emerge that the conditions be scrutinized carefully, since the
illumination conditions, the electric field component in the sample Him, and other factors
may have dramatic effects on dynamics.
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3.5 Summary of existing art and relationship to present work
As this dissertation research began, the steady-state difii^tion efficiency had
been developed to nearly 100% at 61 V/^m applied electric field, and a diffraction
maximum was observed at applied fields as low as 28 V/^m. Net gain of greater than
200 cm'' was observed in a number of guest-host composites at fields as low as 50 V/fim.
Typical grating formation response-times were on the order of 100 ms, and the
understanding of the limiting processes in dynamic response was in its infancy. The
shelf-life of composites was being improved to levels where it was no longer a critical
limit to application, but working lifetime had not yet been addressed seriously. Issues of
industrial processing were only discussed in ideal terms, with no concrete demonstration
reported.
The present work of this dissertation has been mentioned at several points in the
preceding discussion, as the appropriate departure points were passed. Next we will look
at the experimental techniques to obtain results, including improvements made to existing
setups which enabled new and unprecedented results.

Thus, those results will be

presented with a clear background in the analytical aspects of photorefractive materials,
the historical development to the current state-of-the-art, and the techniques used to
distinguish new and improved performance.
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CHAPTER 4 EXPERIMENTAL TECHNIQUES
The results presented in this woik were obtained by techniques which have
evolved to accommodate the improvements in materials. Though the principles have not
changed, the dramatic improvements in response-time in the last few years have
promoted requisite changes in the characterization techniques of photorefractive
polymers.

In this chapter, we will describe the sample preparation process and the

measurement of linear absorption, as well as experiments to evaluate photorefractive
performance.

The

latter

involve

traditional

field-dependent,

quasi-steady-state

measurements of the diffraction efficiency in four-wave mixing and the gain in two-beam
coupling. However, the key results to be reported depend heavily upon the use and
improvement of transient techniques. We will examine the improvements instituted in
transient four-wave mixing measurements of response-time and describe the technique of
transient ellipsometry which gives insight into the orientational response of the
chromophores in photorefractive composites. Further, the development of experimental
techniques for low-level direct-current dark conductivity and photoconductivity
measurements, and the future application of such measurements, will be introduced.

4.1 Sample preparation
The samples are generally composite materials with several components. The
matrix material is usually a powdered or granular solid. Plasticizers may be either solid
or liquid, though solid materials are most commonly used. The chromophores and the
sensitizers are solids, as well. Since the constituents may contain other reaction products
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or general contaminants, they are often purified. The simplest technique is precipitation
by differential solubility. The material is dissolved in a solvent, then dripped or mixed
into another solvent which has poor miscibility with the desired material, but which wUl
dissolve the contaminants. Suspect materials may also be recrystallized or run through a
chromatographic column to improve purity, but these techniques arc more specialized
and are beyond the scope of this work.
To make the composite, assuming we have the input materials, the components
are combined in a solvent to allow thorough mixing. Often the sensitizer is pre-dissolved
in a solvent to disperse it better and to make dispensing a relatively small amount of it
easier; sensitizer content is typically 1 wt.% or less. The solution of components is
filtered using a 0.2 ^m disposable filter, then put in a flask and stirred, often using a
magnetic stirrer with a stirring bar in the solution. Mixing may be done for hours to days,
depending upon the specific material system. Once the solution is adequately mixed, the
solvent is removed.

A rotary evaporator is used to remove the bulk of the solvent,

because this allows the application of both heat and mild vacuum to speed the process.
The rotation is used to control boiling so the solids are not turned to foam. When the
material is dry enough to be rather solid, it is removed from the evaporator and drying is
completed in a vacuum oven at higher temperature and vacuum. The product of is then
extracted from the drying flask and placed between two sheets of glass. This is placed on
a hot plate and brought to a temperature which makes it viscous, but not liquid. The
plates are then moved relative to each other so the solid is mixed by a shearing action.
The material is often quenched by contact with a cool plate to preserve its amorphous
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state after mixing.

The solid mixing process may be repeated to further promote

homogeneity. The result is a thin cake of material which may be used to make devices.
Once the cake is ready, it is cut into small sections for sample fabrication. The
material sections just described are placed on two small glass substrates with indium-tin
oxide electrodes facing upward. Small glass beads, suspended in a silicone vacuum
grease to hoki them in place, are used as spacers to ensure the thickness of assembled
samples; a few small dots of this spacer-grease are applied around the edges of the
sample area. The two halves of the sample are then placed on a hot plate to allow the
material to approach its flow temperature. When the material is flowing onto the
substrate, the two halves are then pressed together. Care is required to exclude bubbles
when joining the halves of the samples. The edges of the sample are sealed with epoxy to
protect the composite film from environmental factors such as moisture absorption, as
well as to make them more robust in handling

4.2 Optical properties ciiaracterization
Though the linear absorption of samples may seem an ancillary issue to
photorefractivity, and indeed it is often treated as such, it is an important part of a
systematic characterization. Simply put, linear absorption is a necessary first step in a
conventional photorefractive process, as discussed earlier. The location of absorption
maxima is an important design feature, since you must use a writing source which is
absorbed to some extent. The knowledge of the sample losses at the writing wavelength
is important to allow calculation of the optKal power being delivered to the sample film.
Also, Fabry-Perot resonances of the cavity formed by the indium-tin-oxide sample
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electrodes allow verification of the thickness of the sample film, which is important when
one wishes to extract information about the concentration of a chemical species
spectroscopically. Some results presented later depend on such measurements. The
measurement of refractive index is also needed to accurately determine the grating
parameters in a film, and a brief description of this method is included for completeness.

4.2.1 linear absorption
Linear absorption measurements may be done using a stable source with a good
detector.

The bandwidth of the source determines the resolution of the resuking

measuremenL If one wants to know only the absorption of the 633-nm helium-neon laser
wavelength, a valid measurement can be made by simply looking at the amount of light
transmitted from your laser to a detector with and without a sample present. This will
provide a transmission factor which accounts for reflections at interfaces and absorption
in materials. If one wishes to isolate the absorption due to one component of the sample,
then a better method may be to buiki samples with and without that component, measure
the transmission of each, and compare those measurements. It is still a measurement by
substitution, but a slightly more sophistKated one.
In most cases, we want to know the absorption through a range of wavelengths.
For this, we need to scan the detector, the source, or both, through a such a range of
wavelengths. This is the function of a spectrophotometer. In the measurements we
discuss, we have used a Gary SG spectrophotometer. It uses broadband sources and
detectors in conjunction with monochrometers to provide a high signal-to-noise ratio with
control of the bandwidth and resolution used in the measurement. To allow precise
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comparison of two samples, there are two arms. One is used as a reference path, while
the other is used for measurements. The reference path, however, is often simply air.
There are various types of sample fixtures with apertures for controlling the beam sizes,
or sleeves for liquid-containing cuvettes. It is generally important to use similar fixtures
in the two sample paths, even if there is not a reference sample in the reference path. The
Gary SG allows calibration of the full-scale (100% transmittance) and baseline (0%
transmittance) values, which improves accuracy, as well.

The results are generally

recorded as either transmittance values, where transmittance is given by
7=^=^,

(4.1)

^meidmt

or by absorbance A, which is given by [141]

A=£dc = -\o%iQT
= adJIlogioe
where e is the molar absorptivity (usually

L-moP' - cm''), d is the sample thickness in

centimeters, cis the concentration of the absorbing species in moles per liter, and a is
the absorption coefficient in cm '. This relationship, the Beer-Lambert law [142], is used
to determine the density of an absorbing species in a sample, given a known molar
absorptivity. It should be noted that the absorbance is also called optical density or
simply OD, and that the molar absorptivity is also known as the molar extinction
coefficient. The relationship to absorption coefficient is given bccause it is commonly
used in physical literature, while the extinction coefHcient is used more in chemistry
literature. The connection is often the source of confusion.
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4.2.2 Extraction of sample thickness from linear absorption data
When measuring the linear absorption in a wavelength range where the indiumtin-oxide electrode coating is fairly reflective, but the film is rather transparent, a small
periodic variation in the absorbance signal is often observed. This effect due to the
Fabry-Perot cavity resonances may be used to estimate the film thickness, </, by the
relation
d=

(4.3)
2n(A_) Ak

where

is the center wavelength of a resonance. AA is one period of the resonance,

and n(A^,r)is the refractive index of the film at the center wavelength. The effect is
generally most pronounced in the spectral range from 1.3 to 1.5pjn. Averaging over a
number of periods is used to reduce the uncertainty of the result.

4.2.3 Refractive index measurement
For a thin-film sample, substrate-mode coupling is a simple and accurate means
of determining the refractive index. It relies on the dependence of the angle of total
internal reflection upon the film index [143]. Our measurements are largely automated
by the use of a Metricon 2010 prism coupler. It allows refi^tive index characterization
at several discrete wavelengths, including 633 nm, 830 nm, 1300, and 1550 nm. Results
are generally repeatable through at least 3 decimal places, more than sufficient for the
calculations of grating characteristics described throughout this work.
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4.3 Photorefractive characterization
Since the focus of this woric is the phenomenon of photorefi^tivity, the direct
measurement of photorefractive effects is central to all results we report.

Several

techniques have been used to characterize photorefractive polymers, providing
complementary information on different aspects of the photorefractive performance in the
materials. In this section, we will examine the means of deteraiining the diffraction
efficiency of photorefractive gratings by four-wave mixing and the beam-transfer gain by
two-beam coupling observations. We will describe transient four-wave mixing methods
which allow observation of grating formation dynamics in state-of-the-art photorefractive
polymer devices. Finally, the acquisition of conductivity information will be discussed,
both in transient experiments and in stand-alone steady-state experiments; this may
provide insight into the transport processes underlying the photorefractive behavior we
observe in the other experiments.
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4.3.1 Four-wave mixing geometry
The four-wave mixing process involves the production of a grating in a
photorefractive sample by two-beam interference of two strong writing beams, and the
probing of the grating so written by a weaker third beam, appropriately called a probe

beam. In all experiments, the wavelengths of the writing beams and the probe beam are
identical or close enough to avoid serious de-tuning of the probe beam from the Bragg
condition. The geometry of this interaction is shown in Figure 4-1.

probe beam

/

Figure 4-1: The four-wave mixing geometry.
The sample film is sandwiched between two glass sheets coated with indium-tinoxide electrodes. Bias is applied via the latter electrodes. The two writing beams are
incident from one side of the sample. The bisector of the two writing beams forms an
angle y/ with rcspect to the surface normal of the sample. Each writing beam is also
displaced from the latter bisector by an angle 0; that is, the writing beams arc separated
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by an angle 2B. The probe beam counterpropagates with respect to the writing beam
which makes the smaller angle with the sample surface normal, which for convenience
we call beam 1. The part of the probe beam which is transmitted undiffracted continues
along the path counterpropagating with writing beam 1 after passing through the sample;
the part diffracted by the grating will correspondingly counterpropagate with writing
beam 2 after passing through the sample.

4.3.2 Two-beam coupling geometry
writing
beam I

Figure 4-2: The two-beam coupling geometry.
Two-beam coupling is the process of interaction of two beams in a
photorefractive medium in such a way that an exchange of energy is observed between
them. It is used to verify the photorefractive nature of gratings observed in four-wave
mixing, and it provides additional information used to understand the properties of
composites.

The writing beam geometry is the same as in four-wave mixing
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experiments. The key difference is that there is no probe beam present, as indicated by
the arrows in Figure 4-2. The two-beam coupling measurement may be called self-

probing because it uses the transmitted writing beams themselves to characterize the
process. Thus, the beams involved are the incident writing beams and the transmitted
ones. The latter are monitored in the experiment.

4.3.3 Beam geometry in the sample film
These experimental geometries have been described in terms of the orientation of
the sample and the beams outside the photorefractive film to be studied. For the purpose
of data analysis, let us adopt a nomenclature for the beam geometry inside the sample
film. In Figure 4-3 the important quantities are identified. The coordinate axes shown
are the laboratory axes, which are the natural coordinates of the optical table, sample
stage, and so on. The writing beam angles in the film are indicated by a, and
grating vector K is normal to the planes of the grating and to the writing beam bisector
in the film; it forms an angle

<p

with the z-axis.

103

air

Ml"
//y

' - z

glass

i /0 //
/
/

^ Ot,2
film

///f/
/

if^F
tM
M/f/ f//•
/
i
'
M
t*A/
/
//» ff /

X
¥z
Figure 4-3: Beam geometry inside the sample film showing the orientation of the
grating vector, K, and the beam angles a, and
relative to the laboratory z-axis.
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4.3.4 Fouf'Wave mixing and two-beam coupling equipment
The sample geometries just described, in conjunction with the sample refractive
index and thickness, completely specify the essential parameters of the grating written in
the experiment. This geometry is realized in the laboratory as shown in Figure 4-4.
Ml
RWPl

i.a

FDl

M6 LS

B81

M2

BS2

L4

L3

MS

n»

LI
M4
L2

BWP2

M3

PD3

Figure 4-4: The equipment configuration used in four-wave mixing and two-beam
coupling experiments.
Let us follow the source path to examine the configuration of the experiment.
The polarized helium-neon laser is used as the writing beam in most cases, though a laser
diode may also be coupled into the main beam supply path to do experiments at other
wavelengths. The half-wave plate, HWPl, is used to rotate the polarization of the laser to
control the ratio of power between the two writing beams, as will be shown downstream.
The mirror Ml is used to get the beam into a 45° angle relative to the '^naturaT' table
coordinates. The pellicle beamsplitter BS1 removes a portion of the supply beam to use
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as the probe. At the polarizing beam splitter PBS2, the supply beam is divided into the
two writing beams. In four-wave mixing, the half-wave plate HWPl mentioned earlier is
adjusted to provide equal powers in the two writing beams obtained by PBS2; for twobeam coupling, the beam powers are often set to some small integral ratio between 1; 1
and 10:1. The mirrors M2 and M3 send the two writing beams in roughly parallel paths.
By positioning a 45° half-wave plate at either the HWP2 or the HWP2' position, we
obtain 's' or 'p' polarization, respectively, in both writing beams. The beam splitters
BS2 and BS3 move the writing beams towards the center axis between them, and provide
a means to pick off the counterpropagating beams of the probe system. The lenses LI
and L2 focus the writing beams in the front focal plane of the front sample lens L3, so the
beams approximate plane waves in the rear focal plane of the sample lens, where the
sample is situated. The mirrors M4 and M5 are on stages which allow control of the
space between the writing beams, resulting in fine control of the angle between the beams
in the sample plane. After the writing beams pass through the sample, lens LA again
brings them parallel to each other. For two beam coupling experiments, these beams are
sent to detectors.
Consider now the probe path which is created by the reflection at BSl.

A

polarizer is inserted to control the probe polarization state. A lens L5 is used to provide
plane-wave illumination in the sample plane in the same way described for the writing
beams. The mirror M6 provides an adjustment degree-of-freedom to ensure that the
probe and writing beam counterpropagation condition is optimized. The mirror M7, in
symmetry with mirror M5, is mounted on a stage to allow the probe to counterpropagate
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with writing beam 1 as MS is moved to change the writing beam spacing. Thus, the
transmitted probe signal is relayed by mirror MS and beamsplitter BS3 to detector PD4.
The diffracted probe signal passes by mirror M4 and beamsplitter BS2 to detector PDl.
The probe path is also used to transmit writing beam 1 to detector PD2 in twobeam coupling experiments. In this case the pellicle beamsplitter, BSl, and the probe
polarizer are removed, and the chopper is placed so that both writing beams are chopped.
The writing beam 2 signal is passed to detector PD3. All detector signals arc chopped to
allow synchronous detection using lock-in amplifiers.
For most experiments, a standard geometry is used to allow comparison of new
results to historical results. The tilt angle, 4', is generally 60°. The writing beam offset
from the centerline is ISmm, and the lenses L4 and L5 have focal length 83.G mm,
resulting in a half-angle 9 between the writing beams of 10.24°. For four-wave mixing,
the writing beams are set to 's' polarization and the probe to 'p' polarization. This
provides the highest possible diffraction efficiency, and prevents interference between the
probe and writing beams so that the probe is simply measuring rather than participating in
the grating formation. The probe is also kept at a fluence much lower than that of the
writing beams. For two-beam coupling, the writing beams are usually in 'p' polarization,
allowing comparison to the four-wave mixing values which are probed by a 'p'-polarized
beam. Writing beams are about 600 p.m in diameter in the sample plane, taking the limit
as the e~' irradiance level, while the probe is about SOO ^m in diameter so it will underfill
the grating area.
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4.3.5 Field-dependetU steady-state tests
These tests are conducted by applying the appropriate beams to the sample and
ramping the applied direct-current potential on the sample through a range of values in
small steps. This is generally done slowly, relative to the grating formation time, to
provide steady-state values at each step in applied voltage. After each step in applied
potential, time is allowed for the lock-in amplifier measurement to settle. The use of
chopped signal beams and the synchronous detection of the lock-in amplifiers provides
better sensitivity, which is very useful when the signals are small or noisy.
These measurements are controlled by a computer program written in LabView, a
product of National Instruments. The bias is applied using a Glassman High Voltage
model EH-20P05.0 power supply controlled by its analog input, which is in turn
connected to an analog output on a National Instruments AT-MIO-16L-9 analog/digital
interface board in the computer. The lock-in amplifler readings are acquired by analog
inputs. All timing is controlled by the LabView program and by the internal timing of
the interface board. The time constants settings of the lock-in amplifiers arc set to a
value which allows adequate time for the settling of measurements after each step in
voltage, while integrating over a long enough time to provide reasonable noise immunity.
The specific aspects of the four-wave mixing and two-beam coupling techniques follow.

4.3.5.1 Steady-state four-wave mixing measurements
This is the central test method for photorefractive evaluation. It provides the best
way to align and optimize a sample for characterization, and provides important
information in its own right. When a sample is inserted, the overlap of the writing beams
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is adjusted by moving the sample stage along the sample lens axis and across the sample
lens axis. Once the writing beams appear overlapped in the film, the probe beam is
adjusted to counterpropagate with respect to writing beam 1 using the mirrors in the
probe path. This can be set near enough to the optimized value to obtain a diffracted
signal in most cases by checking the coincidence of the probe and writing beam 1 using a
card before and after the sample lenses. Finally, the signal level is optimized by appljong
appropriate bias to the sample and watching the diffracted four-wave mixing signal as the
final probe mirror lateral position, lateral angle, and vertical angle arc adjusted cyclically
for several iterations.
This provides a sample and beam placement which is ready for succeeding
measurements.

The steady-state four-wave mixing characterization consists of

monitoring the transmitted probe and dif&acted probe signals as described briefly earlier.
Generally, the writing beams are 's'-polarized, and the probe beam is 'p'-polarized. This
provides the highest interference visibility while minimizing interaction between the
probe and writing beams. The bias is typically swept from 0 to 8 or 10 kV over a period
of 2 to as much as 60 minutes. The choice depends on the sample characteristics. The
data are analyzed to determine the diffraction efficiency by observing the depletion of the
transmitted beam. There are two common ways of reporting such results, the internal and
the external diffraction efficiency. The internal efficiency,

simply the ratio of

the diffracted probe energy to the total transmitted energy,
11.,^=

(4.4)
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This value does not remove losses due to absorption, scattering, or reflections.

The

external efficiency is the ratio of the diffracted probe energy to the mcident energy.
(4.5)

We generally refer to the energy lost by the transmitted probe beam rather than
directly to the diffracted energy. Otherwise, we must cross-calibrate the detectors and
account for all optical losses between the sample and each detector. In this way we
assume that the energy lost by the transmitted probe beam is gained by the diffracted one
or by a variable absorption. The latter approach is more practical and is perfectly suited
to most situations.
To determine the functional form of refractive index modulation of the grating, a
simple form of the Kogelnik equation for the diffraction efficiency of a thick slanted
phase transmission grating is employed.
(4.6)
where a and A are fit parameters which are assumed constant, An is the index
modulation, and

is the applied electric field. The four-wave mixing data obtained

by varying the applied electric field are fitted to provide the electric field dependence of
the index modulation. The quantitative index modulation may be extracted using the
Kogelnik relation for the parameter B
(4.7)
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where a peak in efficiency will result when

^

occurs, the entire

Kogelnik expression for diffraction efficiency must be used to determine the value by
fitting. This practice requires caution since fit results of a sine-squared function over a
domain less than

in span are particularly subject to error.

4.3^.2 Steady-state two-beam coupfing measurements
While the four-wave mixing setup is an excellent means to explore
photorefi^tive gratings, as well as a good means to align and optimize a given sample,
the two-beam coupling measurement is critical to verifying the photorefi^tive origin of
those gratings. The coupling verifies the shift of the grating relative to the writing beam
interference pattern, as described earlier.
To conduct an experiment, the bias applied to the sample is varied just as it is in a
four-wave mixing experiment. Instead of applying the probe beam and observing its
diffraction, the intensities of the transmitted writing beams are measured. Generally, the
writing beams are 'p'-polarized, which allows comparison of these results to the
corresponding four-wave mixing results which used a 'p'-polarized probe beam. The
data are analyzed to determine the gain coefHcient by observing the energy exchange
between the writing beams. The energy exchange is characterized by the ratio of each
beam's intensity to its intensity in the absence of the other, often denoted by / as shown.

(4.8)

r,
'•L=o

Ill

(4.9)

The denominator quantities are obtained by conducting scans like two-beam coupling
runs with each beam blocked in turn. Having obtained these curves, the gain coefficient
curve may be calculated by the equation
r = ^[cos(£r,)bi(y,)-cos(aj)ln(y2)] ,
a
where

(4.10)

is the sample thickness and a, ,(X^ are the angles of the two beams with respect

to the sample normal inside the photorefractive film.
The direction of the energy transfer depends on the direction of the applied
electric field. Reversing the bias changes the sense of energy transfer. The extent to
which the transfer is synunetrical with the reversal of bias may be important. In highgain materials, for example, a phenomenon known as beam-fanning may occur. It is a
field-dependent process whereby scattered hght beams within a sample are amplified by
the same coupling process we are discussing. The process is not symmetrical for the
slanted geometries used in photorefractive polymers devices, and is a parasitic process in
most cases. It may lead to mistaken estimates for the gain coefficient, which warrants
some awareness of it.

4.3.6 Transient Measurements
It is in transient measurements that techniques have developed most in the last
few years. This has been necessary to accommodate the advances in material response
rate which have been found. In 1997, a grating response time of 100 ms was considered
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reasonably fast. In that time frame, the transient response was characterized by setting
the bias to a fixed value with one or both writing beams blocked, and acquiring data
using the lock-in amplifiers as the beam or beams were unblocked. With the LabView
code used for the steady-state measurements, the resolution was limited to about 10
ms/point at best. New approaches were explored to improve the time resolution of fourwave mixing measurements, and those will be discussed. Because our first materials
with response in the millisecond regime exhibited low gain, the effort was largely
confined to the four-wave mixing technique, but some observations on other transient
techniques will be made.

43.6.1 Transient four-wave mfadng
In these experiments, the grating formation process is observed at a constant
applied bias as the photorefractive process is initiated by turning on the writing beams.
Usually, one beam is applied in advance, then the sccond is applied as data acquisition
proceeds. To resolve a few tens of milliseconds, it was necessary to move from lock-in
amplifiers to a transient digitization technique. A suitable digitizing oscilloscope was
obtained to resolve sub-millisecond features and provide dense data in the millisecond
regime. The first attempt to resolve response in a single-digit millisecond mode involved
switching one writing beam with a mechanical shutter.

The shutter presented two

problems:
1. Its motion was slow enough that it took a significant time to cross the beam
2. It produced a great deal of acoustic noise manifest as a noisy signal
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The first problem was reduced to insignificance by putting the shutter at the beam waist
in an afocal relay. The second problem was attacked by surrounding the shutter and
sample area with high-density foam, and by putting rigid absorbing baffles in the way.
Neither had a serious effect on the signal quality. The shutter was moved farther away
from the sample with a minor improvement in the signal In the practice of expbring this
issue, it became obvious that the detectors, previously used only in synchronous mode,
were unsuitable for direct-ciurent coupled measurement because they had poor lowfrequency response. A new detector with flat response in>m 0 to about 100 kHz was
obtained to prove the concept. Finally the shutter was mounted by suspending it from
above rather than mounting it to the optical table. This allowed some noisy first glimpses
of transient response in the ten-millisecond range.
To remove the acoustic noise issue, a Pockels cell was obtained to set up a beam
switching device. Referring to the system diagram. Figure 4-4, the beam 1 half-wave
plate, HWP2, was replaced by the Pockels ceU and an output polarizer to guarantee a
linearly polarized beam. The Pockels cell bias was provided by a Matsusada model
HEOPT-IOBIO high voltage amplifier whose control input is connected to a HewlettPackard 8116A pulse/signal generator. The signal generator is triggered by a digital
output from the computer to output a control voltage of 4.2 V to the high voltage
amplifier, corresponding to a Pockels cell kI2 voltage of 4.2 kV. The signal generator
is used in external-width mode to allow the computer to control the total wkith of the
control pulse, since the internal control is limited to a maximum of 999 ms. The shutter,
mounted by suspension near MI, is used to open the entire supply beam to the rest of the
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table under computer controL It provides control over the total exposure of the sample to
beams which is useful in some studies, and enforces a repeatable pre-exposure to a single
writing beam before the second beam is applied. This is important because it has an
influence on the available free charges at the time writing begins. The final improvement
to the technique involves using a separate probe and writing sources. This eliminates
interference between the probe signal and any scattered writing beam energy which gets
into the detector path. This is accomplished by removing the pellicle beamsplitter and
using a mirror in the probe path between the pellicle position and the probe polarizer to
couple in the second source. A Hitachi HL6312G or Sanyo 6038-033 63S nm laser diode
is used.
Having described the evolution of the transient four-wave mixing equipment, let
us now discuss the measurement sequence and the control program used for it.

A

LabView program was written to provide the necessary control and data acquisition
functions. The code for steady-state four-wave mixing is used to verify the sample
alignment as described eaiiier, and it is also used to provide the fixed bias to the sample
for transient measurements. A separate application is best because it allows the bias to be
shut down quickly even if the transient acquisition program is busy. The chopper is
switched off and checked to make certain it does not block the probe beam. The shutter is
switched to normally-closed mode, and the detector cables are moved to the proper inputs
on the oscilloscope. After these manual changes, the rest of the measurement is done
automatically. A flowchart of the basic operation is displayed as Figure 4-S. When the
routine starts, it reads the variables from the front panel which control the oscilloscope
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functions such as timebase, channel scales, and trigger sense. It also latches in the user
supplied values for the delays which determine the actions of the shutter and Pockels cell
The proper setup commands arc formatted and sent to the oscilloscope. A digital line is
toggled to open the shutter using the computer input/output board; this line also triggers
the oscilloscope acquisition. At this point, one writing is on the sample. After a suitable
programmed delay, another digital line is toggled to switch the signal generator which
results in the high voltage amplifier biasing the Pockels switch to the transmitting state.
This commences the grating writing process. After the desired observation time, the
Pockels switch is turned off, another delay is allowed before closing the shutter.
Ensuring that the scope is ready, the data are requested by the computer, read back to the
computer, converted into a form useful for analysis, and displayed on the screen. The
user is prompted to save the data, which are saved in real units of time and voltage rather
than normalized or scaled values.
The data are typically analyzed by fitting to a time-domain form of the equation
used for steady-state data as shown by
Tj=Asin^[B il-me-'"'

(4.11)

Where the form of the index modulation is a biexponential function which will be
described further in the electro-optic characterization section.
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Figure 4-5: A flowchart of the transient four-wave mixing program.
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As the physics of fast photorefiractive composites were explored, the role of
transport processes in dynamic response needed to be investigated. As a result, the
transient acquisition of the sample current was added to the previous scenario. A resistor
substitution box was placed in the path between the sample and the power supply ground.
A pair of parallel 3.1 V Zener diodes was placed across the terminals, in parallel with the
resistance, to protect the measuring instrument as shown in Figure 4-6.
sample

oscilloscope

Figure 4-6: Transient photocurrent measurement and protection circuit.

The current passing through the sample was thus converted to a photovoltage,
which was connected to a second oscilloscope. The resistance was typically set in the
range from 10 to 100 k£l Two Zener diodes were used for redundancy, since a sample
breakdown could cause an open circuit condition in this shunt otherwise. The
coordination of the four-wave mixing measurement just described with this measurement,
using two oscilloscopes, was accomplished with two different LabView programs. The
additional program for the second oscilloscope operates by user intervention to ensure the
proper sequence of events. Figure 4-7 is a flowchart showing the coordination of the two
routines. The transient four-wave mixing flow is identical The code to control the

118
second scope (TEK TDS410) is enclosed in the dotted outline. The dashed connector
lines indicate controls by the observer. The ancillary scope, the Tektronix TDS410, is
used to monitor current, and its program panel has a start button to initialize it. This must
be done before the transient four-wave mixing program for the HPS4S10 scope is started.
When the TEK scope is ready and waiting for a trigger, the user then starts the transient
four-wave mixing panel as usuaL This code runs as described before. Once the fourwave mixing data are saved, the user then uses a button on the TEK program panel to
request that it send data. Its data is then read, displayed, and saved. Though this process
sounds complex, it replaces a manual setup of the second scope and saving of the data on
floppy disks. This process is much £ister, and problems with file identification on the
floppy disks.
The observation of

these

two pictures of

photorefractive performance

simultaneously has advanced the knowledge of process dynamics, as well as the fatigue
process in photorefractive composites. This will be discussed further as part of specific
results. The development of steady-state low-current conductivity measurements will
also be discussed later in this chapter.
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Figure 4-7: Flowchart of the simultaneous transient four-wave mixing and sample
current measurement.

120
4.4 Electro-optic characterization
If one has characterized the transient photorefractive performance of a composite,
it is appropriate to question the relative roles of the component sub-processes in that
overall performance.

The simultaneous four-wave mixing and current measurement

approaches the charge transport issues.

Steady-state measurements provide some

information about the space-charge field formed. To find out how the electro-optic
response figures in the overall performance, the transient characteristics of elcctro-optic
response need to be measured independent of photorefractive response.

Transient

ellipsometry is a simple and convenient way to compare this component of
photorefractive response to the overall response.

4.4.1 Transient eiUpsometry
In this experiment, the sample is poled while watching a beam transmitted
through it. By tilting the sample, a field-induced

birefringence may be observed in the

process. Enclosing the sample in a polarizer-analyzer aUows this birefringence to be
observed as a change in the transmitted illumination. To illustrate the configuration,
consider Figure 4-8. The tilt of the sample is given by the angle 4^. Given the ordinary
and extraordinary refr^tive indices rio and

the effective indices of the 's'-polarized

light and the 'p'-polarized component are given by
/!,=«„

(4.12)

,3^
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For the case in which the polarizer angle, O, and analyzer angle, <I>, are ±45°, the
transmitted intensity will be modulated according to the relation
/ =/oSin^(5) ,

(4.14)

where

XcosCV)
and

'

'

(4.15)

is the sample thickness. The key element of the experiment is that the transmitted

signal can be related

to the field-induced birefiringence. In practice, a Soleil-Babinet

compensator is inserted into the polarizer-analyzer so that the phase between the two
components may be adjusted. By finding the minimum and maximum signal levels as
this phase is adjusted, the optimum phase can be set near the middle of the range to
approximate linear response of the transmission to the birefringence variation. Of course,
since the functional form is known, the response may also be extracted outside the linear
regime. Given this principle, the experimental technique will now follow.
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Figure 4-8: EUipsometry geometry.
Using the same LabView program which was described for acquiring the sample
current previously, transient eUipsometry data are acquired as foUows. As suggested by
the diagram, the sample is in a polarizer-analyzer at ±45°. A detector is positioned in the
transmitted beam of the analyzer, and connected to the oscUloscope. The oscilloscope is
triggered by the trigger output of the pulse generator. The pulse generator controls the
output of the Matsusada high voltage amplifier. This source provides the poling bias to
the sample. A Soleil-Babinet compensator, also inside the polarizer-analyzer, is used to
set the output signal into the linear range while the scope is fiiee-running with the poling
field off. The scope trigger is armed, and the pulse generator is enabled. As the pulse
generator sets the high-voltage supply, it triggers the scope, which acquires a transient
signal of the throughput of the system. This signal provides the information desired
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about the electro-optic transient response of the photorefractive device. The data are
generally fitted using a biexponential form in time as
/ = /o (1- me-'"' - (1-

)

(4.16)

where lo is the baseline intensity, m is a weighting factor, and ti and t2 are the two time
constants fitted. Notice that this function has the same form as the argument of the sine
described in the transient four-wave mixing experiments. Both are proportional to the
refractive index modulation in time, and this is used for relating the two quantities.

4.5 Steady-state conductivity measurements
The dynamic measurement of the sample current m the four-wave mixing
experiments provides some useful information about the charge transport properties of
the material. It provides a relative measure of the charge generation process efficiency.
However, it is important to know the contributions due to the dark conductivity and the
photoconductivity independently. Because of the low conductivity of the photorefi^tive
composites under consideration, this involves measurement of quite small currents; the
desirable resolution for such characterization is in the picoampere range. This requires
specialized equipment, both in terms of the measurement and with regard

to the

protection of it in the event of a sample breakdown. Care is also required in the sample
fixture to minimize leakage current which spoil the measurement. The basic requirements
for this experiment are a means to control and monitor the optical stimulus to the sample
in photoconductivity measurements, the electrk:al stimulus in both dark and
photoconductivity measurements, and the electrometer itself.

The basic optical
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equipment, electrical considerations, and programming issues will be discussed in the
following sections.

4.5.1 Conductivity equipment layout
The optical aspects of these measurements are relatively simple.

A beam of

known area must be delivered to the sample and its total power monitored to determine
the irradiance delivered to the sample.

This is done using a layout represented in

Figure 4-9.
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Figure 4-9: Experimental layout for photoconductivity measurements.
The helium-neon laser is used as a source. To control the power delivered to the
sample, a Pockels cell, PC, is placed in a polarizer-analyzer formed by a vertical polarizer
PI and a horizontal polarizer P2. The output is chosen to be horizontally polarized to
keep the reflection at the beam-sampler BS small, since this is used merely to monitor the
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power in the beam via the detector PD. The lenses LI and L2 form a telescope to reduce
the beam size for greater irradiance range in the sample. All mirrors are positioned for
convenience of setup, since the alignment is not very critical

The beam power is

calibrated by using a detector at the sample area to find the minimum and full-scale
values for calculations of photoconductivity.

4.5.2 Electrical considerations
There are two primary kinds of electrical considerations in this work. First, the
safety of the users and equipment must be handled, since there are high potentials
involved. Second, one must work to reduce noise pKkup and parasitic currents because
of the very small signal currents available. The first requires reasonable care in the
placement of cables to prevent shorting to the optical table or other points. To protect the
electrometer in the event of sample breakdown, a simple protection circuit suggested in
the electrometer manual is used, as shown in Figure 4-10. It has two opposing switching
diodes across the electrometer inputs for transient voltage suppression, and a resistor in
series with the input to limit current to a value under 10 mA. The reduction

of noise

factors is addressed in several ways. By placing the protection circuit in a light-tight
shielded box, noise generated in the protection diodes due to light exposure was
eliminated, and noise pickup was reduced in the electrometer inputs. The input signal
wires are twisted pairs inside the box to reject noise, and triaxial cable outside the box.
The guard connection is a metal plate under the sample fixture which helps to prevent
leakage currents from reaching the input of the electrometer, a key factor in reducing the
noise floor. Putting the protection and connection circuitry inside the box also provkles
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further isolation of the user from high potential It provides a pluggable interface to all
required connections.
sample

+
electrometer

Figure 4-10: Electrometer and protection circuit

4.5.3 Experimental programming
To meet the current resolution requirements for these experiments, a Keithiey
6517A electrometer was used. Though it may be used manually, the human intervention
in the measurement process actually limits the resolution of the measurement. This is
due to stray currents induced by motion, changes in noise pickup, and other factors well
beyond the scope of this work. To allow the measurements to be conducted by a
stationary operator well-removed from

the sample fixture, a LabView program was

written. The program uses some of the primitive components of the code made available
by National Instruments, but is signiflcantly advanced from those routines.
The program controls the sample illumination and electric field, as well as the
electrometer functions. Sample illumination is controlled by supplying a variable voltage
to the Pockels cell, resulting in variable illumination through the polarizer-analyzer. The
sample bias is varied in the same way as in the illumination control code. For maximum
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flexibility, there is a choice of source for each of these functions. The Pockels cell may
be driven by either the Classman high voltage power supply or the Matsusada high
voltage amplifier. The sample may be biased by either of these supplies, or by the
internal supply of the electrometer. The connections to the proper source must be made
manually. Given a general description of the measurement process, the procedure for the
conductivity measurement system will now be discussed.
The program panel for this experiment provides the ability to select the sources
for illumination control and sample fieki as described above. The sweep mode controls
which of these parameters is varied through the run. The limits of variation of the sweep
are entered, as well as the fixed value for the other parameter is entered. The sweep may
be either logarithmic or linear between the sweep limits. There are controls for the lockin amplifiers, which may be used to record the illumination monitoring detector, any
unused input should be switched off on the program panel. Finally, there are many
controls for the electrometer.

Among these are the range, integration time, running

average number-of-samples, and statistical convergence controls added as external
routines. With this orientation to the program panel, the operation may be described with
the aid of the program flowchart of Figure 4-11.

After the LabView run button is

actuated, the routine disables all voltage sources. This is a safety feature so that one can
always disable sources by simply stopping, then restarting the panel

When the start

button is selected, all controls except display controls are latched to their values at that
time. The electrometer is initialized by the parameters selected on the front panel, and
time is allowed for its front-end to settle. A dummy reading is taken to speed settling of
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the measurement, since the electrometer needs to have a reading requested after setup to
begin stabilizing. Baseline readings are taken without sources on to allow estimation of
noise levels, if desired. In the first pass, the sweep mode determines the fixed source and
the varied source, and the array of values of the latter is calculated. After initial readings
of both the electrometer and the accessory lock-in ampiifiers are taken, a loop is
executed. The next variable-source setting is applied, and a wait is executed through a
specified dwell time to allow settling of the readings. This is done until the range is
covered in steps. Hnally, the sources are turned off and the user is prompted to save the
data.

The program then waits for the start button to be pressed to begin another

experimental run.
This program acquires data with a noise floor around 1 pA for a typical
photorefractive sample. A few options on the front panel may be used to improve results
in some cases. The integration time and averaging mode controls directly affect noise
rejection characteristics. The prognunmed statistical controls were written to increase the
flexibility of the measurement. They watch the running statistical characteristics of the
values returned

by the electrometer, and allow the user to wait for specific conditions.

The length of the run buffer may be set as desired. The conditions which may be set
bound the spread or the standard deviation of the data. To prevent an infinite loop
condition, one may also set the maximum number of tries before quitting this process.
Though these tools have not yet been needed for routine data acquisition, they arc useful
in exploratory work.
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Figure 4-11: Photoconductivity measurement program.
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This program acquires data with a noise floor around 1 pA for a typical
photorefractive sample. A few options on the front panel may be used to improve results
in some cases. The integration time and averaging mode controls directly affect noise
rejection characteristics. The programmed statistical controls were written to increase the
flexibility of the measurement. They watch the running statistical characteristics of the
values returned by the electrometer, and allow the user to wait for specific conditions.
The length of the run buffer may be set as desired. The conditions which may be set
bound the spread or the standard deviation of the data. To prevent an infinite loop
condition, one may also set the maximum number of tries before quitting this process.
Though these tools have not yet been needed for routine data acquisition, they are useful
in exploratory work.
The program saves the sample current and voltage, the illumination control
voltage, and the lock-in amplifier readings in real units. These may be used to calculate
conductance. Dark conductivity

and photoconductivity

may be calculated by the

equations
a,=

(4.17)

VA^
given the sample thickness d , electrode overlap area

beam area

and

optical power P. The variables ij and i denote dark current and total current under
illumination, respectively, while V is the imposed sample bias voltage for the
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measurement. It is also possible to estimate the photogeneration efficiency using the
equation [97]
^(E) =

2/»tt>i(£)
adeP

adel

g

where the factor of 2 is introduced because the average charge transit distance is assumed
to be half the sample thickness. The to is the frequency
absorption coefficient, d

of the optical beam, a the

the sample thickness, e the elementary charge, I

the

irradiance, P the total optical power, and E the applied electric field which equals

.

These values are have been used to supplement our knowledge of the photorefr^tive
process. They arc expected to become a more critical part of the characterization process
as transport processes are investigated further.

4.6 Materials evaluation
In photorefractive composites which exhibit orientational birefnngence, the glasstransition temperature is an important factor in understanding their performance. This is
detennined using a differential scanning calorimeter.

A sample is placed in a small

sealed metal can, and the sample placed in the calorimeter for testing.

The test is

automated, and involves heating the sample in a controlled way so that the rate of heat
flow may be observed. The glass transition temperature is determined by analyzing the
resultant heat flow versus temperature curve for inflections. The analysis is done by the
test software, is beyond the scope of this work, and will not be discussed further here.
Finally, it is possible to learn about the composite properties simply by watching
the behavior as samples are prepared.

The melting flow characteristics, fiacture
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toughness, or shear strength may provide important clues to the nature of the composite.
In a commercial setting, for example, a special apparatus may be used to analyze melt
flow, providing critical information for process development in an injection molding or
extrusion operation. This determination, however, requires a relatively large sample of
the bulk material, beyond the research quantities normally available in a setting such as
this. Though the sample preparation process provides mostly qualitative feedback, not a
quantitative evaluation, it is important as commercial processing options arc explored in
the research of materials.
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CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION
The previous chapters have discussed the theory and practice which form a basis
for continued work in the development and analysis of organic photorefiactive materials.
The steady-state performance of low-glass-transition temperature {T^) photorefractive
composites has reached a state which is highly refined, with near 100% diffraction
efficiencies at applied electric fields below 30 V/^m. Net gain coefficients in excess of
200 cm ' are readUy achievable. The shelf life of composites is potentially measured in
years rather than days. However, there arc still a number of avenues open to research.
This chapter will discuss work to expand the performance considerations along several
lines.

First, research is presented in which the dynamics of grating formation in a

photorefractive polymer composite are characterized, resulting in performance with video
bandwidth as well as a better understanding of the speed-limiting factors.

Next, the

fatigue of photorefractive performance under working conditions of electric field and
optical field exposure will be explored, providing insight into possible means to stabilize
such degradation.

Finally, a demonstration of photorefi^tive composite material

processing by injection moMing will be reported, which is an important step towards
gaining commercial acceptance.

5.1

Photorefractive response in the millisecond regime
This investigation [144] describes a photorefhu;tive polymer with a 4-millisecond

response-time in transient four-wave mixing experiments at 0.5 W/cm^ writing
irradiance, 95 V/|im applied electric field (48 V/^m projected along the grating vector).
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and a grating period of 3.1 )im. Complementary transient ellipsometry, however, reveals
orientational birefringence response which leads four-wave mixing response all the way
to its saturation, despite complex dynamics in these processes. It is found that orientation
does not limit the dynamic formation of photorefractive gratings in this polymer, which
suggests that even faster photorefr^tive responses

are possible for polymer composites

with improved charge generation and transport properties. The material made use of a
novel visible-transparent chromophore in a PVK-based polymer with a composite

of

39°C.

5,1.1 Siunple description
Polymer composites were produced in a conventional matrix of poly-Nvinylcarbazole (PVK), N-ethylcarbazole (ECZ), and (2,4,7-trinitro-9-fluorenylidene)malononitrile (TNFDM) with a fluorinated cyano-tolane chromophore (FTCN)< shown in
Figure 5-1.

We found a response-time

of 4 ms at moderate optical intensity of 0.5

W/cm2 and 95 V/^m applied electric field. This result is comparable to the fastest so far
reported [96] despite the distinctly different natures of the chromophores. The linear
absorption, shown in Figure 5-2, is minimal throughout the visible region,

facilitating

separate sensitization to the spectral range of interest. It remains a serious rival among
chromophores seeking visible transparency [145]. The composite is very stable, with no
phase separation occurring over as long as one year at room temperature. The refractive
index of 1.68 was measured at 633 nm using a Metricon 2010 prism coupler in substrate
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mode. The T, of the composite was detennined to be 39°C by a TA Instruments DSC
2920 modulated differential scanning calorimeter.

N

Figure 5-1: The structure of the FTCN chromophore.
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Figure 5-2; The linear absorption spectrum of the FTCN chromophore.
Samples were prepared by laminating a layer of composite material of thickness
105 ^m between glass slides coated with transparent indium tin oxide (TTO) electrodes.
The sample composition was FTCN 15.2 wt.%; PVK 56 wt.%: ECZ 28 wt.%: TNFDM
0.8 wt.%.

For the four-wave mixing (FWM) and two-beam coupling (TBC)
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measurements, 633-mn writing beams were incident on the sample with an inter-beam
angle of 20.5° in air outside the sample. The sample surface normal was tilted 60**
relative to the writing beam bisector. The resulting grating period was 3.1 ^m. Electric
field bias was applied to the sample via the ITO electrodes on the sample. In FWM
experiments, s-polarized writing beams had equal irradiances of 0.25 W/cm^ in the
composite film; a relatively weak p-polarized probe beam counterpropagated with respect
to the writing beam nearer the sample surface normal. In TBC experiments, p-polarized
writing beams provided a total sample irradiance of 0.50 W/cm^ with a beam power ratio
of 6.3:1.

5.1.2 Steady-state four-wave mixing and two-beam coupling
measurements
Steady-state FWM and TBC experiments were carried out to verify the nature and
extent of photoref^tive effects using this chromophore. The results

arc shown in

Figures 5-3 and 5-4. The internal diffraction efficiency in FWM experiments was 24% at
95 V/^im. The TBC gain coefficient was 35 cm ', with no net gain due to the relatively
high absorption of ~98 cm ' due predominantly to a relatively
TNFDM, not to the chromophore.

high concentration of
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Figure 5-3;
Steady-state
dependent four-wave mixing.
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Figure S-4:
Steady-state
fielddependent two-beam coupling.

5.1.3 Transient four-wave mixing
The transient photorefiractive response in FWM was measured to separate the
time-development of index-modulation, An, from that of An sinO (O is the grating
phase shift) observed in TBC. This provides consistency in the comparison of these
results to transient ellipsometry data which rcfleet An alone. To examine the transient
FWM response, development of the photorefractive grating was monitored by digitizing
the dif^acted signal during the following sequence. Electric field and a single writing
beam were applied for several minutes; the second writing beam was then switched on to
commence grating formation. This was carried out through a range of electric field
values from 0 to 95 V/jim. The results at 95 V/^m (48 V/^m projected upon the grating
vector) arc shown in Figure 5-5.
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Figure 5-5: Transient four-wave mixing result at 95 V/um and 0.5 W/cm^ mean
irradiance; fitted curves are to the Kogelnik form with a biexponential timedependent index modulation. Inset of shorter interval is shown to clarify early
behavior.
The time-dependence of diff^tion efficiency, rj in FWM experiments was fh to

f
Tjocsm

\
It

(5.1)

based upon Kogelnik's coupled-wave solution [70] given by equation (2.103) for
transmission phase gratings at wavelength k with geometric factors c, and

. In this

experiment, the development of index-modulation is well-described by a biexponential
time-evolution of the space-charge field,

given an applied field, E,, as follows:
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An oc E„E„ * El [l-fltf"'"' -(1-aV"'"' ]

(5.2)

The fit in Figure 5-7 also relies on this relation. A stretched exponential relation might
also be expected for An on the grounds that a distribution of time scales contributes to
the grating formation process [96]. However, the two forms yield equally good fits to
these data, and the biexponential fit provides a convenient basis for comparison with
existing literature. As shown in Figure 5-5, this analysis of grating formation resulted in
a dominant time constant, r,, of 4 ms with a weighting factor a — 0.80; the second time
constant was 50 ms with a weighting factor of 0.20. For device characterization, it may
be informative to fit FWM data to a simple biexponential. This results in a dominant
time constant of 7 ms with a weight of 0.86.
In the chapter on experimental technique, the improvements in signal quality
leading to this observation were discussed. A comparison of the transient curves using
the mechanical shutter with the original HeNe laser probe to that using a Pockels cell to
switch the writing beam with a separate probe source is shown in Figure 5-6. The
reduction of coupled vibrations and the elimination of homodyning between the probe
beam and scattered writing illumination made it possible to fit the transient signals much
more precisely than before.
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Figure 5-6; The transient four-wave mixing signal produced using a mechanical
shutter and using a Pockels cell for switching.

5.1.4 Transient eUipsometry
To compare the transient response

of the birefringence to the photorefractive

lesponse-time, an extension of earlier steady-state ellipsometric techniques [146,147] was
used to measure the transient orientational response

of the chromophore. The step-

response of the birefringence induced by a switched poling field was probed with a 633-

rm laser diode beam incident at 45° in a polarizer-analyzer configuration. The resulting
dynamics were fit to a biexponential characteristic in Figure 5-7. The dominant timeconstant is 490 (xs when fitting data with a timebase of 100 ^s/point over a 50 ms
interval, for a poling bias of 600 V. To show behavior over a longer time and to verify
that the signal is indeed saturated after 50 ms, data were also collected at 1 ms/point over
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a 500 ms period. Biases as high as 10 kV produced only slightly faster reorientation, so
the 600-V data provide a conservative estimate of the reorientation rate induced by the
space-charge field in FWM.
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Figure 5-7; Orientational birefringence in transient ellipsometry of the sample with
600 V applied bias. Inset shows shorter interval and increased timebase resolution.
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Figure S-8: Comparison of observed transient grating formation and that predicted
by orientation-limited behavior inferred from transient ellipsometry.
The FWM response inferred from equation (S.l) for orientation-limited grating
formation is compared to the observed FWM data and fit in Figure 5-8. The projected
orientation-limited performance leads the actual grating formation in FWM at all times.
This shows that the measured photorefractive response of 4 ms cannot be limited by the
orientational speed. The FTCN chromophore exhibits excellent orientational mobility,
even though the tolane structure is longer than other chromophores in fast composites
reported to date.
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5.1.5 Orientational limits in transient response
In summary, very stable photorefractive polymer composites were fabricated
using a visible-transparent fluorinated cyano-tolane electro-optic chromophore in a PVKECZ matrix with TNFDM as photosensitizes Transient four-wave mixing experiments
found a photorefractive response dominated by a fast time-constant of 4 ms, while
transient ellipsometry revealed a fast orientational response component of only 490 ^s.
The eight-fold contrast of time scales demonstrates that the orientational birefringence
does not limit photorefractive dynamics in the polymer composites investigated here, and
consolidates previous frequency-domain

evidence [126], time-domain results in slower

material systems [148], and strong indirect observation through photoconductivity
measurements [96]. This underscores the importance of charge generation and transport
issues as they influence transient photorefractive effects, and suggests that it is possible to
further enhance the photorefractive response time to support applications well into the
video-rate regime.

5.2 Stabilization of fatigue in a fast Cco-sensitized photorefractive
polymer
This study [149] focuses on the continuous-use stability of photorefractive
polymer composites with short response-times and large index-modulations.

A

systematic study is presented of the response-times and the photoconductive properties as
a function of optical exposure under applied field for a series of chromophores with
various ionization potential (/p) doped in a PVK-based matrix sensitized with C6ovalue of the Ip of the chromophore relative to that of the photoconducting polymer host is
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found to impact the evolution of the response time for increased exposure. This increase
of response time correlates with a decrease of the photoconductivity and with an
increased accumulation of a population of Ceo radical anions. Studies of the electric field
dependence of the steady-state diffraction efficiency performed in various samples for
different exposures corroborates the recent proposal that the population of Qo radical
anions acts as the main photorefractive hole trap [150].

5.2.1 Sample description
Four different composites were studied, each comprising a photoconductive host
doped with a sensitizer and an optically anisotropic chromophore. Poly-N-vinylcarbazole
(PVK) provides a hole-transporting host with Ip of about 5.9 eV, and is plasticized with
N-ethylcarbazole (ECZ)

in a 2:1 mixture by weight. The composites are sensitized with

providing the high photogeneration contributing to recent observations of fast
photorefractive response [96]. The synthesis of the styrene chromophores and their
measured Ip have been reported previously, and range from that of the PVK host to about
0.4 eV above that of the host [97] (see Table 5-1). Each composite is doped with 25
wt% of chromophores, 1 wt.% of Qo and 74 wt.% of the PVK/ECZ host Samples were
prepared by laminating a 105M.m thick layer of each composite between glass slides with
indium-tin-oxide electrodes. In these experiments, the samples containing chromophores
with 0, 1,2, and 4 fluorine atoms will be designated PO, Fl, F2, and F4, respectively, as
shown in Table 5-1.
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Table 5-1: Sample designations, chromophore ionization
performance parameters, and chromophore structure.
Ip

r]o

to

Ob

fluorine

(eV)

(%)

(ms)

(pS/cm)

positions

PO

5.9

15

19

230

none

Fl

6.0

12

27

250

Sample

potential,

initial

F

<
F

F2

6.1

4.1

58

100

2,5

F4

6.3

1.0

50

180

2,3,5.6

r
v
f F NC

5.2.2 Exposure-series technique
In all samples, steady-state diffraction-efficiency, grating build-up response-time,
and photocurrent were measured under a precisely controlled sequence of exposures
described below. For each sample, transient evaluation began with simultaneous
observation of diffraction-efHciency and photocurrent until steady-state conditions
occurred with a moderate applied field of Ea = 38 V/^m. Then, one of the writing beams
and the reading beam were blocked, leaving the sample exposed to the uniform
illumination of one writing beam for a controlled dwell-time. During this exposure time
the applied field was set to Ea = 76 V/^m . The bias was then reduced to the nominal
value and the second writing beam and reading beam restored to conduct the next
measurement. This sequence was repeated in a progression of dwell-times. For each
exposure, steady-state four-wave mixing measurements of the field dependence of the
index modulation were conducted by sweeping £<, from 0 to 76 V/|im over a period of 2
minutes. For the four-wave experiments, two s-polarized 633-nm writing beams,
providing equal fluences of 0.25 W/cm^ in the sample, formed an angle of 20.5** in air.
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The sample surface normal was rotated GfT with respect to the bisector of these beams in
the plane of incidence. The grating period in the sample was 3.1 ^m, given a refractive
index of 1.7. A p-polarized beam of 1 mW/cm^ counter-propagating with rcspcct to the
writing beam nearer the surface normal probed the diffraction of the gratings.

The

transient four-wave mixing data were fitted using a sine-squared biexponential function
to allow for comparison to previous results [144].

5.2.3 Transient four-wave mixing results
The initial diffraction-efficiency, r\o , the first response-time constant to , and the
initial photoconductivity Ob , measured for each sample at £<, = 38 V/)im are shown in
Table 5-1. It was observed that the initial steady-state diffraction efficiency decreases
with increasing the ionization potential /p of the chromophore. Note that for all the
samples the response time is fast considering the low fluence of the writing beams and
the moderate value of the applied field. Figure 5-9 shows the evolution of the response
time versus exposure in all four samples. For each composite, the response time is
normalized to the initial value shown in Table 5-1. For all samples, the build-up time of
the photorefractive grating slows down somewhat for exposures up to 100 J/cm^. But
beyond that exposure, a drastic change is observed for composites FO and F1 leading to a
ten fold increase in time constant. A clear trend is observed between the threshold of the
strong increase in response time and the value of the Ip of the chromophore. Increasing
the ionization potential through fluorine substitution of the phenyl ring in the styrene
chromophore clearly stabilized the dynamics for exposures over 10^ J/cm^.
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Figure 5-9: Exposure effects on response-time. #: sample PO; •: sample Fl; A:
sample F2; T: sample F4. Inset shows corresponding curves for inverse
photocurrent.
To clarify the origin of the fatigue of the response time we measured the
photoconductivity of all samples in situ during the four-wave mixing experiments. The
inset of Figure S-9 clearly shows that the evolution of the response time in different
samples correlates with a decrease in photoconductivity. This result is consistent with the
recent observation that the response time in these fast photorefractive polymers is mainly
limited by the photoconducting properties of the sample rather than the orientational
diffusion of the chromophore [96,144]. We attribute this evolution to the build-up of a
population of C^o radical anions in photorefractive polymer films under applied field and
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illumination as reported

in PVK/CWbased materials [97,150].

This population was

found to correlate with the ionization potential of the chromophore for values of Ip near
to, or less than, that of the host [ISO].

Here this behavior is also observed for

chromophores with Ip substantially higher than that of PVK.
To determine the exposure-dependence of
readings in the spectral region of the known

anion formation, absorbance

absorption peak at 1080 nm [97,150]

were taken using a Gary 5G spectrophotometer with a 1 mm aperture. Each sample was
exposed to a 633-nm beam at a fluence of 140 mW/cm^ with £<, = 80 V/|im. In each
cycle, the sample was removed from

exposure, its absorbance measured with a delay of

about 2 minutes, then returned to the exposure condition. An example of the series of
absorbance curves for the case of sample FO is shown in Figure 5-10.
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Figure 5-10: Exposure effects on absorbance at the Qo anion peak in sample PO.
Exposure conditions arc 80 V/um at 140 mW/cm^.
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The concentTation of

was calculated from the absorbance at 1080 nm, given

[150,151] the extinction coefficient of 12000 L-mor'-cm *. As shown in Figure 5-11, the
evolution of the

population following illumination under an applied field is quite

different in samples F4 and PO. In sample FO, we observe a continuous increase with
exposure as reported previously [97]. In contrast, when the ionization potential of the
chromophore is signiflcantly higher than that of PVK (sample F4), the

population

reaches a maximum for exposures of 100 J/cm^ that is followed by a continuous decrease
for longer exposures. We note that the measured concentration of

is in the range of
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Figure 5-11: The evolution of the Cao anion population with exposure. Circles are
sample FO data; triangles, sample F4 data. Inset shows detail of sample F4.
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10'^ to lO'^ per cm^. In this range, and for our experimental conditions, the Kukhtarev
model of photorefiractivity predicts a transition from

a trap-limited regime (for trap

concentrations < lO'^ cm'^) when the concentration of traps is insufficient to saturate the
space-charge field, to a regime (> 10'^ cm'^) where the space-charge field is equal to the
component of the applied Held along the grating spacing [48].

In orientational

photorefractivity, the refractive index modulation amplitude ^ is proportional to the
product E,c Eo, where £o is the projection of the applied field Ea along the grating vector
[68] and Esc is the amplitude of the space-charge field. Consequently,
a quadratic dependence on applied field (An

should exhibit

) for high trap concentrations. For

lower concentrations when the space-charge field is no longer saturated, the field
dependence of ^ is more complex but can be fitted by a power dependence
An «

with P <2. Thus, to assess whether or not the measured population of

is

the photoref^tive trap, we measured the field-dependence of the steady-state diffraction
efficiency. Figure 5-12 shows the value of the exponent P as a function of exposure in
samples FO and F4 derived by fitting the field dependence of the steady-state diffraction
efficiency with the following simplified Kogelnik formula [70]
T] = Asin^^BEa^

(5.3)

where ry is the diffraction efHciency, Ea is the applied electric field, and A, B, and P are
fitting parameters. Examples of the field-dependent four-wave mixing measurement
curves and fits are shown in Figures 5-13 and 5-14.

In sample FO, P > 1.9 for all

exposures and is consistent with the measured high concentration of

. In contrast, the
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clear decrease of P to values about 1.5 in sample F4, for prolonged exposures, is
consistent with the decrease of the concentration of

to values for which the spacc-

charge field is no longer saturated.
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Figure 5-12: The exponent, P, of the field relationship to index modulation. Circles
correspond to sample PO; triangles to sample F4.
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5.2.4 Trapping and the field-dependence of index modulation
The Kukhtarev model was used to simulate the expected space-charge field and
thus the expected index-modulation field dependence for the Qo anion concentrations
found earlier. The resulting simulation for sample F4 after long exposure is shown in
Figure 5-15.

The figure shows the calculated product of the internal applied field

component Eg and the space-charge field

, the result of a simple power fit of this

constrained through zero, which has an exponent of 1.47, and the result of a power fit
forced to an squared power dependence £„ . It is obvious that the latter does not describe
adequately the dependence of index modulation

upon the applied field

component Eq. However, the simple power law fit with the exponent equal to that
obtained from

the field-dependent four-wave mixing measurement, Eg^^, appears to

correspond closely to the Kukhtarev modeL
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5.2.5 Response stabUizfftion and trapping effects with varied chromophore
ionization potential
In summary, this work showed that PVK-based photorefractive polymers
sensitized with C^o and doped with styrene chromophores with various ionization
potentials undergo a fatigue of the response time upon prolonged optical exposure with a
strong continuous bias field. This change in dynamics was found to correlate with a
decrease in photoconductivity, which in turn was attributed to the accumulation of Cfio
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radical anions. It also ascertained that the concentration of ^60 can be controlled by
adjusting the chromophorc's fp. Stabilization of the response time was demonstrated by
increasing the chromophore Ip through fluorination of the phenyl ring. Our studies
corroborate the prior proposal [150] that the radical anion of Cm acts as the
photorefractive trap or directly controls its concentration. This report clearly establishes
that the photorefractive properties including diffraction efficiency and response time
depend on the sample's exposure history and that great care should be taken when
comparing the relative performance of different materials. We showed that the relative
values of the energies of the frontier molecular orbitals of the different components in a
photorefi^tive polymer (sensitizer, photoconductor, and chromophore) play a major role
in both the steady-state performance and its evolution under exposure. To fully validate
the proposed structure-property relationships proposed here, further studies on different
chromophore series will be required.

5.3 Injection molding of photorefractive polymers to demonstrate
industrial processability
This work is a proof-of-principle demonstration in the processing of a
photorefractive polymer composite by injection mokiing.

This process was chosen

because it is an important process among conunercial mass production techniques [1],
because it is a severe process in terms of the shear rates imposed on the samples [152],
and also because it may impose serious thermal stresses to the material system. This
makes such a test a sort of worst-ease scenario. On the basis of a family of composites
which exhibit high thermal and phase stability, a design rationale was followed to
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develop a photorefractive composite which is robust within the molding process
parameters while enabling sufficient sampling to evaluate any obvious process effects.
The photorefi^tive properties of the material after experiencing the molding process
envelope are characterized through four-wave mixing

measurements, and

the

photorefractive nature of the molded material was verifled by two-beam coupling
measurements.

The intent is to show the applicability of organic photorefractive

materials to a dominant industrial processing method, to provide a basis for future
development of both the materials and processes for specific applications, and to promote
application in mass-produced devices.

5.3.1 Strategy
To show true industrial process capability of a photorefi^tive polymer
composite, a small commercial molding machine was chosen to make the test
representative of industrial objectives. The machine used is a Morgan Industries G55-T,
a 22-ton vertical-travel press appropriate for short-run small-parts applications. Figure 516 shows the basic machine. The top section contains the injection mechanism; the
middle section is the movable mold table, and the bottom is the pneumatic table
movement with controls. To address any concern that the composite is too exotic for
commercialization, a commercial molding resin from Hitachi Chemical Corporation was
used as the basic matrix material. Since this matrix material has no charge transport
ability, a multifunctional chromophore which provides transport properties was choscn.
Prior work has shown that materials with very good photorefractive performance and
phase stability may be made in this system [128]. Since the chromophore is currently in
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limited supply, all thermal and process development was done using dummy composites
with the chromophore replaced by a plasticizer with similar thermal characteristics. Also,
the chromophore was used in the lowest practical concentration to minimi/c consumption
and to reduce the perturbation of material properties by its addition to the dununy
formulations. The details of the material design are now discussed.

Figure S-16; The Morgan Industries G-5ST injection molding machine (photograph
by the author).

5.3.2 Composite design
Polymer composites were produced in a matrix tirst developed to improve the
phase stability of high-gain composites [ 128] described earlier in Chapter 3. The inert
polymer was a conmiercial birefringence-free acrylic resin, OZ-1330, produced by
Hitachi Chemical Company, based upon the principles of birefringence reduction by
block copolymerization of positive- and negative-birefringence monomers [153,154]. Its
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general composition is poly(methyl methacrylate- co-tricyclodecyl methacrylate- co-Ncyclohexyl maleimide- co-benzyl methacrylate) (PTCB).

The material for the final

photorefractive composite and the last dummy batch was refined by dissolving in
chloroform and precipitating in ethanol to remove any low-molecular-weight residual or
ionic contaminants to ensure good dielectric strength for the final photorefractive
materials. It was plasticized using diphenyl isophthalate (DIP), and sensitized using
(2,4,7-trinitro-9-fIuorenylidene)malononitrile (TNFDM).

The chromophore, 2, N, N-

dihexylamino-7-dicyanomethylidenyl-3, 4, S, 6, 10-pentahydro-naphthalene (DHADCMPN), was chosen for its intrinsic hole transport properties, since the matrix does not
provide significant charge transport.
A series of samples of PTCB/DIP composites were prepared with varying
concentration ratios, and their

's were determined using a TA Instruments DSC 2920

modulated differential scanning calorimeter. The resulting plasticization curve is shown
in Figure 5-17. It was noted that the Fox equation [152]
±=
T, T„ T„

(5.4)

does not fit the data well, presumably because there is strong interaction between the
constituents. Here T,, T,, ,7,2 are the glass transition temperatures of the composite,
component 1, and component 2, respectively, and x,, jCj are the mass fictions of each
component. A plasticization level of 40 wL% was chosen to provide a glass transition
temperature of approximately 40°C.
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Figure 5-17: The plasticization effect of DIP in the PTCB polymer matrix.
The chromophore has similar plasticization effects to DIP, so a series of small
samples with an aggregate content of DIP plus chromophore of 40 wt.% was made at
various chromophore loading levels. The goal was to find a chromophore loading level
which balances conservation of materials with reasonable photorefractive propeities. The
PTCB and TNFDM concentrations were fixed at 59.5 wt.% and 0.5 wt.%, respectively.
The DHADC-MPN was varied at 0, 5, 7, 10, and 15 wt%, with the remainder of the
sample composed of DIP. These samples are expected to have similar molding properties
to the dummy material without the chromophore. Samples were fabricated to verify that
they could be processed into a form for characterization. Photorefractive performance of
the 5 wt.% DHADC-MPN sample was measured by four-wave mixing.

Figure 5-18

shows the result, which was deemed sufHcient to evaluate photorefractive performance
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after the molding process. The transmittance of the samples at 633 nm wavelength and
normal incidence was 0.68, leading to an absorption coefficient of about 26 cm ' after
subtracting Fresnel reflection losses. This test also verified that the dielectric strength of
the material is acceptable for characterization. A glass transition temperature of 39°C was
measured, appropriate for orientational photorefractive performance at room temperature.
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Figures-18: Four-wave mixing measurement at 5 weight% chromophore content
used to verify an appropriate loading level for molding.
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5.3.3 Injection molding trials
To further conserve material, a new cavity with a smaller volume was added to
the existing mold. The cavity itself measures approximately 10 mm by IS mm by 1 mm
thick. To avoid the need for material-based mold release techniques, the steel mold
cavity was highly polished with fine aluminum oxide. The total shot volume, including
the sprue and runner used to convey material to the mold cavity, was determined to be 2.4
mL by measuring the mass of 10 samples of polyethylene of known density molded using
this cavity.
Determining molding process parameters requires some material-intensive
development. A large sample of the dummy formulation containing PTCB 60 wt.%: DIP
40 wt.% was prepared for injection molding process assessment As mentioned earlier,
the PTCB was unrefined for all process development materials until the final dummy run.
This material was intended to represent the molding characteristics of the final
photorefi^ctive test material with a composition of PTCB 59.5 wt.%, DIP 35 wt.%,
DHADC-MPN 5 wt.%, and TNFDM 0.5 wt.%. The glass transition temperature of this
material was approximately 30°C, which is less than in the refined composites.
The process parameters for molding were found by multiple molding trials using
the dummy materiaL Following tabular suggestions in the machine manual [155], in a
tooling guide published by the machine company [156], and in similar form in other
sources [157,158], the machine parameters were adjusted to improve the visual
appearance of the molded parts. A particularly good and detailed description of the
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interactions among process parameters [159] was also used in the diagnostic work. The
general results of the trials arc summarized in Table 5-2.
Table S-2: Molding conditions for final trials showing the process window
specification and qualitative results used to adjust parameters during trials.
sample
description
unrefined

mold
temperature

barrel
temperature

nozzle
temperature

conunent

rc)

rc)

rc)

35-40

149-154

149-159

warping, mild foaming

27-32

112-113

118

warping; material good

21-27

113-114

118-119

warp
after
material good

22-26

113-115

119-122

less warp; haze due to
bubbles or incomplete
melting

24-25

113-115

120

glassy, brittle; trouble in
sprue release;
material
clear

dummy
unrefined
dununy
unrefined
dummy
refined
dummy
final
(refined)

process;

The final composite glass transition temperature was determined to be 39°C.
Given the comparison of the dummy material's thermal data to that of the final material,
it was expected that an adjustment of <10 °C would be required for the final material;
allowing the dummy process conditions to be used as a starting point for the final runs. It
is generally best to approach process temperatures from below to minimize material
damage and to avoid material waste due to over-injection. The trials using the purified
dummy material and the final photorefhu:tive composite were each conducted using only
30 g of material This allowed little opportunity for process manipulation, since it only
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produced about 7-8 molding shots. Nonetheless, the ability to injection mold a
photorefractive material was accomplished. Small adjustments were made during the
final molding session, with the best results obtained by settings as follows: barrel
temperature 113-115 °C, nozzle temperature 120 "C, mold temperature 24-25 °C,
injection hold duration of 6-10 seconds, and clamp hold times of 10-12 seconds. The
injection speed was moderate (injection speed control rate valve about half open at 4
turns from closed), and injection pressure of 6.0 to 6.4 kpsi (kilo-pounds/ square inch)
was used. The typical residence time of material in the machine was about 30 minutes.
After molding, the T, of the composite was 36°C. The resulting photorefractive
properties of the composite have also been demonstrated, and the improvement of sample
quality, optical finish, and other factors will be the subject of future process development
efforts. The photorefractive characterization of the molded material will be described in
the following section.

5.3.4 Photorefractive characterization
Samples for photorefrtu;tive measurements were prepared by laminating a layer of
composite material of thickness

d=

105

between glass slides coated with transparent

indium tin oxide (FTO) electrodes. This was done with no additional mixing of the
material, trying to preserve its condition as mokled.

For both the four-wave mixing

(FWM) and the two-beam coupling (TBC) measurements, 633-nm writing beams were
incident on the sample with an inter-beam angle of 20.5° in air outside the sample. The
sample surface normal was tilted 60° relative

to the writing beam bisector. For the
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composite refractive index of 1.7, the resulting grating period was 3.1 ^m. Electric field
bias was applied via the FTO electrodes on the sample. In FWM experiments, s-polarized
writing beams had equal irradiances of 0.2S W/cm^ in the composite film; a relatively
weak p-polarized probe beam counterpropagated with respect to the writing beam path
nearer to the surface normal In TBC experiments, p-polarized writing beams provided a
total sample irradiance of 0.50 W/cm^ with a beam power ratio of 1:1.
The results of steady-state four-wave mixing experiments of the photorefi^tive
composite are shown in Figure 5-19. Samples that were not subjected to the mokling
process show a diffraction efficiency of ~20% at 10 kV applied electric field. Samples
that were processed by injection mokling exhibited a typical diffraction efficiency of 2530% at 10 kV applied electric fiekl.

The small apparent improvement in performance

after mokling may be due to the slightly decreased glass transition temperature of the
molded material.

The reason for this may be some changes in polymer chain

morphology, e.g. reduced entanglement, due to the long dwell at moderate temperatures
and due to the shear effects in the narrow mold gate.
Transient four-wave

mixing experiments were done

to determine

the

photorefractive response time of the molded composites. These composites were not
designed for speed, and the results presented in Figure 5-20 show a sine-squared singleexponential fit with a time constant of 330 s. This was expected based on earlier results.
There were some signs of grating revelation,

and the time constant itself is strongly

dependent on recent sample exposure history. All these effects seem to be reversible
over the course of a few hours, enabling overnight recovery for experimental purposes.

164

0.1

0

20

60

40

Applied electric field

80

100

[V/nm]

Figure S-19: The diffraction efficiency of an injection-molded composite sample
with varied applied electric field.
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Figure 5-20: Transient four-wave mixing in the injection-molded photorefractive
composite sample showing a sine-squared single exponential fit with r =330s.
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To ensure the photorefractive nature of the gratings in the molded material, the
gain coefficient was detemiined in two-beam coupling measurements. Values of the gain
coefficient approached SO cm ' at 95 V/^m applied electric field, as illustrated in
Figure 5-21. Since the absorption coefficient is 26 cm'*, net gain is observed despite the
very low chromophore doping level in this initial experiment.
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Figure 5-21: The two-beam coupling gain coefficient for an injection molded
photorefractive composite sample for a beam ratio of 1, total writing irradiance of
0.5 W/cml

5.3.5 Injection molded photorefractive composites
In sununary, the first injection molding demonstration of a photorefractive
composite has been described.

The composite design exploited previous work in

producing materials with high phase and thermal stability; a conunercially available nonconductive matrix polymer was coupled with a multifunctional chromophore to provide

166
both optical anisotropy and transpoft. The injection niolding was done using a small
industrial injection molding machine, with a custom mold built to minimize material
consumption. The process was developed with dummy materials designed to simulate
the process behavior of the final photorefractive material without consuming the limited
chromophore supply.

Then the photorefractive material was molded using the

information and experience obtained in the dummy trials.
The material was characterized after the molding process, and photorefractive
performance was verified by four-wave mixing and two-beam coupling measurements.
The perfonnance was good, given the low chromophore loading of 5 wt.% used to
minimize consumption and process perturbation relative to the dummy materials. The
diffraction efficiency in four-wave mixing was near 30% at 95 V/^m, and the gain
coefficient was near 50 cm '. A slight enhancement of four-wave mixing performance is
attributed to a reduction in the glass transition temperature by the molding process. This
material was expected to have very slow response, due to very low photoconductivity.
The low concentration of the chromophore exacerbates this problem. Thus, the responsetime of this composite was very slow. The small sample size did not allow molding
process optimization, and the conditions used resulted in breakage of the molded parts.
The material looked very glassy and was generally very clear. There was difficulty
getting good surface quality, which may be due to process conditions, particularly mold
temperature, injection hoM time, and mold hold time. This is accentuated by the lowglass-transition temperature of the composite.
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Finally, these results demonstrate the potential for industrial processing of
photorefractive composites. By using higher chromophore loading, higher steady-state
performance should be obtained. There was no sign of chromophore or plasticizer phase
separation, so higher loading should be possible. A separate transport dopant may be
used to enable experiments with conunon chromophores which are available in greater
quantity.

More extensive process development with fewer

material restrictions, or

development of high-T, composites, should enable much progress in this area.
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CHAPTER 6 CONCLUSIONS AND DIRECTIONS
The essential new results of this dissertation were presented in the previous
chapter, showing progress in the understanding of photorefractive polymers. These were
presented on a basis of analytical techniques, historical development, and experimental
techniques used as a foundation for this new research. The following section will
summarize the basis of the present work.

6.1 Summary
Polymer-based plastic materials are central to rapid development in a number of
fields of technology. The microelectronic industry required the support of polymer
technologies to fuel its growth, both in structural roles and as the photoresist which
allows patterning of the structures which has now reached sub-micron resolution. The
photonics industry builds upon this capability to create devices which manipulate light in
ways

more exotic than

the most sophisticated conventional microelectronics.

Photorefractive composites are one of a number of polymer technologies which have a
role this revolution. Before presenting the original research of this dissertation,
information was provided as background in understanding the prior art and the new
results.
To provide background useful in understanding the present work. Chapters 2
through 4 discussed the analysis, developmental prior art, materials development, and
experimental techniques used as a basis for research. These preparatory chapters then
culminated in the presentation of new results in Chapter S. The first area of research was
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the investigation of four-wave mixing response time in a material with fast response, and
a corresponding exploration of the transient birefringence of the material. The next area
was in the effect of exposure to working conditions on the performance of a family of
related composites in which the HOMO energy level of the chromophore was varied. The
final area of investigation was a proof-of-princ^le experiment into the processing of a
photorefractive composite by injection molding. It was shown that a low-glass-transition
temperature composite designed for good phase stability can be injection molded, and the
photorefractive properties were demonstrated after the molding process. Let us now
review the respective observations and examine the conclusions which may be drawn
from them.

6.2 Conclusions
Transient photorefractive experiments and transient birefringence characterization
was performed in a PVK/ ECZ based composite using a novel tolane chromophore and
TNFDM sensitization. A photorefractive response time constant of 4 ms was observed at
an applied field of 95 V/^m with an incident writing fluence of 0.5 W/cm^, while the
corresponding birefringence response time was under a millisecond. By constructing a
projected photorefractive response using the measured birefringence function, an
orientation-limited photorefractive response function was compared to the actual
photorefractive transient response. It was decisively and directly shown that the
chromophore orientational response is not the speed-limiting factor. This leads us to
conclude that the limitation must be in photoconduction in this case. Thus, independent
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investigation of photogeneration and transport processes is desirable to further understand
and improve photorefractive dynamic response.
In another segment of research, a series of experiments were conducted in which
properties were characterized at various points as samples were exposed to woridng
conditions of 80 V/um electric field, up to 10^ J/cm^ optical field. The effect of exposure
upon photorefractive performance was examined. The response time and transient
photoconductivity were found to fatigue with exposure for all samples, but a higher
chromophore ionization potential (lower HOMO level) was correlated to reduced fatigue.
By examining the electric field dependence of four-wave mixing as a function of
exposure, it was shown that the sample with the lowest HOMO level ceased to saturate its
space-charge field at high exposure levels. This was found to correspond to a reduction in
the population of the C^o anion, the ionized sensitizer. This population was shown to exist
at a level near the critical trap density for saturation predicted by the Kukhtarev spacecharge field model The observed field-dependence was related to the Kukhtarev model's
predicted field dependence, based on the assumption that the C^o anion acts as the
photorefractive trap. Thus a means of stabilizing the photorefiactive performance of
photorefiactive under working conditions was demonstrated, and the function of the
sensitizer anions as photorefnu;tive traps or trap enablers was shown.
The third segment was the proof-of-principle of a photorefhictive injection
molding process. This required the design of an appropriate photorefhictive composite,
the design and build of a suitable mold, and the process development to obtain the final
product The central challenge was to develop the process and product within the
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constraints of available material quantities. A commercial acrylic matrix was used, which
had been shown to form very stable composites. The chromophore, chosen to provide
both electro-optic and transport moieties, was available in limited quantities, and so had
to be conserved. The process was developed using dummy material with similar thermal
characteristics, but without the chromophore. A limited molding run with ihe fiiUy doped
photorefractive composite was successful in producing material of good optical quality,
and the photorefractive properties of the molded material were verified by four-wave
mixing and two-beam coupling measurements. At 95 V/^m applied electric field, a
difliraction efficiency of nearly 30% was measured, and a gain coefficient of nearly SO
cm ' was obtained. Given the good material quality produced, further process
development could easily optimize the process for applications. This shows the
robustness of these materials to industrial processing technology. It provides a path from
hand crafted devices to mass-production techniques, and should aid in the acceptance of
such materials in commercial settings.

6.3 Outiook and directions for future research
The first segment of research described above provided impetus to understand the
relationship between photorefractive dynamics and the individual sub-processes of
photorefractivity. The means of determining the orientational dynamics are welldeveloped in our laboratories. The use of fluency-domain techniques to estimate the
polarizability and hyperpolarizability is a useful technique for screening chromophores
for specific applications, and should be included in the evaluation of new materials. To
better understand the whole system response, and to improve the transient response in
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future materials, the photogeneratioii and transport processes must also be systematically
characterized. The former may be determined by steady-state photoconductivity
measurements, which have been developed as described in Chapter 4. The latter is best
determined using transient photoconductivity measurements by time-of-flight techniques.
From this technique the charge mobility may be estimated. Along with steady-state
photoconductivity measurements, the corresponding dark conductivity measurements
should be done. They provide not only a measure of the potential of photorefiractive
materials, but are very useful as a process control screening tool for material preparation
and chemical purity issues.
The next segment provided insight into the potential for band engineering in
photorefractive composite materials. The characterization of steady-state field dependent
photorefractive properties, and of transient photorefractive and conductive properties,
provided useful information on exposure effects under realistic working conditions.
Further information couU be obtained by examining the effects of exposure on the dark
conductivity, and on the charge mobility, again using a time-of-flight technique. The
sample space is still very open in these experiments, so studies of variation of ionization
potential of components may focus on any component of the composite. These studies
have relied on the spectroscopic determination of singly-ionized C^o- The determination
of multiply-ionized C60t as well as of chromophore cations, could provide a very rich
picture of the trapping processes in these materials. The use of high-speed broadband
spectroscopy might prove useful in completing this picture, eliciting information about
the dynamics of energy transfer among the various molecular orbitals. If chromophore
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ionization results in an observable change in the effective electro-optic coefficient, this
would make the system dynamics particularly rich, warranting further study. The
manipulation of trapping mechanisms by exposure and other techniques can be combined
with space-charge field modeling to improve transport models.
Having proven the possibility of injection-molded photorefractive composite
devices in the final segment of research, the task is to improve and expand the scope of
that activity. The two general directions are materials development and device
development In materials development, a composite composed of only commonly
available components may be desirable so that large quantities of material may be
produced. Either a photoconductive matrix or a matrix doped for photoconductivity could
free the choice of chromophore. The phase stability must be considered when combining
species of varying polarity, so the block copolymer used in these experiments may
continue to be a good choice for multiple-component doped materials. The optical quality
of the first molded parts suffered because of the low glass-transition temperature of the
material The investigation of high-glass-transition temperature composites may facilitate
the molding of devices with high quality optical surfaces, and enables the testing of bulk
photorefnictive devices. The inclusion of photorefractive materials in integrated optics
may also be considered as a result of this demonstration. Since the injection molding
process was chosen as a worst-case scenario in terms of high shear rates applied, other
processes may also be considered. Extrusion processes provide another way to form
materials, with the possibility of component mixing that does not require dissolution in a
solvent. The construction of bubble-free films can be eased by such processes due to the
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free space curing of the film. Using such films as a laminate layer with flexible ITOcoated polymer films

would be an impressive demonstration of roll-to-roll process

potential, leveraging the current accomplishment while taking it to a higher level
Aside from these extensions of the present woilc, improvements in the dynamic
range of index modulation, external diffraction efficiency, or gain coefficient are
generally useful and are welcomed by the conmiunity. As transport properties are
characterized in a range of photorefractive materials, the design of composite transport
properties should become as important as the design of chromophores has been in the
past. The information provided by the present work points out the value of fundamental
parametric characterization. As important as the photorefractive characterization is, the
characterization of the sub-processes will continue to evolve in importance as overall
performance improvements are pursued.
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ABSTRACT
The purpose of this research was to test a theoretical model adapted from Jones
(1998) of the impact of symptoms on Health-Related Quality of Life (HRQOL) in
Chronic Obstructive Pulmonary Disease (COPD). The modified model proposed that
breathlessness, physical impairment, diminished psychological well-being, negative
outlook, and disability had effects on physical and mental components of HRQOL in
COPD. A correlational descriptive design was used for a secondary analysis of data
obtained from a longitudinal repeated measures design in COPD (Meek, 1995).
The sample consisted of 58 individuals with COPD with moderate to severe
impairment (FEVi = 40.49%) and a mean age of 70.2 ± 8.28 years. The subjects were
tested using spirometry. Visual Analogue Scales, Baseline Dyspnea Index , selected
subscales of the Bronchitis-Emphysema Symptom checklist (depression/anxiety).
Positive and Negative Affect Scale (negative affect), the Pulmonary Functional Status
and Dyspnea Scale (activity component), and Medical Outcome Study Short Form-36.
Multiple regression analysis was used to examine the relationships in the model. Results
of analysis of data in comparison of the over-identified model and an exploratory (justidentified) model demonstrated that parts of the model were not supported by the data
and the exploratory model was able to explain more variance in the data than the overidentified model (W = 8.48, g < .10).
In this study, the exploratory (just-identified) model was accepted as the final
model accounting for 52% of the variance in impaired physical component of HRQOL
(R^ = .52, E < .001) and 58% of the variance in impaired mental component of HRQOL
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(R^ = .58, E < .001). Disability and physical impairment had direct effects on physical
health component of HRQOL, and negative outlook and breathlessness had direct effects
on mental health component of HRRQOL. Breathlessness demonstrated a greater impact
than the model would have proposed.
Health providers should assess clients' perception of breathlessness and be aware
of how that perception could influence HRQOL. Health care providers should plan
interventions for individuals with COPD to decrease breathlessness through participating
in educational, rehabilitation, or other programs, designated to decrease breathing effort
and associated distress.
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CHAPTER I
INTRODUCTION
Quality of life is a subjective perception of satisfaction with life in domains that are
important to the individual (Oleson, 1990). Quality of life is multidimensional (Aaronson
et al., 1991; Cella, 1994), with six domains; physical health, psychological state, level of
independence, social relationships, environment features, and personal beliefs (World
Health Organization, 1993). Perception of quality of life or satisfaction with domains of
life can be influenced by disturbance in health status and occurrence of symptoms
(American Thoracic Society, 1999). Health-related quality of life (HRQOL) is "the value
assigned to duration of life as modified by the impairments, functional states, perceptions,
and social opportunities that are influenced by disease, injury, treatment, or policy"
(Patrick & Erickson, 1993, p. 22). Health-related quality of life has become an important
outcome criterion that measures the impact of disease related impairment. Despite this
trend still little is known in relation to specific disease processes.
Chronic disease and the associated symptoms have a profound impact on all
physical, psychological, and social domains of life and are integral to HRQOL. In order to
examine the interplay between chronic disease, symptoms and HRQOL, focus on a
specific disease process is needed. Recently, there has been an increasing awareness of the
impact of breathlessness on HRQOL in individuals with Chronic Obstructive Pulmonary
Disease (COPD). As a result, COPD provides an excellent model for examining the
relationships of symptoms with HRQOL in the context of the latest theoretical and

empirical evidence. Consequently, the purpose of this study is to test a theoretical model
and the impact of symptoms on HRQOL in individuals with COPD.
Background of the Problem
In this section, the concepts of quality of life, HRQOL, and the role symptoms play
are presented. Further, the impact of disease and symptoms on HRQOL in individuals
with chronic disease using COPD as the chronic disease process of interest are introduced.
Oualitv of Life and Health-Related Ouality of Life
Quality of life is defined as an "individual's perception of their position in life in the
context of the culture and value system in which they live and in relation to their goals,
standards, and concerns" (WHO, 1993, p. 1). Quality of life is a broad subjective
perception. In the health field, quality of life is usually linked in the literature with the
concept of health (Hollandsworth, 1988). Health is one of the dimensions related to
quality of life and it is directly associated with an individual's perception of quality of life.
The impact of disease on physical, psychological, social, and cognitive fimctioning (ATS,
1999a) is the focus of HRQOL, the central concept in this investigation.
HRQOL reflects the consequences of a disease in an individual's life (Maille,
Kaptein, de Haes, & Everaerd, 1996). The major dimensions of HRQOL include physical
functioning, psychological well-being, and social role functioning. Studies on chronic
disease and HRQOL have demonstrated that chronic disease has tremendous impacts on
an individual's physical, psychological, and social functioning (Blixen & Kippes, 1999;
Hann et al., 1997). People with chronic disease report poor health status reflecting

greater deterioration in health than seen in the general population (Badia et al., 1998).
One study of the effect of breast cancer on HRQOL in individuals with bone marrow
transplantation showed a significant impairment in the dimensions of physical functioning,
general health perception, social functioning, and emotional role functioning (Harm et al,
1997). In the process of living with chronic diseases, individuzds experience psychological
distress and social functioning limitation. Psychological and social domains of HRQOL
are also impaired in patients with chronic disease, as greater anxiety, depression, and
loneliness are frequently reported (Blixen & Kippes, 1999; Kinsman et al., 1983; Maille,
Kaptein, de Haes, & Everaerd, 1996; Moody et al., 1990).
Included in the construct of HRQOL are an individual's health status, experience,
states, and perceptions. Psychological, interpersonal, financial, and cultural perspectives
also contribute to perception of HRQOL (Patrick & Erickson, 1993). Chronic disease
conditions can result in disability, and alter an individual's life-style and perception of
HRQOL (Ware, 1984). With advanced modem medical and nursing technology, health
care providers can not only help increase the life expectancy of an individual with chronic
disease, but also assess and evaluate their function and provide interventions to decrease
disability and improve HRQOL.
Ware (1984) proposed a conceptual fi-amework to illustrate the impact of disease
on an individual's HRQOL, with the domains of personal functioning, psychological
distress/well-being, general health perceptions, and social/role functioning represented
(Figure 1). This framework predicts the greatest impacts of disease are on an individual's
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physical, psychological, and social aspects. The model emphasizes that disease affects
personal functioning most immediately, and the effect extends outside the individual to
society through behavioral, social and culture modes (Patrick & Erickson, 1993).
Although disease is in the center of the framework, it is surrounded by personal
functioning, psychological well-being, general health perceptions, and social/role
functioning. Disease can have a major impact on an individual and also have a ripple
effect extending firom impaired personal functioning through diminished psychological
well-being to disability and handicap evidenced by decreased social/role functioning.
Specific diseases have different effects on personal functioning and consequently result in
different changes in well-being and social roles.
Within Ware's (1984) framework, personal functioning is altered when disease,
presumably through symptoms and physical change, impacts a person's normal functioning
or capacity to perform basic activities of daily living including self-care, mobility, and
physical activities. Psychological distress/well-being is the change in mental health,
including depression, anxiety, and loss of behavior/emotional control that result from
changes in physical functioning due to disease. In the conceptual fi'amework, disease
status, functional limitations, and diminished psychological well-being precede the
formulation of general health perception. General health status includes past experience,
current health outlook and worries and concerns about one's current health.

Figure 1 Ware's Health-Related Quality of Life Model (Ware, 1984).

Disease

Personal Functioning
Psychological DistressAVell-being

General Health Perceptions

Social/Role Functioning
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Social role functioning in the framework is the ability to perform activities associated with
the individual's usual role, including employment, school, or homemaking, and social
aspects that may be impaired by disease (Ware, 1984). Again, central to this cascade of
events in the conceptual framework is the disease and how it manifests itself to cause the
loss of personal functioning. Central to how the specific disease manifests itself is the
associated symptoms. Consequently, the importance of symptom management experience
to overall process that impacts HRQOL can most be minimized. Although the conceptual
framework does not identify symptoms specifically the link is implied.
Symptoms
A symptom has been described as "subjective experiences reflecting changes in a
person's biopsychosocial function, sensation, or cognition" (University of California San
Francisco, 1994, p.273). Symptoms and perception of symptoms are generally negatively
related to HRQOL (Lough, Lindsay, Shinn, & Stotts, 1987). Symptoms that have impacts
on physical, psychological, and social domains of HRQOL include physical ones such as
dyspnea, emotional ones such as anxiety and depression, and cognitive ones such as poor
memory. The University of California, San Francisco (UCSF) (1994) faculty has
proposed a conceptual framework to understand the relationship between symptoms and
HRQOL (Figure 2). The conceptual framework consists of three components: symptom
experience, symptom management strategies, and symptom outcomes. Symptom
experience, which is most relevant to the disease experience, consists of perception of
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Figure 2. Symptom Management Model (UCSF, 1994).
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symptoms, evaluation of symptoms, and response to symptoms. Responses to symptoms
are most relevant to this investigation and include the individual's reaction
to symptoms through their feelings, thoughts, and behaviors. Symptom response in this
model is an individual's reaction to a stimulus that arises through sensory, affective, and
cognitive mechanisms. Response to symptoms can be physiological, psychological, and
behavior responses. Physiological responses are physical signs emd sensations.
Psychological responses are reflected in cognitive or affective changes. Behavior
responses are the objective expression of a symptom, a verf)al or social communication
about the symptoms or changes in personal function or role performance as a resuh of the
symptoms (UCSF, 1994).
All symptom responses proposed in the framework can decrease HRQOL. Other
symptom outcomes outlined in the conceptual fi-amework are interrelated with HRQOL,
including self-care ability, financial status, morbidity, and comorbidity, mortality, health
service utilization, emotional status, and functional status (UCSF, 1994). Specifically, all
of these outcomes fit with the cascade of events proposed by Ware (1984) in his
framework.
It is safe to say that symptoms have a direct effect on the physical, psychological,
and social dimensions of an individual's HRQOL. Individuals with symptomatic chronic
diseases show diminished HRQOL in all dimensions (Murri et al., 1997; Rusthoven et al.,
1998). Breathlessness, fatigue, and pain are the symptoms in chronic disease identified to
have major impacts on HRQOL (Ferrell et al., 1991). An early national survey reported

that symptoms were a key factor in people's decisions to restrict their activities (National
Center for Health Statistics, 1979), and thus decreasing physical functioning begins the
cascade of events that leads to decreased HRQOL.
Symptoms in chronic disease not only affect an individual's physical and
psychological well-being but also influence on an individual's social well-being. Social
well-being can be viewed as both component and determinant of individual's HRQOL
(Patrick & Erickson, 1993). The social role has an important influence on depression
(Brown and Harris, 1978). Understanding symptoms and the ways symptom experience
impacts HRQOL is essential for assessment and management for individuals with chronic
disease. One important nursing goal is to provide interventions to decrease symptoms and
enhance HRQOL in individuals with chronic disease.
COPD as an Illustrative Example
COPD is a chronic condition that includes emphysema and chronic obstructive
bronchitis. Approximately 14.6 million Americans suffer from COPD (American Thoracic
Society, 1995a) and as many as 30 to 35 million people may be affected, because at the
early stage of the disease it is usually asymptomatic (Petty, 1996). There has been a
steady increase in COPD mortality among people over 55 years old in the past 20 years
(Wise, 1997), making it the fourth leading cause of death in the United Sates and second
leading cause of death in the Western Pacific Region (National Center for Health
Statistics, 1999). Worldwide, COPD ranked as the fifth leading cause of death and
accounts for 4.0% of deaths during 1998 (the World Health Report, 1999). Clearly

COPD is a significant health concern worldwide and an important disease process with
which to examine HRQOL.
The American Thoracic Society (ATS) (1995b) defines COPD as "a disease state
characterized by the presence of airflow obstruction due to chronic bronchitis or
emphysema; the airflow obstruction is generally progressive, may be accompanied by
airway hyperreactivity, and may be partially reversible" (p. S77). Chronic Obstructive
Pulmonary Disease is a progressive condition that takes 20 to 40 years for clinical
symptoms to develop. Dyspnea is a hallmark of the disease. Airway irritation, with
bronchial mucous gland dilation, typically results in a productive cough. Later in the
course of the disease, hypoxemia with cyanosis, and hypercapnea occur (ATS, 1995b).
Pulmonary function impairment in COPD is evidenced by reduction in forced
expiratory volume in the first second (FEVi) which is used as an indicator of maximum
ventilatory capacity (Wise, 1997). The ATS (1995b) uses FEVi percentage of predicted
normal value to define stages of disease; FEVi > 50% of predicted as stage I; 35-49% of
predicted as stage II; and <35 % of predicted as stage III. Individuals commonly
experience some degree of activity limitation due to dyspnea when FEVi falls to about
50% of predicted. When FEVi falls to 30-40% of predicted or declines below two liters
the individual often experiences dyspnea on exertion (Rennard, 1998), leading to
decreased physical functioning seen as exercise limitation that can lead to disability (Wise,
1997). According to the ATS (1995b), reduction in FEVi is correlated with
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mortality and morbidity in COPD. The average survival rate for an individual once
diagnosed with COPD in which the FEVi has declined to the point that symptoms limit
activity is about five years (Manfreda, Mao, & Litven, 1989).
Based on the pathophysiologic changes that result from COPD, individuals with
the disease demonstrate decreased physical functioning, role functioning, social
functioning, mental health, and health perceptions or, in other words, impaired HRQOL
(Stewart et al., 1989). According to Ware's conceptual framework, these changes in
physical funaioning are the beginning of the cascade of events leading to impaired
HRQOL. The cascade typically begins with manifestations of the disease process such as
symptoms.
Among individuals with COPD, breathlessness is the most frequently reported and
distressing symptom (Kinsman et al., 1983). Studies show breathlessness can cause
impairment in physical functioning as measured by exercise limitation (Kyroussis et al.,
1996; McGavin et al., 1976; Rampulla et al., 1992). In these studies, breathlessness was a
key factor in an individual's exercise limitation and as such can be considered a key factor
in the initiation of the cascade of events leading to decreased HRQOL.
Breathlessness, functional status, depression, social support, and age all have
shown direct effects on HRQOL in patients with COPD (Anderson 1995, McSweeny et
al., 1982). Physical functioning and psychological well-being have been reported as the
most important determinants of HRQOL in elderly individuals with COPD (Yohannes,
Waters, & Connolly, 1998). Social activities, such as engaging in leisure activities and

25
interacting with friends, are major activities that decrease in individuals with COPD.
Social deprivation and isolation have also been found to be major determinants of HRQOL
in patients with COPD (Morgan, Singh, & Hyland, 1997). In fact, Morgan and colleagues
(1997) propose that these psychosocial factors may be stronger determinants of HRQOL
than physical ^nctioning in patients with COPD. Consequently, the interrelationship of
increasing symptoms and decreasing levels of physical, psychological, and social
functioning is extensive and requires further explanation.
Theoretical Model of Health-Related Oualitv of Life and Svmptoms in COPD
A beginning step to understand the interplay of HRQOL, chronic disease and
symptoms would be to investigate these relationships using a theoretical model to guide
the process. The theoretical model would need to be disease specific because physical
functioning changes differ with different pathophysiologic changes. In this section, Jones'
(1998) theoretical model of HRQOL and symptoms is discussed as a disease specific
expression of HRQOL.
Jones' (1998) model was designed to examine the impact of symptoms on HRQOL
within COPD (Figure 3). The model is based on what Jones (1998) calls the current
knowledge about airway obstruction and factors that impact HRQOL. While the model is
generally consistent with the theoretical framework proposed by Ware and the UCSF
framework of symptom response, it has some important refinements that help in
understanding the HRQOL within the context of COPD and breathlessness.

Figure 3. Health-Related Quality of Life Model in COPD (Jones, 1998).
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The model indirectly links symptoms, in this case, breathlessness, to HRQOL but
symptoms arising from the physiologic change associated with airway obstruction begin
the cascade of events. The model proposes that airway obstruction leads to
breathlessness. In the model, the relationship between breathlessness and psychological
well-being in the model is reciprocal. Breathlessness may induce depression and anxiety,
but breathlessness can be influenced by an individual's general psychological well-being.
Breathlessness leads to exercise limitation and exercise limitation may have an impact on
depression and anxiety, but it may also be influenced by a sense of psychological wellbeing. Exercise limitation also contributes to reduced mobility, as does psychological
well-being. The model proposes that psychological well-being has a direct impact on life
style restrictions and an indirect effect through attitudes and expectations on lifestyle
restriction. Both life-style restriction and attitudes and expectations can influence
psychological well-being. The model lays out a reciprocal relationship between attitude
and expectations and both reduced mobility and life-style restriction, which implies that
attitude and expectations may contribute to reduced mobility and life-style restriction, but
also may be influenced by them.
Jones' (1998) theoretical model has not been previously tested. In order to
examine the model and keep it consistent with the unidirectional conceptual framework,
two key modifications have been made. First, simple causal order was specified, making
the model consistent with the cascade of events proposed in Ware (1984)'s framework.
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Second, the names of the model components were modified to ensure consistency with the
Ware and UCSF fi-amework. In this study, the model (Figure 4) was modified for testing.
In the model, it is hypothesized that pulmonary function (airway obstruction), symptom
response (breathlessness), and physical impairment (exercise limitation) have indirect
effects on handicap (impaired HRQOL), while diminished psychological well-being
(depression and anxiety), negative outlook (negative affective trait), and disability
(reduced activities of daily living) have direct effects on handicap (impaired HRQOL) in
individuals with COPD. The model depicts both construct (capital letters) and concept
levels of the theoretical model. The model identifies the relationship between pulmonary
function, symptom response, physical impairment, diminished psychological well-being,
negative outlook, disability, and handicap in individuals with COPD. The constructs
identified in the model, concepts, and definitions are briefly described in the following
section and listed in Table 1.
Pulmonary Function (Airwav Obstruction)
Pulmonary function is air movement into and out of the lung for the purpose of
effecting gas exchange. Airway obstruction is defined as decrease expiratory airflow
obstruction that is measured by the amount of air expelled in one second (FEVi) during a
forced expiratory maneuver (Cugell, 1988). Decreases in FEVi impact the ability to
adequately ventilate the body and are a major contributor to breathlessness in COPD.
Previously, researchers have reported the association between physiological changes and
breathlessness. Noseda and colleagues (1995) reported a relationship between perception

Figure 4. Modified Theoretical Model of Health-Related Quality of Life in COPD (Jones, 1998),
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Tabic I
Constnicis. Concepis. and Dcfinilions nssocinted vviili Jones" (1998) Model
Construct

Conccpt

Definiiions

Pulmonnr\
Function

Ainvav Obstruction

Pulmonary function is air movement into and out of the lung for the
purpose of participating in gas exchange
Ainvay obstruction is the degree to which airflow is impjcdcd during
exhiilation.

Symptom
Response

Brcathlessness

Symptom response is an individual s response to a stimulus through
sensory, affective, and cognitive mechanisms.
Breathlessness is a subjective expcricnce of breathing discomfort that
is comprised of qualiiaiively distinct sensations that v^iy in intensity.

Physical
Impairment

Excrcise Limitation

Physical impairment is deterioration in an individual's ability to
physically perform.
Exercisc limitation is the inability to adequately perform exercise due
to a physiologic change, in this case breathlessness arising from
airvvay obstruaion.

Diminished
Psychological
Well-bein?

Anxiety and
Depression

Diminished psychological well-being is an emotional state of
decreased overall welfare.
An.\icty is an emotional state exemplified by e.xcessive nervousness
and concern.
Depression is an emotional state e.xempliried by e.xcessive sadness and
hopelessness

Negative Outlook

Negative .Affective
Trait

Negative outlook is general sense of pessimism.
Negative affeaive trait is human trait that when manifest negatively
influences on both ways of thinking and behavior.

Disabilitv

Rcduccd .Activities
ofDailv Livinu

Disability is any restriction or lack of ability to perform an activity in
the manner considered normal for a human being.
Reduced activities of daily living arc the inability or decreased ability
to perfonn behaviors associated with daily living.

Handicap

Impaired HealthRelated Quality of
Life (KRQGL)'

Handicap is restrictions in life-sty le that result from disease or
physical limitations that limits or prevents from fulfillment of a role
Impaired HRQOL is reduced an individual's health-related quality of
life
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of breathlessness measured with the Visual Analogue Scale (VAS) and change in
pulmonary function in patients with asthma. A significant correlation (r = .29, p = .05)
was reported between lung fiinction (FEVi) and self-ratings of breathlessness in patients
with COPD (Redelmeier, Goldstein, Min, & Hyland, 1996). Airway obstruction is also
associated with impaired physical functioning, exercise limitations and psychological
aspect of HRQOL (Jones 1998). Breathlessness is a subjective phenomenon and as a
result of multiple other factors that impact on perception, the relationship between
pulmonary function and perception of breathlessness is not perfect. Nevertheless, as
identified in the model, breathlessness in COPD must arise fi-om the physiologic change of
airway obstruction.
Symptom Response (Breathlessness)
Symptom response as described in the UCSF model is an individual's reaction to a
stimulus that arises through sensory, affective, and cognitive mechanisms. The symptom
of interest in this study was breathlessness. The most common symptom associated with
COPD is breathlessness, a distressing experience that can lead to limitation of activities of
daily living, reduction of quality of life, and disability (American Thoracic Society, 1999a).
The American Thoracic Society (1999a) defines dyspnea or breathlessness as "a subjective
experience of breathing discomfort that consists of qualitatively distinct sensations that
vary in intensity" (p. 322). The multidimensional aspects of breathlessness have been
identified as physical (what they sense), affective (what they feel), and cognitive (what
they think) (Steele & Shaver, 1992). Intra-individual differences and affective perceptions
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influence the interpretation of physical sensations and the cognitive perception of one's
health, leading to the symptom response (Harver & Mahler, 1998), making simple
physiological explanations of the breathlessness experience useless. An individual's
response to symptom plays a major role in the physical limitations that occur (Jones,
1998).
Physical Impairment (Exercise Limitation)
The World Health Organization (WHO, 1980) defines impairment as "disturbances
at the level of the organ" (p. 1). The organ in this case is the lung and its ability to remove
carbon dioxide and deliver oxygen to the body. The physical impairment in the lung's
ability to adequately participate in gas exchange leads to increased ventilation, altered
breathing patterns, and breathlessness. Severe COPD is often associated with severe
exercise limitation, most commonly due to breathlessness related to the altered lung
function (Gallagher, 1994; Rampulla, Baiocchi, Dacosto, & Ambrosino, 1992). Factors
directly or indirectly related to exercise limitation in COPD are respiratory muscle
function, hypoxia, deconditioning, metabolic or respiratory acidosis, cardiac dysfunction,
limb dysfunction, and motivation (Gallagher, 1994). Pulmonary function impairment and
the resulting breathlessness are considered to be major factors influencing exercise
limitation in patients with COPD (Murariu, Ghezzo, Milic-Emili, & Gautier,1998).
Rampulla and colleagues (1992) found that individuals with COPD reported the most
frequent symptom that limited exercise was leg fatigue (46%), followed by breathlessness
(36%), whereas individuals with interstitial lung disease rated breathlessness (62%) as
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higher than leg fatigue (2S%). In this study, Rampulla and colleague found that severity
of breathlessness, while not the sole symptom limiting exercise was strongly associated
with intensity of exercise.
Diminished Psychological Well-Being fPepression and Anxiety)
Diminished psychological well-being is an overall emotional state that limits the
sense of general welfare. Common psychological changes, such as depression and anxiety,
contribute to diminished psychological well-being. Anxiety and depression are the most
common psychological changes associated with breathlessness and COPD (Gift, Plaut, &
Jacox, 1986; Yohannes, Roomi, & Baldwin, & Connolly, 1998). For the purpose of this
investigation, anxiety is defined as an emotional state exemplified by excessive
nervousness and concern. Anxiety in COPD is usually associated with distress about
breathing (Carrieri-Kohlman et al., 1996). Depression is defined as an emotional state
exemplified by excessive sadness and hopelessness. Individuals with COPD experience
depression and describe feeling such as sadness, tearfiilness, lack of motivation, suicidal
ideation, and loss of appetite and sleep (Agle, Baum, & Chester, 1973).
The association between breathlessness in COPD and diminished psychological
well-being seen as depression or anxiety has been extensively studied (Gift & Cahill, 1990;
Gift, Plaut, & Jacox, 1986; McSweeny et al., 1982; Yohannes, Roomi, & Baldwin, &
Connolly, 1998). Kinsman and colleagues (1983) found that patients who report severe
impairment from their disease condition also experience anxiety and depression-like
symptoms such as loss of interest in life (food, things, and people) and feelings of
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helplessness-hopelessness. Low self-esteem, lack of confidence, and worthlessness are
characteristic symptoms of depression (Gift & McGrone, 1993). Gift and colleagues
(1986) demonstrated that anxiety was related to level of breathlessness. Patients with high
and medium levels of breathlessness reported more anxiety than patients with lower levels
of breathlessness. Researchers studying patients with COPD found that anxiety and
depression have a significant impact on reducing HRQOL (Anderson, 1995; McSweeny et
al., 1982).
In summary, anxiety and depression strongly influence HRQOL in individuals with
COPD. Symptom response (breathlessness) and impairment (exercise limitation) are
associated with diminished psychological well-being (depression and anxiety). The
specific links defined in the model proposed need to be examined.
Negative Outlook rNegative Affective Trait)
Negative outlook is a trait that can negatively influence overall attitude and
expectations associated with events or situations. Negative affect can be measured as
state or trait. Negative affect state is a "short-term mood fluctuations" whereas negative
affective trait is "consistent and enduring differences in general affective level" (Watson &
Pennebaker, 1991, p. 64). Negative affective trait reflects an individual's negative mood
and self-concept. Individuals with negative affective trait may experience more distress
and dissatisfy with life (Watson & Clark, 1984).
The model of the present study proposes that negative outlook is influenced by and
influences HRQOL. Psychological research indicates that negative personality traits
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associated with negative attitudes and expectations play important roles in perception of
physical symptoms, stress, subjective distress, psychopathology and satisfaction (Watson
& Pennebaker, 1991). Watson and Pennebaker (1989) propose that distress, negative
affect, and dissatisfaction are caused by health problem. They assume that health problem
is associated with emotional and personality alternations including development of distress
and high negative affect. The consequences of health problem include discomfort,
disability, and impairment of social functioning. Consequently, negative outlook and
negative affective trait are consistent with the cascade of events proposed by Ware (1984).
Negative outlook is a general sense of pessimism and can be manifested as an ongoing
affective trait. Negative affective trait is defined as "a general dimension of subjective
distress and unpleasurable engagement that subsumes a variety of aversive mood states"
(Watson & Clark, 1988, p. 1063). Leventhal and colleagues (1996) indicated an
association between negative affective trait and physical symptom reporting. People with
more negative affect, whether seen as a constant trait or transit state, are more likely to
have subjective complaints and physical symptoms and experience high levels of anxiety
(Watson & Pennebaker, 1989). Negative affect usually coexists with chronic illness and
may influence an individual's functional status, symptom perception, and HRQOL (Wilson
& Cleary, 1995).
Watson and Pennebaker (1989) proposed that distress, negative affective trait, and
dissatisfaction are caused by health problems. The consequences of a health problem
include discomfort, disability, and impaired social functioning. The impact of a negative
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outlook represented by negative affective trait has never been investigated in patients with
COPD. This study explores a theoretical model that includes the direct effect of negative
affective trait on HRQOL.
Disabilitv (Reduced Activities of Dailv Living)
The WHO (1980) defines the construct disability as "any restriction or lack of
ability to perform an activity in the manner or within the range considered normal for a
human being" (p. 1). The concept associated reduced activities of daily living is
considered to be an aspect of HRQOL (Morgan, Singh, & Hyland, 1997). Chronic lung
disease is identified as the most common cause of activity limitation in the United States
(LaPlante, 1989). Individuals with COPD have physical impairments associated with
breathlessness that lead to reductions in daily activities. Restriction of activity levels is
related to breathlessness, and is one of the major problems of women with COPD (Sexton
& Munro, 1988). Restriction of activity has been described as impairment in functional
status, which is defined as "an individual's ability to perform daily activities required to
meet basic needs in the course of their lives, fiilfill usual roles, and maintain health and
well-being" (Leidy, 1994, p. 24). Decreased functional status is commonly used to
describe disability in the COPD population. Disability is said to be aflfected by
physiological and psychological factors (Leidy, 1994). Physical factors include pulmonary
function, oxygen saturation, exercise capacity, and breathlessness. Psychological factors
such as anxiety, hostility, depressed mood, self-esteem, and hardiness can also influence
functional status (Weaver, 1995).
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Psychological factors have been explored to understand individual differences in
disability (Leidy & Traver, 1995). Factors such as anxiety and depressed mood
(diminished psychological well-being) are correlated with disability in individuals with
COPD. Anxiety contributes to disability. Significant findings related to the relationships
among anxiety, exercise limitation, and physical factors (Jones et al., 1989; Morgan et al.,
1997; Prigatano et al., 1984) indicate that individuals with COPD who experience anxiety
have the worst daily activity performance. Moody and colleagues (1990) found that
disease severity, breathlessness, and mastery contribute to disability.
Handicap (Impaired HROOL^
In this study, handicap (construct level) or impaired HRQOL (concept level), was
conceptualized as the final manifestation of HRQOL. Handicap is defined as "any
disadvantage for a given individual, resulting fi-om an impairment or a disability, that limits
or prevents the fulfillment of a role that is normal... for that individual" (WHO, 1980, p.
1). Handicap reflects life-style restriction that, by definition, places an individual "at a
disadvantage relative to their peers when viewed fi^om the norms of society" (WHO, 1980,
p. 1). Impaired HRQOL is life-style limitation on an individual's leisure and recreation
due to chronic illness such as COPD. Handicap represents the end phase of HRQOL as
described by Ware in this model.
Symptoms of the COPD and psychological response to the disease have been
associated with reduced HRQOL seen as impaired HRQOL. Factors that impact
HRQOL, such as pulmonary fijnction, disease severity, physical activity, symptoms.
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depression and anxiety, disability, and general health perception in individuals with COPD,
have been investigated (Anderson, 1995; McSweeny, 1982; Moody, McCormick, &
Williams, 1990). Individuals with COPD had the lowest HRQOL in the area of rolephysical, role-emotional and mental health, all indicators of handicap, as compared with
individuals with other medical problems (Shlenk et al.,1998). Symptoms, diminished
psychological well-being, and disability have been reported to have direct impacts on
HRQOL in individuals with COPD (McSween et al., 1982; Moody, McCormick, &
Williams, 1990). It is clear that low HRQOL due to disability and the psychosocial
contributions of diminished well-being and negative outlook are linked. Examination of
the model proposed by Jones (1998) given these minor modifications may clarify
understanding of these links in individuals with COPD.
Significance of the Problem
Chronic disease and the associated symptoms are clearly linked to decreases in
HRQOL. The recent emphasis on outcomes in health care research has propelled HRQOL
to the forefront as an important consideration in evaluating treatments and interventions.
Despite these trends, still little is known about HRQOL in relation to many important
specific disease processes and their associated symptoms. In particular, the relationships
among COPD, breathlessness, and HRQOL have yet to be explored from a theoretical
perspective. Most people with COPD struggle with breathlessness and experience
anxiety, depression, negative outlook on life, disability and handicap. A test of the model
as discussed in this chapter is needed to evaluate the proposed relationships.
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Understanding the interrelationship of physical changes, breathlessness, physical
impairment, disability, psychological factors and PIRQOL in individuals with COPD can
only improve health care providers' ability to intervene effectively.
Statement of Purpose
The purpose of this study is to test a model adapted from Jones (1998) of HRQOL
and breathlessness in individuals with COPD.
Research Question
The research question for this study is; Does the proposed model explain the
relationships among pulmonary function (airway obstruction), symptom response
(breathlessness), physical impairment (exercise limitation), diminished psychological wellbeing (depression and anxiety), negative outlook (negative affect), disability (reduced
activities of daily living), and handicap (impaired HRQOL) in individuals with COPD?
Summary
Health-related quality of life has become an important outcome criterion that
measures the impact of disease impairment. Symptom response plays an important role in
how physiologic change leads to decreased HRQOL. Chronic Obstructive Pulmonary
Disease is a disease characterized by chronic progressive deterioration in pulmonary
function and, as such, is a classic disease that exemplifies the progression from physiologic
change to decreased HRQOL. Symptoms have a significant impact on HRQOL in
individuals with COPD. Breathlessness is the major distressing symptom in individuals
with COPD that leads to physical and psychological impairments, which impacts HRQOL.
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Exercise limitation is the most common problem in COPD and is linked to the intensity of
breathlessness. Disability is affected by physical and psychological factors, such as
anxiety, depression and a person's negative outlook, contributing to decreased HRQOL in
individuals with COPD. This study investigated the interrelationship between HRQOL,
chronic disease and symptoms using a model for individuals with COPD first proposed by
Jones (1998) and modified for this study.
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CHAPTER n
THEORETICAL FRAMEWORK AND REVIEW OF THE LITERATURE
In this chapter, the basis for examining health-related quality of life (HRQOL) in
individuals with Chronic Obstructive Pulmonary Disease (COPD) for this study is
discussed further. Review and critique of various models of HRQOL in COPD are
presented. The HRQOL literature is reviewed as it related to individuals with COPD
including exploration of the relationships proposed in the theoretical model.
Theoretical Framework of Health-Related Ouality of Life
The theoretical framework of HRQOL was presented in Chapter I. Ware's (1984)
HRQOL model identified disease, personal functioning, psychological distress/well-being,
general health perceptions, and social functioning as the key components of HRQOL
(Figure 1). The Symptom Management Model (UCSF, 1994) builds on Ware's initial
attempts to deal with symptom in HRQOL (Figure 2). The HRQOL Model (Ware, 1984)
and Symptom Management Model (UCSF, 1994) are the basis of the conceptual
framework used in this study. A review and critique of various models of HRQOL
associated with COPD followed by discussion of a theoretical model adapted from Jones
(1998; Figure 3) for use in this study (Figure 4) are presented.
Review and Critiques of Various Models of Health-Related Oualitv of Life
The HRQOL models associated with COPD in literature are reviewed as they
support the relationships proposed in Jones' model and contribute to understanding the
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relationships between HRQOL and symptoms. A critique of the model will be followed by
review of each model in this section.
The first of the models published was a heuristic model, developed by McSweeny
and colleagues (1982), of the interrelationships of COPD and other factors afifeaing
HRQOL. The model explains the relationship between emotional fiinctioning, social role
functioning, daily-living activities, recreational activities, and life quality (Figure 5). In this
model HRQOL was measured using several instruments, including the Sickness Impact
Profile (SIP) (Bergner et al., 1976), Minnesota Multiphasic Personality Inventory (MMPI)
(Dahlstrom, Welsh, & Dahlstrom, 1972), Profile of Mood States (POMS) (McNair, Lorr,
& Droppleman, 1971), and Katz Adjustment Scale (KAS)(Katz & Lyerly, 1963). In this
case a single instrument was not viewed as sufBcient to capture HRQOL.
In McSweeny's model, age and the COPD disease process are identified as factors
that contribute to pulmonary-cardiovascular functioning. Age and pulmonarycardiovascular fiinctioning impact neuropsychological functioning (e.g., average
impairment and brain dysfunction), which in turn impacts on the remaining portions of the
model. COPD has an indirect impact on HRQOL by altering neuropsychological
functioning, limiting exercise capacity, and daily activity that leads to limitation of
recreation, and impairment of emotional functioning. Social position and
neuropsychological functioning have direct influences on HRQOL, but social position as
outlined in McSweeny's model influences only social roles and daily activities and not

I'iuure 5. iieurislie model for interrelation of COI'I) and other variables affecting life quality (MeSweeny et al., I')82).
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the emotional functioning portion of the model, which is not totally consistent with Ware's
framework.
The model was empirically derived and tested in a large sample of 203 patients
with COPD who were hypoxemic and 73 healthy control subjects. In McSweeny and
colleagues' (1982) study, age (R^= .31), social economic status (R^=. 26), and
neuropsychological functioning (R^ = .22), had important impacts on HRQOL (social roles
and daily activity). Only a weak relationship was found between HRQOL (SIP total
score) and physiological variables that represented pulmonary cardiovascular fiinctioning
(oxygen transport: r = -.22, p < .01), maximum workload during exercise (r = -.33, p <
.01), and COPD severity index (r = . 17, g.<.02). There were no statistically significant
relationships found between HRQOL (SEP total score) and other measures of pulmonary
cardiovascular fimctioning, such as pulmonary function tests, gas exchange, and sleep
arterial oxygen saturation levels. HRQOL (total score) and neuropsychological
impairment were significantly correlated (r = .34 to r = .45, p < .01), with decreased
neuropsychological functioning related to reduced HRQOL. Examination of the total
model explained only 25% of the variance in HRQOL (SIP total score). McSweeny and
colleagues' (1982) model supports the link between psychological well-being and
HRQOL, which was tested in the present study.
McSweeny's model was further tested by Prigatano, Wright, and Levin (1984)
with a large sample (n = 985) of individuals with COPD and a control group (n = 25 for
healthy). In that study, HRQOL (total score and physical score), measured by the SIP
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(Bergner et al., 1976), was significantly related to neuropsychological impairment (r =.25,
2 < .05). Mood state, including tension and depression, was more highly correlated with
psychological functioning (emotional functioning dimension of HRQOL) (r = .66, r = .57,
g < .001 respectively) than with physical functioning (physical dimension of HRQOL) (r =
.44, r = .33, g < .001). Pulmonary function, measured by FEVi as pulmonarycardiovascular functioning and amount of exercise completed (exercise capacity), were
more highly correlated with physical condition (r = -.26, £.< 05, r = .38, p < .001) than
with psychological functioning (r = -.08 , r = -.16, p > .05). The combined model
explained 52% of the variance in HRQOL, but when psychosocial and physical functioning
were separated, explained variance was 56% and 42% respectively. Amount of exercise
accounted for 15% of the variance in physical functioning, but did not predict
psychosocial functioning measured by the SIP. The results supported the links of
neuropsychological functioning, exercise capability, and pulmonary functioning and the
physical aspect of HRQOL proposed by McSweeney and colleagues. Mood and
emotional variables were related to psychosocial aspect of HRQOL. This model supports
the links between depression and HRQOL and exercise limitation and HRQOL, which are
the links that were examined in the present study.
The model's tests, as the first one to test the relationship of COPD and the
changes that physiologically impact on HRQOL, made some important strides, although
not explaining many of the factors well. A major weakness of the model is its strong
emphasis on physiologically oriented variables, such as pulmonary-cardiovascular

functioning and exercise capacity without including emotional variables as either mediators
or moderators of HRQOL. Additionally, the role of symptoms such as breathlessness,
which by all accounts (ATS, 1999a) has a tremendous impact on HRQOL, is not even
mentioned in the model. Based on the conceptual models of HRQOL (Ware, 1984) and
Symptom Management Model (UCSF, 1994) described above, McSweeny and
Colleagues' (1982) model does not include the roles of symptom and psychological wellbeing play in HRQOL.
Moving beyond this initial step. Moody and colleagues (1990) proposed a model
(Figure 6) for functional status and quality of life in patients with COPD. A preliminary
model was developed to examine the interrelationships among antecedent, mediating, and
outcome variables. The model was based on the theory and previous research findings
related to functional status (reduced activities of daily living) and HRQOL in patients with
dyspnea. In this theoretical model of HRQOL in COPD, disease severity and
environmental risk were identified as antecedent variables; dyspnea severity, neuroticism,
fatigue, anxiety, depression and mastery were identified as mediating variables; and
functional status and HRQOL were identified as outcome variables. In this study,
HRQOL was defined simply as an indication of coping effectiveness and measured by the
Perception of Quality of Life tool (Spitzer et al., 1981). Functional status in this model
was measured by the Chronic Disease Assessment Tool (Moody, 1988). Model tests
showed a relationship between dyspnea severity and psychological variables. Functional
status (P = -.49, p <.05), depression (3 = -.75, p < .05), and dyspnea severity (p = -.23, p
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Figure 6. Functional Status and Quality of Life (Moody, McCormick, & Williams,
1990).
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< .05) had direct effects on HRQOL. Functional status was more related to physiological
condition than to HRQOL, with disease severity (3 = -.28, g < .05) and dyspnea severity
(P = -.40, g < .05), having a direct effect on functional status. Depression in this
investigation had a strong effect on HRQOL (3 = -.75, p < .05). Based on these findings,
the authors suggested that psychological mediators play an important role in HRQOL. In
Moody's model, the links between depression, functional status (reduced activities of daily
living) and HRQOL that underline this study were again supported.
Although the model was based on both theory and research findings, the authors
failed to test the entire model due to small sample size. Furthermore, no link between
disease severity and dyspnea severity was specified and the role of breathlessness was not
emphasized. Functional status (reduced activities of daily living) was not clearly defined
or measured in relation to activities of daily living. Further testing of the relationship
between disease and breathlessness is needed.
Anderson (1995) modified Moody's model (Figure 7) by framing it within Lazarus
and Folkman's (1984) cognitive theory. In Lazarus and Folkman's framework, an
individual's cognitive appraisal and coping resources mediate the interaction between
person and environment. In other words, the cognitive appraisal can dramatically impact
HRQOL. Anderson attempted to incorporate this in her proposed model. In Anderson's
model, age, socioeconomic status, disease severity, functional status, and dyspnea are
antecedents. Depression, anxiety, self-esteem, dispositional optimism, and social support
are mediating variables represent coping resources. HRQOL is an outcome variable
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Figure 7. Quality of Life Model (Anderson, 1995).
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representing adaptation. The author hypothesized that the impact of environmental events
on HRQOL was mediated by psychological variables related to illness and by coping
resources available to the person with COPD. Demographic and diseases related
variables were hypothesized to have indirect effects on HRQOL while mediating
variables, such as depression, self-esteem, and social support were proposed to have direct
effects on HRQOL.
The results of model testing supported only some of the relationships proposed.
Age (3 = -. 15, p < .05), depression (P = -.28, p < .05), low self-esteem (P = -.39, g < .05),
and lack of optimism and social support (P = -.23, p < .05) had direct negative effects on
HRQOL. Anxiety and optimism failed to show the hypothesized direct effects on
HRQOL. Functional status (reduced activities of daily living) had direct effects on
depression, which in turn had a significant negative impact on HRQOL. Lack of selfesteem and social support also had direct impact on HRQOL. The complete model
accounted for 53% of the total variance in HRQOL. In Anderson's model, the links
between depression and HRQOL, reduced activities of daily living, and depression were
supported.
Although this model testing improved on the work of Moody and colleagues
(1990) with a theory-driven approach, and with a larger sample of individuals with
COPD, only some of hypothesized relationships were empirically supported. The
relationships between age and disease severity, dyspnea and reduced activities of daily
living, anxiety and HRQOL, and optimism and HRQOL were not supported by the data.
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But of even greater concern is the lack of a link between breathlessness and reduced
activities of daily living, which is hypothesized in Ware's (1984) model and is supported in
the literature. Although this model contributed to a better understanding of HRQOL, it is
clear that many important relationships, such as the impact of symptom on depression and
anxiety, and reduced activities of daily living and HRQOL are not described adequately in
this or any of the other models described thus far.
Another conceptual model focuses on functioning and well-being of patient
outcome (Wilson & Cleary ,1995; Figure 8). Unfortunately this model has not been
tested, but it is worth discussion as it illustrates recent views of HRQOL. In this model,
HRQOL was defined as having five dimensions, generally consistent with those described
by Ware (1987): physical functioning, social fiinctioning, role functioning, mental health,
and general health perceptions.
The model proposes that biological and physiological variables, symptom status,
functional status (reduced activities of daily living), and general health perception are
causally linked to overall HRQOL. Biological and physiological variables, including
pulmonary function tests or physical examination findings, have a direct impact on
HRQOL. In this model, symptom was defined as an individual's perception of abnormal
physical, emotional, or cognitive state. Perception of a symptom in the model includes a
process of sensation detection, judgment, establishing meaning of sensation, and decision
to seek care, which is also consistent with the UCSF theoretical framework. In this

iMmirc 8. Health-related quality of life model (Wilson & Cleary, 1995).
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model, a symptom is hypothesized to be impacted by biological and physiological
variables, such as depression and anxiety and to have an indirect eflfect on overall
HRQOL. Functional status in the model consists of physical function, social function, role
function, and psychological function and has an indirect effect on HRQOL.
Characteristics of the individual include personality, motivation, and value preferences.
Characteristics of the environment include psychological support, social economic
supports, and social and psychological supports. Both characteristics of the individual and
environment are mediators in the model. General health is proposed as an individual's
perception that is influenced directly by functional status and has a direct impact on
HRQOL. HRQOL is defined as subjective well-being and satisfaction with life. This
model links many clinical variables caused by impairment of health in individuals with
chronic disease. Wilson and Cleary's conceptual model of HRQOL (1995) is consistent
with the relationships proposed by Jones (1998) although empirical testing of the model
has not been done.
Although this model can provide a framework for research in exploring the
relationships among biological and physiological variables and overall HRQOL, the model
is abstract and has not yet to be operationalized. The impact of symptom on psychological
well-being, which is proposed by Ware's (1984) model, and response to symptoms, as
proposed by UCSF's model (1994) are present. A major concern is that empirical testing
of the model may not be applicable because of measurement issues associated with the
variables of individual characteristics and those of environment.
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In summary, review of various models of HRQOL supports the links between
reduced activities of daily living and depression, depression and HRQOL, exercise
limitation and HRQOL, and reduced activities of daily living and HRQOL. However,
none of the models reviewed to this point clearly delineates the role of breathlessness and
its impact on exercise limitation, depression and anxiety, negative affect, reduced activities
of daily living and impaired HRQOL or the multifaceted issues associated with reduced
activities of daily living and social functioning. The next section presents a model that
attempts to clarify symptoms and HRQOL in the COPD population.
Proposed Theoretical Model of Health-Related Oualitv of Life in COPP
A theoretical model adapted and modified from Jones (1998) was tested in this
study (Figure 9). The proposed theoretical model moves beyond those discussed by
specifically depicting the impact of symptom (breathlessness), on diminished psychological
well-being, physical impairment, psychological well-being, negative outlook, disability,
and HRQOL. In the present investigation, as described earlier, based on conceptual
framework of the HRQOL model (Ware, 1984) and the Symptom Management Model
(UCSF, 1994), disease is represented by airway obstruction in COPD and leads to
symptoms, which are represented by breathlessness. The impact of symptoms on personal
functioning, psychological well-being, general health perceptions, and social/role
functioning is represented by exercise limitation, depression and anxiety, negative affect,
reduced activities of daily living, and impaired HRQOL.

Fipure 9. Modified l lcaltli Related Quality Of Life Model in COPD (Jones,1998).
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The advantage of using the theoretical model proposed by Jones (1998) is that it is
consistent with the Ware's conceptual framework of HRQOL (Ware, 1984) and the
Symptom Management Model (UCSF, 1994). The modified model (Jones, 1998) is
based on research findings (Jones, Baveystock, & Littlejohns, 1989; Jones, Quirk,
Baveystock, & Littlejohns, 1992; Schrier, Dekker, Kaptein, & Dijkman, 1990; Williams &
Bury, 1989) and clearly delineates the roles of symptom, activity, and disability. Further,
this model clearly proposes a consequence of symptom and progression of decreasing
functioning in physical impairment leading to handicap, which is absent from the previous
models. Several research studies form the basis for the model. A strong correlation
between breathlessness, exercise limitation, reduced activities of daily living and HRQOL
was found in the COPD population. Jones (1998) uses the concept of impairment,
disability, and handicap, that is consistent with the WHO's (1980) definition of
impairment, disability, and handicap. Impairment is a physical and psychological
dysfunction; disability is restriction to perform a normal activity; and handicap is limitation
to fulfill a role that is normal for an individual, resulting from impairment or a disability.
The WHO'S definitions conceptually and causally link impairment, disability, and handicap
together with diseases that cause impairment. Impairment leads to disability, and disability
leads to handicap (Bowling, 1997). Jones' model provides a theoretical perspective on
HRQOL and symptoms in individuals with COPD.
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Review of the Literature
The review of literature includes studies on relationships between the variables
proposed in the model (Figure 9). The discussion is organized moving from left to right in
the model; airway obstruction, breathlessness, exercise limitation, depression and anxiety,
negative affective trait, and reduced activities of daily living, concluding with variables
proposed to have a relationship to HRQOL.
Pulmonary Function (Airway Obstruction)
Review of literature to support the relationships between airway obstruction and
breathlessness is presented in the following section.
Airway obstruction is defined as reduced ratio of one second forced expiratory
volume to forced vital capacity (FEVl/FVC ratio). Airway obstruction in patients with
COPD leads to dynamic hyperinflation, which could induce breathlessness (ATS, 1999a).
Airway obstruction is the most common cause of breathlessness associated with COPD
(Congleton & Muerst, 1995).
The famous studies of Simon and colleagues (1989; 1990) support that individuals
with COPD and the associated airway obstruction evaluate breathing change differently
from those without obstruction. Simon and colleagues induced different sensations of
breathlessness and found differences in what was experienced and reported by healthy
individuals compared to those with COPD. Breathlessness was defined in these studies as
an uncomfortable awareness of breathing. Breathlessness was induced in healthy
individuals and those with COPD using breath-holding, carbon dioxide inhalation.
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inspiratory loading, and exercise. Healthy subjects and subjects with COPD experienced
different sensation of breathlessness under the same stimuli. Healthy subjects could
distinguish qualitative differences of breathlessness and labeled them as hunger,
suffocating, gasping, work, heavy, rapid, exhalation, concentration, and shallow.
Subjects with COPD frequently labeled their everyday sensations as increased work of
breathing and heavy breathing. Airway obstruction produces a unique set of sensations
related to breathing that cannot necessarily be induced to any creditable degree in healthy
subjects. These findings indicated that different sensation of breathlessness may be
experienced differently given disease or conditions that may influence patients' perceptions
of breathlessness.
Some studies have reported a relationship between airway obstruction and
perception of breathlessness in COPD (Congleton & Muers, 1995; Noseda et al., 1995).
Noseda et al. (1995) evaluated the relationship between perception of breathlessness
(dsypnea) induced by histamine and lung function in patients with asthma and COPD.
Twenty-four subjects participated in the study; 12 patients with COPD with a mean age of
60 (SD = 4) and 12 with asthma and a mean age of 66 (SD = 2). Subjects inhaled
Histamine to cause bronchoconstriction, followed by gradual increasing doses of inhaled
terbutaline, a bronchodilator, to reverse the process. A Visual Analogue Scale (VAS) was
used to measure perception of breathlessness. The VAS in this study was a 40 cm
horizontal line with "much shorter of breath", and "much less short of breath" labeling the
respective ends. Pulmonary function was assessed by forced expiration and airway
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resistance. Multiple regression was used to analyze the relationship of the perception of
breathlessness and changes in puhnonary function. The results indicated that the
perception of breathlessness was significantly related to the change in FEVi (median r =
.93, p = 0.002) in the asthma group but not in the COPD group. The inspiratory vital
capacity and the maximal inspiratory flow at 50% contributed to the variation of
breathlessness the COPD group with a high perception of dyspnea. Perception of
breathlessness was not related to acute lung function change in COPD group. Noseda and
colleagues concluded that perception of high or low breathlessness reflected an
individual's awareness of sensory stimuli and appeared related to other factors such as
psychological profiles.
Congleton and Muers (1995) studied the relationship between airflow obstruction
and breathlessness and response to bronchodilator therapy in COPD patients with
bronchial carcinoma. Airway obstruction, defined as FEVi/FVC ratio, was less than 65%
and FEV i was less than 70% of predicted normal values. Breathlessness was assessed by
a simple breathlessness question: "Does breathlessness trouble you?" The patients rated
their breathlessness on a Likert scale ranging from not at all to very much. The St.
George's Respiratory Questionnaire (SGRQ) (Jones, Quirk, Baveystock, & Littlejohns,
1992) was used to assess the activities of daily living that were impaired by breathlessness.
Among 57 patients surveyed, 49% had airflow obstruction and 69% had breathlessness.
Breathlessness ratings were improved after treatment with nebulized bronchodilator
medications. There was no change in mean activity score of the SGRQ. The most
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significant finding in this study was the strong correlation between airflow obstruction and
breathlessness. The authors indicated that the major cause of breathlessness was the
patients' underlying airflow obstruction rather than increased airway resistance. Airway
obstruction is a common contributor of breathlessness in this population but was not
directly linked to the amount of acute change occurring.
Symptom Response fBreathlessness)
This section begins with description of breathlessness and its physical and affective
dimensions to explain how individuals' perception of symptoms influence exercise
limitation, depression and anxiety, negative affective trait, reduced activities of daily living,
and HRQOL. A review of literature to support the relationships between breathlessness
and exercise limitation, breathlessness and depression and anxiety is presented in the
following section.
Breathlessness is the major symptom experienced by individuals with COPD.
Breathlessness is defined as a subjective perception of sensation and an individual's
reaction to the sensation (Comroe, 1966). Recently, the American Thoracic Society
(ATS, 1999a) stated that breathlessness, an individual's experience, has multidimensional
perspectives: physical sensation, psychological affection, and cognitive perception. In the
ATS statement on dyspnea, the definition of breathlessness is broadly based on
physiological, psychological, social, and environmental perspectives. Breathlessness was
defined as a "subjective experience of breathing discomfort that consists of qualitatively
distinct sensations that vary in intensity" (ATS, 1999a, p. 322). The ATS (1999a)
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emphasized the individual nature of the sensation and perception of breathlessness. An
individual's sensation or experience of breathlessness and reaction to the sensation can be
influenced by psychological and cultural factors. In this section, physical and affective
dimensions of breathlessness are discussed.
Recent research has shown that both the physical sensation and the affective
response to the sensation contribute to an individual's overall perception of breathlessness
(Thomby, Hass, & Axen, 1995). The affective dimension of breathlessness identified as
distress, discomfort or anxiety (Carrieri-Kohlman et al., 1996; Steele et al., 1991;Wilson &
Jones, 1991) is directly associated with one's emotional response to the physical sensation
(Janson-Bjerklie, Carrieri, & Hudes, 1986). Carrieri-Kohlman and colleagues' (1996)
recent research has shown that persons with COPD who exercised, identified varying
dimensions of breathlessness. The effort in breathing was correlated with intensity of
exercise, whereas distress was correlated with anxiety. The findings of this study support
the premise that effort of breathlessness can be differentiated fi"om affective distress and
that anxiety is associated with distress.
Wilson and Jones (1991) examined the difference between the breathing distress
and effort associated of breathlessness during exercise in normal subjects using a modified
Borg scale. The important finding of this study is that, although effort and distress
associated with breathlessness were correlated (r = .69, p < .001, r = .96, p < .05
respectively), variations in the effort to breath in each subject indicated that high effort of
breathlessness in normal subjects was not necessarily connected with perceptions of
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distress. The authors suggested that breathlessness had a multidimensional nature and an
individual's perception of and responses to breathing effort and the associated distress
varied. Individuals' reaction to breathlessness involved perception, awareness, and
response to breathlessness. The relationship between distress and effort related to
breathlessness varied among individuals. These findings support Comroe's (1966)
definition of breathlessness as a perception and reaction to sensation.
Steele and colleagues (1991) studied patients with COPD and found a difference
between perceived breathing effort and discomfort (distress) as measured by the Visual
Analogue Scale (VAS). In investigations of both normal subjects and patients with
COPD, the perception of breathing effort was rated higher than perception of breathing
discomfort or distress (Steele et al., 1991; Wilson & Jones, 1991).
In these investigations, the subjects exercised and indicated the level of distress and
effort. It is not clear what results would be obtained in a more clinical situation.
Regardless, the literature supports the statement that breathing effort and the distress
associated with it can be differentiated by persons with COPD, at least at some particular
moment (Steele & Shaver, 1992). None of the previous HRQOL models used both
breathing effort and associated distress in their studies. The majority of measures of
breathlessness do not attempt to measure distress. This investigation will be the first to
use both breathing effort and the associated distress to evaluate HRQOL in individuals
with COPD.

63
Breathlessness and exercise limitation. The relationship of breathlessness to
exercise limitation has been explored in the literature. Rampulla and colleagues (1992)
evaluated the cause of exercise limitation in patients with chronic pulmonary disease and
its relationship to breathlessness. Seventy-eight patients with chronic pulmonary disease,
62 with COPD and 16 diagnosed with interstitial lung disease, participated in the study. A
treadmill was used to control the amount and intensity of the exercise. A modified Borg
Category Scale (Borg, 1982) was used to measure breathlessness during the last 10
seconds of exercise. Breathlessness (36%) was the second most frequently reported
symptom that limited exercise in patients with COPD. Dyspnea severity had a linear
relationship with exercise intensity. Dyspnea severity was negatively correlated with FEVi
% of predicted in patients with COPD. The findings indicated that pulmonary
hyperinflation caused by ventilatory abnormality led to limitation of exercise in patients
with chronic lung diseases. Patients in this study stopped exercising due to breathlessness,
which suggested that breathlessness was the major cause of exercise limitation. The result
is similar to the study by Kyroussis et al. (1996) that found patients with COPD
considered breathlessness to be the reason for their exercise limitation.
Breathlessness and depression and anxietv. The relationships between
breathlessness and depression and anxiety are supported in the literature (Gift & Cahill,
1990; Gift , Plaut, & Jacox, 1986; Kinsman et al., 1983; Mishima et al., 1996). A
common consequence of the experience of breathlessness can be emotional distress. Fear,
helplessness, loss of vitality, and preoccupation with breathing were described by patients
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with COPD when they experienced breathlessness (DeVito, 1990). The affective
dimension of breathlessness has been studied in relation to emotional response to the
sensation (Janson-Bjerklie, Carrieri, & Hudes, 1986; Simon et al., 1989; Steele, 1991).
Psychological well-being is directly impacted by breathlessness. The relationship between
breathlessness and depression and anxiety has been reported to be reciprocal, in that
progressive limitation of physical activity and disability that results from pathologic
breathlessness triggers negative emotions and emotional disturbances, such as anxiety, and
depression (ATS, 1999a). In Jones' (1998) model, breathlessness is proposed to have a
direct effect on psychological well-being because breathlessness can lead to anxiety and
depression. Results of Simon and colleagues' work (1989, 1990) revealed that the
perception of breathlessness is associated with the physical sensation described as effort
and work and as air hunger that appears to have an emotive element. Jones and Wilson
(1996) proposed that the physical and emotional dimensions of breathlessness may be
relatively independent of each other. A high prevalence of emotional disturbance such as
anxiety and depression has been found in individuals with COPD (Gift & Cahill, 1990; Gift
& McCrone, 1993; Isoaho et al., 1995; Small & Graydon, 1992).
Janson-Bjerklie, Carrieri and Hudes (1986) studied the physical and emotional
sensation of breathlessness in 67 patients with emphysema-bronchitis, asthma, vascular,
and restrictive disease. The Visual Analog Scale (VAS) (Aitken, 1969) was used to
examine the dyspnea experience. The Asthma Symptom Checklist (ASC) and BronchitisEmphysema Symptom Checklist (BESC) (Kinsman et al., 1973; 1983) were used to assess
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symptoms. The symptoms measured in the BECS: decathexis (lost of interest in food,
things, and people), irritability, congestion, fatigue, poor memory, sleep difficulties,
alienation, peripheral sensory loss, anxiety, helplessness/hopelessness and dyspnea, were
most frequently reported by patients during an episode of dyspnea. Individuals with
asthma reported dyspnea as periodic whereas subjects with emphysema experienced some
level of constant dyspnea. The physical sensation of dyspnea was described as
suffocation, tightness, and congestion. Seventy five percent of the subjects experienced
negative emotional feelings with dyspnea. The subjects described their emotions as panic,
frustration, worry, anxiety, anger, fear of death, and a blank feeling, support the
relationship between breathlessness and diminished psychological well-being.
Breathlessness has been described as a distressful and frightening experience such
that many patients feel they are living in an emotional straitjacket (Dudley, Glaser,
Jorgenson, & Logan, 1980). Thus breathlessness is thought to play an important role in
triggering psychological distress (Gift, Plaut, & Jacox, 1986) or lack of well-being.
Breathlessness has been reported to be associated with anxiety, helplessness/hopelessness
in patients with COPD (Kinsman et al., 1983). In this investigation descriptions of
symptoms experienced with breathless episodes were provided by patients with chronic
bronchitis (n = 51), emphysema (n = 59), and mixed diseases having both bronchitis and
emphysema (n = 36). Subjects ages ranged from 31 to 84 years and a little over half
(58%) were men. The most frequently reported symptom was dyspnea, as would be
expected, followed by fatigue. Of the twelve symptoms reported, irritability, anxiety, and
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helplessness/hopelessness were the only emotional symptoms identified on the instrument
and were the most commonly associated with breathless episodes by these subjects. The
results help support the association of anxiety, irritability, and helplessness/hopelessness
with breathlessness.
Mishima and colleagues (1996) examined the relationship between breathlessness
in daily life, and anxiety, and depression in 52 patients with COPD during long-term
oxygen therapy. Breathlessness was defined as uncomfortable sensations associated with
breathing and was assessed by the VAS during eight basic indoor activities. A modified
form of the Hospital Anxiety and Depression (HAD) scale (Zigmond & Snaith, 1983) was
used to evaluate psychological state. In this investigation approximately a third of the
patients reported they experienced either anxiety (31%) or depression (34%).
Breathlessness was correlated with FEVi (r = .32, p < .05) and to both anxiety (r = .36, p
< .01) and depression (r = .44, p < .32). Anxiety and depression were also highly
correlated (r = .69, p < .01). The association identified in this investigation suggests that
breathlessness perceived in daily life is linked to a lack of psychological well-being.
Further, this study found a high prevalence of both anxiety and depression in patients with
COPD.
Gift and colleagues (1986) investigated psychological and physical factors
associated with breathlessness in patients with COPD. Breathlessness was defined as the
subjective experience of difficult breathing, consisting of physical sensations and an
individual's perception of the sensations. Twenty patients with moderate to severe COPD
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(FEVi percent predicted 12% to 66%) were measured at high, medium, and low levels of
breathlessness. Breathlessness was measured on the dyspnea vertical VAS. The level of
breathlessness reported was categorized based on the variation of 20 mm or greater on the
VAS. Anxiety and depression at different levels of breathlessness were measured using
the Spielberger State Anxiety Inventory (SAI) (Spielberger, Gorush, & Lushner, 1970)
and the Brief Symptom Inventory (BSI) (Derogatis & Spencer, 1982) which assesses nine
symptom dimensions, including depression and anxiety. The Beck Depression Inventory
(BDI) (Beck, 1972) was used to measure depression. The investigators found that, as
expected, anxiety was higher during high or medium episodes of breathlessness than low
ones. In other words, subjects experienced greater anxiety as levels of breathlessness
increased. There was a strong relationship with anxiety whether measured by the SAI and
BSI anxiety scale. Subjects in this study had high depression symptoms, as measured by
the BDI and the BSI, although breathlessness did not correlate with depression or lung
function. In a similar pilot study (Gift & Cahill,1990), subjects with COPD had a higher
level of anxiety, accessory muscle use, Cortisol, and PCO2 during severe breathlessness as
compared with less intense levels of breathlessness. Patients with COPD had both
physical and psychological symptoms during severe breathlessness. Although the case is
somewhat stronger for anxiety, these findings support the relationship between
breathlessness and depression and anxiety.

Breathlessness has been shown to be

associated with emotions such as depression and anxiety. No study has examined
psychological well-being in individuals with COPD other than by implying its decrease in
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the presence of depression and anxiety. Kinsman's initial work that linked breathlessness
with a sense of helplessness, anxiety, and irritability does provide some evidence of a
general sense of diminished psychological well-being associated with breathlessness.
Consequently, this investigation built on this work to evaluate diminished psychological
well-being through examination of depression (helplessness) and anxiety as a composite of
reflecting diminished overall welfare.
Physical Impairment (Exercise Limitation)
Physical impairment is defined as deterioration in an individual's ability to perform
physically. Airway obstruction leads to breathlessness in individuals with COPD.
Breathlessness causes functional impairment and exercise limitation. An example of
literature support for the relationship is the study of McGavin and colleagues (1976), who
found, in individuals with COPD, that exercise limitation measured byl2-Minute Walk,
was correlated with breathlessness, measured by a structured questionnaire. Exercise
limitation is the most distressing symptoms in COPD and is often associated with
breathlessness and severe COPD (Gallagher, 1994). Exercise limitation can lead to
depression, anxiety and reduced activities of daily living.
Exercise limitation and depression and anxietv. exercise limitation and reduced
activities of dailv living. Physical variables affecting reduced activities of daily living in
individuals vsnth COPD have been identified as pulmonary function, exercise limitation,
and breathlessness. Physical and psychological factors may influence the degree to which
an individual's activities of daily living are reduced. Many studies have reported factors
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impacting on activities of daily living (Lee et al., 1991; Leidy & Haase, 1996; McSweeny
et al., 1982; Weaver & Narsavage, 1992; Weaver, Richmond, & Narsavage, 1997).
Psychological factors impacting reduced activities of daily living have been identified as
anxiety, depression, hostility, depressed mood, self-esteem, hardiness and causal
attributions (Weaver, 1995).
Physical and psychological factors influencing reduced activities of daily living in
patients with COPD were explored by Weaver, Richmond, and Narsavage (1997). A
model was tested using reduced activities of daily living as an outcome variable in patients
with COPD. It was hypothesized that reduced activities of daily living was an outcome of
physical factors, including length of disease, age, pulmonary function, exercise limitation,
and dyspnea, and psychological variables, including depressed mood and anxiety.
Reduced activities of daily living were conceptualized in domains of physical, mental, and
social functioning in every day life. The Pulmonary Status Scale (Weaver & Narsavate,
1992) was used to measure reduced activities of daily living. The l2-minute walk (12MD)
was used to measure exercise limitation.
The results indicated that the physiological factor (exercise limitation) and
symptoms (breathlessness) were highly correlated with reduced activities of daily living.
Pulmonary function, and psychological variables-anxiety and depressed mood were
moderately correlated with reduced activities of daily living. The model demonstrated that
exercise limitation (P = .34), breathlessness (3 = .32), and depressed mood (3 = -.49) had
direct effects on reduced activities of daily living. Pulmonary function (3 = .42),
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breathlessness (P = .49), and depressed mood (P = -.22) had direct effects on exercise
limitation. The results of the study support the proposed model that reduced activities of
daily living are influenced by both physical and psychological factors in the current
investigation.
Weaver and Narsavage (1992) studied how physical and psychological variables
influence reduced activities of daily living in 104 individuals with COPD. They
investigated the relationship among causal attributes, physical factors, psychological
factors, and reduced activities of daily living. The causal attributes theory was used as a
framework for the study, in which the cognitive attribution process occurred after an
individual experienced a negative event. Reduced activities of daily living were measured
by assessing individuals' performances of daily activity with the Pulmonary Functional
Status Scale (PFSS) (Weaver & Narsavage, 1989). Physical variables were measured by
lung function and 12-minltue walking distance (12 MD) for exercise limitation.
Psychological variables were measured with the Multiple Affect Adjective Check List
Revised for depressed mood.
Exercise limitation and pulmonary function were significantly related to reduced
activities of daily living (r = .67, p < .01, ii= .29, p < .01 respectively). Exercise limitation
was significantly correlated with depression (r = -.30, p < .01). Depressed mood was
correlated with reduced activities of daily living (r = -.40, p < .01). Exercise limitation
and depressed mood were the best predictors of reduced activities of daily living (R^= .70,
R^ = .49, p.< .001) and explained 45% of the variance (R^= .67,

.0001). Depressed
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mood, self-esteem, and causal attributes explained another 10% of variance in reduced
activities of daily living. The results of the study indicated that both physical and
psychological factors influence reduced activities of daily living in patients with COPD.
Psychological variables also had major impacts on reduced activities of daily living,
specifically, depressed mood had an effect on reduced activities of daily living. In
addition, half of the patients had a depressed mood. This study supports the model that
both exercise limitation and depression and anxiety have direct effects on reduced
activities of daily living.
Psychophysiological factors relating to reduced activities of daily living in COPD
between men and women were explored by Leidy and Traver (1995). In their study,
reduced activities of daily living were defined as part of normal activities of daily life
reflected in people's physical and psychosocial activities. Using the Sickness Impact
Profile (SIP) (Guyatt et al., 1987) to measure physical and psychosocial dimensions of
activity, pulmonary fiinction and 12-minute walk distance to measure physiological
impairment, and the Borg scale score and the Bronchitis-Emphysema Symptom Checklist
(BESC) (Kinsman et al., 1983) to measure somatic symptoms, both male and female
subjects reported impairment in physical and psychological dimensions of functional
performance. Symptoms measured with the BESC were correlated with functional
performance for both men and women (r = .32, p_< .05 to r = .48, p_< .01 respectively).
Exercise limitation was also correlated with reduced activities of daily living for both men
and women (r = -.22, p < .05 to r = - 51, p < .01 respectively). Disease severity, exercise
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limitation, breathlessness, somatic symptoms, need satisfaction, and psychosocial
attributes explained 52% of variance in physical reduced activities of daily living for both
man and women (53% of variance for men, and 42% for women). The relationships
among exercise limitation, symptom, breathlessness, psychosocial attributes, and reduced
activities of daily living were evidenced both in men and women with COPD, although the
specific links were not examined. These studies support the links proposed in Jones'
model (1998) that physical impairment results in both diminished psychological well-being
and disability in individuals with COPD.
Diminished Psychological Well-Being (Depression and Anxiety)
Diminished psychological well-being for the purpose of the present study is defined
as an emotional state that includes negative emotion such as anxiety (Lawton, 1983).
Review of literature to support the relationships between depression and anxiety and
reduced activities of daily living, depression and anxiety and negative affect, and
depression and anxiety and impaired HRQOL is presented in the following section.
Depression and anxiety and reduced activities of dailv living. Diminished
psychological well-being as represented by depression and anxiety is a major factor
influencing levels of reduced activities of daily living in individuals with COPD
(McSweeny et al., 1982). The relationship of depression and anxiety and reduced
activities of daily living is directly supported by research that found depression and anxiety
to have a negative impact on physical functioning in COPD. Elderly people with COPD
are vulnerable to depression (Neal & Baldwin, 1994) and reduced daily activities of living
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predicts depression. Yohannes and colleagues (1998) investigated depression in 96 elderly
subjects (average age 78 years) with stable disabling COPD. Disabling COPD was defined
as inability to carry on normal activities of dsiily living. The study subjects were compared
with control subjects who were randomly selected from the community. Depression was
assessed by the Brief Assessment Schedule Depression Cards (BASDEC) (Adshead, Day,
& Pitt, 1992). Daily living activity was assessed by the Nottingham Extended Activities of
Daily Living Scale (NEADL) (Nouri & Lincoln, 1987), which measures activities in the
areas of mobility, kitchen, domestic, and leisure activities. Exercise limitation was
evaluated by a 6-minute walking test. HRQOL was measured by the disease-specific
questionnaire Chronic Respiratory Questionnaire (CRQ) (Guyatt et al., 1987). The results
showed that 46% of the subjects had a prevalence of depression. Regression analysis was
performed to determine if increased disability and poor HRQOL contributed to subjects'
level of depression. Daily activity limitation and quality of life contributed to depression,
with daily activity accounting for 34 % of the variance and HRQOL accounting for 16%
of the variance. Dyspnea scores, physiological measurement, exercise tolerance, and
demographic variables failed to predict depression. There was no relationship between
dyspnea, exercise limitation, and depression, which is not in consistent with the Jones'
model. Daily activity performance and HRQOL were associated with depression, but not
in the direction proposed by the model.
Lee and colleagues' (1991) studied the effects of depression, anxiety, and physical
status on reduced activities of daily living. Thirty patients with FE V i < 40% of predicted
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who were also on supplemental oxygen participated in the study. Depression and anxiety
was measured by the Profile of Mood States (POMS) (McNair, Lorr, & Droppleman,
1971), physical status was measured by FEVi % of predicted, and reduced activities of
daily living by the Sickness Impact Profile (SIP) (Gilson et al., 1975). The somatic
symptoms measure by the Bronchitis Emphysema Symptom Checklist (BESC) (Kinsman
et al., 1983). The results included a positive correlation between the BESC somatic
symptoms and psychological well-being, measured by the POMS (r = .58, p < .001). An
inverse relationship seen between (FEVi%) and reduced activities of daily living (r = -.41),
is not totally consistent with Jones' (1998) model. Psychological well-being and symptom
were the important factors influencing level of functioning in patients with COPD. A
regression analysis revealed that physical status, measured as a dyspnea level, and lung
function (FEVi) explained 57% of the variance in reduced activities of daily living or level
of functioning. Dyspnea alone accounted for 44% of variance. In this investigation,
reduced activities of daily living were measured but exercise limitation was not, which may
provide some explanation for the relationship identified between dyspnea and reduced
activities of daily living. The results support Jones' proposed link between depression and
anxiety and reduced activities of daily living.
Graydon and Ross (1995) tested a theoretical model by exploring the impact of
negative mood, symptoms, lung function and social support on reduced activities of daily
living in 143 patients with COPD with mean FEVi = 30.59% of predicted. The authors
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hypothesized in the model that negative mood, symptoms, lung function, and social
support had direct effects on reduced activities of daily living. Lung function, and social
support also had indirect effects through symptoms and negative mood on reduced
activities of daily living. The BESC (Kinsman et al., 1983) was used for measuring total
subjective symptoms and peripheral sensory complaints of breathlessness. The POMS was
used to measure anxiety and depression-dejection. Reduced activities of daily living were
measured with the SIP. Tension-anxiety was the most frequently experienced negative
mood for both patients who were on oxygen therapy (n = 52) and those not on oxygen
therapy (n = 91). Reduced activities of daily living was highly correlated with negative
mood and symptoms for both groups of subjects (r = .62 to l= 57 for mood, and r = .54
to r = .72 for symptom). Symptoms and negative mood were predictors of functioning.
Negative mood had a direct effect on reduced activities of daily living for patients who
were not receiving oxygen supplement therapy. Symptoms had the greatest influence on
reduced activities of daily living. The findings indicated that both subjective symptom and
mood are important factors in reduced activities of daily living. The results support the
proposed relationship between depression and anxiety and reduced activities of daily living
in the modified model (Jones, 1998) in the present study.
Depression and anxiety and negative affective trait. Negative affectivity as a trait
reflects an individual's mood and self-concept (Watson & Pennebaker, 1991). Recent
studies indicate that two broad mood factors, negative affectivity and positive affectivity.

76
are related to an individual's negative emotions. Anxiety is an essential state of high
negative affective trait and depression is a mixed state of both high negative affective trait
and low positive affective trait (Watson, Clark, & Carey, 1988). High negative affective
trait individuals are more likely to experience distress. A relationship between positive
and negative affective trait and anxiety and depression was found in a study conducted by
Watson and Clark (1988). Negative affective trait in this study was measured with the
positive and negative affective trait scale and anxiety and depression with traditional
measure (Beck Depression Inventory). The investigators anticipate that if an individual
demonstrated high negativity as a trait they would have greater overall levels of anxiety
and depression. They found that negative affective trait was associated with both anxiety
and depression, with correlation coefficients ranging from r = .22 to r = .57. Results from
this study demonstrated a moderate to strong relationship between negative affect and
anxiety and depression.
Depression and anxiety and impaired health-related quality of life. Depression and
anxiety are common consequences of COPD (Bosely et al., 1996; Gift, Plaut, & Jacox,
1986; McSweeny et al., 1982). The association between anxiety and depression and
HRQOL has become important in studying disease outcomes. A recent study (Bosely et
al., 1996) reported patients with COPD who perceived poor HRQOL were more likely to
be depressed. Applying the concepts of impairment, disability, and handicap in patients
with COPD, Morgan, Singh, and Hyland (1997) suggested that psychosocial factors, such
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as social deprivation and isolation rather than physical limitation, might be the major
determinants of HRQOL in patients with COPD. Psychological well-being was a
predictor of HRQOL.
In a study of HRQOL in chronic disease, Schlenk and colleagues (1998) compared
the impact of disease on HRQOL in individuals with COPD, with other chronic disease
problems such as urinary incontinence, prostate cancer, acquired immune deficiency
syndrome (AIDS), fibromyalgia, and hyperlipidaemia. Quality of life was defined as an
individual's appraisal of their physical and mental well-being in relation to their
expectations of life experience. The Medical Outcome Study Short Form-36 (Ware &
Sherboume, 1992) was used to measure physical and mental health dimensions of
HRQOL. The study showed that individuals with COPD had an intermediate score on
physical functioning. On perception of general health, patients with COPD had a similar
perception to patients with AIDS and urinary incontinence. The individuals with COPD
also showed a lower social fijnctioning and reported the lowest HRQOL in role-physical,
role-emotional, and mental health compared to individuals with other chronic disorders.
This study indicated that those with COPD had more severe changes in psychological
well-being and HRQOL than patients with other chronic illness, but were comparable to
patients with AIDS.
In a comparative study on HRQOL in individuals with COPD (McSweeny et al.,
1982), the results demonstrated that 42% of the COPD patients were depressed compared
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with 9% of the healthy control group. The COPD group reported more tension,
depression, confusion, fatigue, and lack of vigor compared with the healthy group. The
patients with COPD had impaired functional status mostly in recreation, home
management, and sleep and rest, followed by eating, and communication. In predicting
HRQOL, McSweeny and colleagues (1982) found that age, socioeconomic status, and
neuropsychological functioning were the most significant factors and explained 25% of the
variance in quality of life. The authors suggested that HRQOL may be significantly
affected by physical, neuropsychological, and emotional functioning, and the ability to
fulfill social roles.
As discussed earlier. Moody and colleagues (1990) proposed a model of HRQOL
and reduced activities of daily living in individuals with COPD. The model proposed that
symptoms (breathlessness, fatigue and depression) mediated the relationships among many
of the variables in the model with HRQOL and reduced activities of daily living (functional
status). Reduced activities of daily living, along with breathlessness and depression, were
the only variables proposed to have a direct effect on HRQOL. Reduced activities of daily
living in this study were measured by a Chronic Disease Assessment Tool (CDAL)
(Moody, 1988) and were significantly correlated with HRQOL (r = .49). Depression had
a direct effect on quality of life and is consistent with Jones' model. Anderson (1995)
explored quality of life, which was measured by the Quality of Life Scale. The results of
Anderson's study also showed that depression had a direct impact on HRQOL. Reduced
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activities of daily living, although measured differently than in Moody's investigation,
showed indirect effects on HRQOL through depression. The theoretical model accounted
for 53% of the variance in HRQOL. The findings of these two investigations (Anderson,
1995; Moody et al., 1990) suggest that both depression and anxiety and reduced activities
of daily living are important factors in HRQOL, but are at odds as to whether reduced
activities of daily living has a direct or indirect relationship to it. In part this is potentially
due to the use of different measures of disability.
Negative Outlook (Negative Affective Trait)
An individual's negative outlook contributes to their perception of symptoms and
health. In the present study, negative outlook is referred to as negative affective trait
(NAT). Negative and positive affects are identified as two dimensions of emotional
experience. A NAT is human trait that when manifest negatively influences an individual's
way of thinking and behaviors. A NAT is associated with increased anxiety and
depression in patient populations (Watson & Clark, 1988). People with NAT experienced
more distress and were less satisfied with their lives in general, but are not necessarily
diagnosed as depressed or severely anxious. People with positive affective trait perceive
their life more interesting and happy and have high levels of activity (Watson & Clark,
1984). Health problem can aggravate negative affective trait (Watson and
Pennebaker,1989). Chronic disease, such as COPD, may contribute to development of
high negative trait.
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Negative affective trait, impaired HROOL. and restricted activities of daily living.
In the study of the relationship between health complaints, stress, and distress and
negative affective trait, Watson and Pennebaker (1989) reported that people with negative
affective trait tended to have more health complaints than people with the positive
affective trait. People with more complaints of physical problems also tend to have a
negative affective trait, which was correlated with perception of health. People with high
negative affective trait were more likely to have a negative perception of their health and
complained of physical sensation or problems. The authors concluded that negative
affective trait was associated with increasing health complaints and physical problems.
The role of a NAT in symptom reporting and HRQOL was investigated in patients
with cancer (Koller et al., 1996) using the PANAS (Watson, Clark, & Tellegen, 1988),
and the European Organization for Research and Treatment of Cancer Quality of Life
Questionnaire (QLQ-C30) (Aaronson et al., 1991). The study found that a NAT was a
significant predictor of symptoms (B = .48, p < .0001) and HRQOL (B = .47, p < .004).
Symptoms were associated with an individual's negative affective trait (r = .65, 2 < 01).
The study results indicate that negative affectivity as a trait contributes to an individuals'
perception of HRQOL which supports the link in the modified model (Jones, 1998) tested
in the present study.
In individuals with arthritis, NAT, symptoms, activity limitation, and HRQOL were
examined (Zautra et al., 1995). The PANAS (Watson, Clark, & Tellegen, 1988) was used
to measure NAT, the Modified Health Assessment Questionnaire (Fries, Spitz, Kranes, &
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Holmaa, 1980) to measure activity limitation, and the Arthritis Impact Measurement Scale
(Meenan, Gertman, & Mason, 1980) to measure symptoms (arthritis pain). The authors
concluded that individuals who experienced more activity limitation, and symptoms
(arthritis pain) had increased NAT and reduced positive affective trait as compared with
those with low level of pain and activity limitation.
No previous studies have explored the relationships among trait negative affect,
depression and anxiety, and HRQOL in individuals with COPD. The role of a NAT plays
in relation to HRQOL needs investigation in this population. Exploration of the factors
associated with NAT and HRQOL in individuals with COPD is a contribution this
research makes.
Disability (Reduced Activities of Dailv Living)
The WHO (1980) uses disability to refer to restriction or lack of ability to perform
an activity. Limitations in both exercise performance and daily activity have been used as
definitions for functional status in pulmonary literature, which has led to some confusion.
Physical, psychological, and social functioning in daily life also have been identified as
dimensions of functional status (reduced activities of daily living) (Lareau, Breslin, &
Meek, 1996; Rubenstein et al., 1988). Multidimensional aspects of functional status
(Leidy, 1994) reportedly includes functional performance defined as the ability to carry
out physical, psychological, social, occupational, and spiritual activities. Functional
performance has been operationalized as household maintenance, movement, family
activities, social activities, work, altruistic avocation, and recreation carried out by patients
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with COPD (Leidy & Haase, 1996). For the purpose of this study, disability was defined
similarly to functional performance as a restriction in the ability to perform an activity in
the manner considered normal for a human being. The term disability (reduced activities
of daily living) is considered inter-changeable with functional status.
Williams and Bury (1989) studied impairment, disability and handicap in
individuals with chronic respiratory illness. Williams and Bury's (1989) findings showed
that patients had limited functioning in all domains of their daily life. Household
management, ambulation, sleep and rest, recreation and pastimes and work were most
affected. The results indicated that individuals with COPD had severe impairment in their
activity level. However, it is not clear the magnitude of change in HRQOL the reduced
activities of daily living may cause.
Reduced activities of dailv living and impaired health-related quality of life. Most
HRQOL measures include functional components that are not limited to role functioning.
For example, in COPD, exercise limitation makes it difficult to do many activities and
consequently, some are eliminated, but to be truly handicapped by this disease it must alter
a person's life-style in such a way as to put limits on a way of life. Many activities are
limited by virtue of having COPD but that, in and of itself, may not translate into being
handicapped. Consequently, the true benefit of the Jones' (1998) model is to separate out
the loss of function from loss of role. But the issues remain regarding measuring role and
not having loss of function serve as a surrogate. To date no study has adequately tested
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this portion of the model, in part for the measurement reasons mentioned above and also
due to the lack of clarity of the concept.
In an early study, Barstow (1974) reported major changes and restriction of style
of when living with COPD evidenced in daily living, such as bathing, dressing, eating,
sleeping and mobility. McSweeny and colleagues (1982) found that patients with COPD
had life restriction in their activities and social role performance. Schrier and colleagues
(1990) examined the relationship of somatic condition with HRQOL in elderly individuals
with COPD (N = 70). The SIP and the List of the Daily Activities (DAL) (Stewart, Ware,
& Brook, 1981) were used to assess HRQOL. Individuals with COPD were more
severely impaired in their daily functioning (DAL) when compared with individuals with
asthma. Individuals in this study demonstrated disability both in physical and psychosocial
functioning when compared with the healthy control group. Those with COPD had
limitations in sleep and rest, ambulation, communication, and emotional behavior, but at
the time of this study limitations in these activities were assumed to mean a decreased
HRQOL. But at this point, reduced activities of daily living measured simply as
alterations in activities, due to the impairment of the disease, has not been tested. A major
reason for this is the measurement confounds that exists between reduced activities of
daily living and impaired HRQOL.
Several studies have used the SF-36 to measure HRQOL in individuals with COPD
(Hajiro et al., 1999; Viramontes & O'Brien, 1994) and come to the closest clarifying the
link between disability and handicap. Mahler and Mackowiak (1995) conducted a study
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using the SF-36 to measure HRQOL in individuals with COPD to evaluate the validity of
the SF-36. Consequently, its purpose was not to test the links proposed, but the results
can add to the discussion. The Baseline Dyspnea Index (BDI) (Mahler et al., 1984) was
used to measure impact of breathlessness on function, which is essentially a measure of
impairment (exercise limitations). Patients in this study showed that the BDI was strongly
correlated with the physical functioning (r = .91), role physical (ii= .72), and general
health perceptions (r = .68) scales of the SF-36. However, the results suggest a slightly
different relationship between role, flinctioning, and impairment as seen in the high
correlation of the BDI with physical functioning and lower with role physical of SF-36.
Another study (Hajiro et al., 1999) used the SF-36 (Ware & Sherboume. 1992)
and other measures to examine the relationship of HRQOL and breathlessness. In this
study194 patients with mild to severe COPD, were categorized according to the levels of
breathlessness (mild, moderated, and severe) based on the Medical Research Council
(MRC) scale (Fletcher, Elmes, & Wood, 1959). Patients with severe breathlessness had
poorer scores on the SF-36 in the domain of physical function, social function, role
physical and emotional, mental health, vitality, and perception of general health than those
who had moderate breathlessness. The study added support to many of the other links
identified in Jones' (1998) model as modified in this study, but did not examine the links
between impaired HRQOL (role) and reduced activities of daily living (function).
This pattern is clearly seen in many other studies, in which the actual link between
reduced activities of daily living (function) and impaired HRQOL (role) is not the major
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focus of the study. Viramontes and O'Brien (1994) demonstrated that patients with
higher dyspnea severity had more functional deficits in domains of health perception,
physical functioning, physical role, and energy, but did not explore other relationships. In
another study, the relationships among reduced activities of daily living, perceived health,
social activity, locus of control, and life satisfaction in patients with COPD and coronary
artery disease (CAD) were examined (Brown, Rawlinson & Hilles, 1981). The hypothesis
was that the degree of disability negatively correlated with perceived health, and thus
perceived health positively correlated with social activity. Reduced activities of daily
living were assessed as an objective measure of health by physicians and perception of
health was reported by individuals as a subjective measure. Life satisfaction (Cantrill,
1965) was measured with "extremely satisfied" and "extremely dissatisfied" anchored at
each end. Degree of disability was assessed with Johnston's Dyspnea Classification
(Johnston, 1973) in the COPD group. The results indicated that the COPD group was less
satisfied than patients with coronary artery disease (t = 2.97, p < 0.01). Patients with
COPD reported less social activity and their perception of health was rated as poorer than
that of those with coronary artery disease. Patients with COPD were more disabled than
patients with coronary artery disease (L= 2.76, J2_< 0.01). In patients with COPD, the
degree of reduced activities of daily living was associated with perception of health and
the degree they felt they were in control of their health.
Social activity was a stronger predictor for life satisfaction in the COPD group
than in the coronary artery disease group. The COPD group reported lower social

86

activity. The results indicated that social activity was related to life satisfaction and
reduced activities of daily living was an important predictor contributing to life satisfaction
in the COPD group. These relationships explained 48% of the variance in life satisfaction
in patients with COPD, whereas only 17.4% for the patients with coronary artery disease.
The important findings of this study were that social activity was an important predictor of
overall life satisfaction and reduced activities of daily living had an impact on perception of
health and life satisfaction in patients with COPD. The breathlessness associated with
COPD and its associated limitation on social activity had a severe impact on HRQOL.
In summary, COPD has a tremendous impact on HRQOL in domains of physical
functioning, psychological well-being, and social functioning. Individuals with COPD
have more impairment in mental health compared with other patients with chronic disease.
Psychological well-being, disability, and the symptom of breathlessness have demonstrated
both direct and indirect effects on HRQOL. The literature supports many of the links
proposed in Jones' model, but many need to be examined and tested.
Summary
This chapter was a review and critique of the various models of HRQOL in
individuals with COPD that have been used. The findings from studies in attempt to
explore the relationships between variables proposed in Jones' (1998) model and HRQOL
were presented and discussed. Results of previous research have provided empirical
support for a hypothesized relationship proposed in Jones' (1998) model. Breathlessness,
depression and anxiety, reduced activities of daily living, and negative affective trait have
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shown direct impacts on HRQOL in individuals with COPD, whereas airway obstruction
and exercise limitation have shown only an indirect impact. Further testing is needed to
help examining these relationships.
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CHAPTER m
METHODOLOGY
In this chapter the secondary data analysis, research design, setting, sample,
protection of human subjects, data collection methods, and instruments are described.
The hypotheses are presented and the plan for analysis of the model is discussed.
Secondary Data Analysis
Secondary data analysis is defined as the analysis of data that the researcher "was
not responsible for collecting or data that was collected for a different problem from the
one currently under analysis" (Fitzpatrick, 1998, p. 523). Further analysis of existing data
can contribute knowledge development and enhance scientific contributions. Whether the
further exploration is through interpretations, conclusions, and knowledge from a
theoretically different perspectives or explore data beyond the substantive limitations of
the original investigation, secondary data analysis is valuable (Gleit & Graham, 1989;
McArt & McDougal, 1985).
Advantages of secondary data analysis includes cost effectiveness of both money
and time, the ability to generate hypotheses for further research, and apply different
statistical methods to analysis data are also major advantages (Fitzpatrick, 1998; Gleit &
Graham; McArt & McDougal,1985). Limitations of secondary data analysis include
issues of the fit between available data and the new hypothesized research questions,
between the conceptual definitions of variables and the instruments used in the original
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study, and the restriction of variables to those in the original data set (Brown & Semradek,
1992; Herron, 1989; McArt & McDougal,1985).
Although the data used in this study are derived from a larger study designed to
examine symptom interpretation process (Meek, 1995), similar theoretical perspectives
were used. This secondary analysis adapted Ware's HRQOL Model (1984), the Symptom
Management Model (USCF, 1994), and Jones' (1998) model as a conceptual framework,
to test a model of HRQOL and symptoms derived from Jones (1998) in individuals with
COPD. The original study used only the Symptom Management Model but as discussed
in Chapter I, the UCSF proposed model (1994) is consistent with Ware's HRQOL model
(1994). The analysis of the data contributed to knowledge development concerning
HRQOL in individuals with COPD and has allowed generation of different hypotheses in a
cost effective way.
Research Design
This study was a secondary data analysis using cross-sectional data from a
longitudinal repeated measures design of the "Examining the Symptom Interpretation
Process" project funded by the National Institute of Nursing Research (Meek, 1995). The
original investigation was designed to investigate how individuals evaluate their symptoms
using breathlessness as the symptom of interest. The concepts examine in this
investigation were obtained at the initial measurement point, but includes only those
relevant to the model testing.
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This investigation is a correlational descriptive design to test the model proposed.
Multiple regression (James, Mulaik, & Brett, 1982) was used to explore relationships
between hypothetical concepts. The relationship between the variables proposed in the
model was operationalized using what measures were available in the original
investigation.
Setting and Sample
The sample for the original study included health subjects, those with asthma and
COPD (Meek, 1995), but only data from the COPD subjects are used in this study. The
original sample was drawn from communities and pulmonary rehabilitation clinics in the
Southwest, United States and a large Veteran's Administration medical center on the West
Coast. Individuals were recruited in several ways including direct contact by their health
care provider, newspaper, television, and radio advertise, as well as flyers distributed at
various community centers.
A total available sample of 58 subjects with a medical diagnosis of COPD,
specifically chronic bronchitis or emphysema, was obtained. The original criteria for
inclusion of COPD subjects defined the sample for this investigation and were;
1. Clinical diagnosis of COPD with a forced vital capacity to forced expiratory
volume in one second ratio (FEVi/FVC) less than 65% or forced expiratory
volume in one second (FEVi) values less than 65% of predicated;
2. 40 years of age or older;
3. Able to read and speak English;
4. Without hospitalization or emergency room visits in the last 6 weeks, or
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history of uncontrolled congestive heart failure;
5. Without recent history of alcohol or drug use, or mood altering drug use; and
6. Self-reports breathless episodes 2-3 times a week.
Original Study Procedures
Individuals who met the criteria were recruited though telephone contact, with a
verbal explanation of the research and a baseline visit scheduled. At the baseline visit, a
verbal explanation of the study procedures was given after which spirometric testing was
conducted to confirm the presence and severity of the COPD. If the subjects meet the
criteria of pulmonary function impairment measured by FEVi percent of predicted they
continued in the study. Demographic information was obtained and other breathing tests
were conducted as part of the larger study. Age, gender, income, educational level, work
status, and number in household were the general demographic variables gathered in the
original investigation and were used to describe the sample. Other general health
characteristics including number of years since diagnosis, pulmonary medications used,
number of hospitalizations or emergency room visits, spirometry values, and
breathlessness levels were obtained in the original study. These values were reported in
this investigation to allow comparison of this sample with common characteristics of the
COPD population, to determine generalizability. The setting for data collection was both
in a university research lab and in pulmonary rehabilitation clinics.
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Subjects were given several questionnaires to take home, five of which were used
in this analysis. The questionnaires used were the Baseline Dyspnea Index (BDI) (Mahler,
Weinberg, Well, & Finstein, 1984), Bronchitis-Emphysema Symptom Checklist (BESC)
(Kinsman et al., 1983) (Appendix C), Positive and Negative Affect Scale (PANAS)
(Appendix C), Pulmonary Functional Status and Dyspnea Question (PFSDQ) (Lareau,
Carrieri-Kohlman, Janson-Bjerklie, & Roos, 1994) (Appendix C), and Medical Outcomes
Study Short Form (SF-36) (Ware & Sherboume, 1992) (Appendix C). The subjects were
asked to complete the questionnaires on the same day testing was conducted and mail
them back to the investigator within two days. A daily journal containing two visual
analogue scales (VAS) (Appendix C) was also given to the subjects to take at home over
the next 14 days to record breathing distress and amount of eflfort. Subjects were asked to
mail the VAS forms back at the end of the two weeks.
Protection of Human Subjects
The original and this study were approved by the Human Subjects Committee of
the University of Arizona (Appendix A). Permission to use the data for analysis was
obtained from Dr. Paula Meek, the principal investigator of the original study (Appendix
A). In the original investigation, informed consent was obtained by mailing the subjects a
consent form before the baseline visit. This was followed by a verbal explanation and
questions being answered at the baseline visit when the consent form was signed
(Appendix B). Assurance of confidentiality, anonymity, and the right to withdraw fi-om
the study at any time were explained both in writing and verbally. At the outset of
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participation, the subjects received $10.00 as a small compensation for their time.
Instruments
Each concept of the model measured at the operational level is listed in Table 2.
The procedures for obtaining each measure and the reliability and validity of the
questionnaire are presented.
Vitalograph alpha 1 ® Spirometer
Vitalograph alpha 1 © Spirometer was used as an objective measure of pulmonary
function according to guidelines established by the American Thoracic Society (ATS,
1995c). The value used in this analysis was forced expiratory volume in one second
percent of predicted (FEVi %). The spirometer met the criteria for accuracy of the
equipment. The spirometry was calibrated using 3-liter standardized syringe before each
test to ensure accuracy.
Techniques of testing are essential for accuracy of the measurement (Clausen,
1996). Spirometric testing was conducted in the research lab or rehabilitation clinic. In all
settings the same procedure was followed where by a subject sat in a chair with a nose clip
on and was instructed to inspire as big a breath as possible and then to blow out into a
mouthpiece maximally and as quickly as possible. This maneuver was repeated three times
to assure a variation on tracings less than 5%. The greatest volume obtained was used in
the testing record. Subjects were required to repeat the procedure if a cough or leak
occurred. Consequently, the greater the FEVi %, the greater pulmonary function.
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Table 2
Operational Variables bv Concept
Concept

Operational Variable

Airway Obstruction

Spirometry Measures Forced Expiratory Volume in one
Second, (TCVi)

Breathlessness

Distress and Effort
ofbreathing

Visual Analogue Scale (VAS-D,
VAS-E)

Exercise limitation

Impact of Dyspnea

Baseline Dyspnea Index (BDI)

Anxiety and Depression

Anxiety and
Depression

Anxiety, Helplessness/Hopelessness
Subscales of the Bronchitis
Emphysema Checklist (BESC-A,
BESC-HH)

Positive and Negative
Affects

Negative Affective
Trait

Negative Affect Subscale of the
Positive And Negative Affect
Scale (PANAS-N)

Reduced Activities of
Daily Living

Activity Change

Activity Subscale of the Pulmonary
Functional Status and Dyspnea
Questionnaire (PFSDQ-Act)

Impaired HRQOL

Health Related
Quality of Life

Physical and Mental Component
Scores/ Medical Outcomes Study
Short Fonn-36
(SF-36: PCS, MCS)

Subscale/Scale
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The Vertical Visual Analogue Scale fVAS)
The VAS (Aitken, 1969) used in the daily journal consists of a horizontal or
vertical lines from 0-100 millimeter with either the anchors "no distress" to "greatest
possible distress" or "no effort" to "greatest possible effort," with higher scores indicating
more distress and effort. Subjects were instructed to make a mark across the line that
indicated their distress and effort associated with breathing on the VAS. The VAS score
was obtained by measuring the distance from one end of the scale (at zero point) to the
subjects' mark on the line. The vertical version of the VAS for distress and effort were
obtained daily, with individuals instructed to obtain the measure at the same time each day
with in a range of one half hour. Both Distress (VASD) and Effort (VASE) were used
in this model testing as the operational variable for breathlessness.
Reliability. The test-retest reliability of the VAS has been reported in the literature
(Adams, Chronos, Lane, & Guz, 1985; Gift, 1989; McCormack, Home, & Sheather,
1988; Miller, Daron, & Ferris, 1993; Wilson and Jones, 1989). In the studies conducted
by Folstein & Luria (1973) and Luria (1975), found the VAS had test-retest reliability
when the VAS was used to measure sensation over a short-term period (48 hours and 2
hours). In the measurement of breathlessness induced in normal subjects (Adams et at.,
1985), subjects quantified the intensity of breathlessness using the VAS that was
reproducible over a period of one week and one day. Wilson and Jones (1989) found, by
comparing the VAS and modified Borg scale (Borg, 1982) for the measurement of
dyspnea during exercise, the VAS scale was reproducible.
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The VAS has demonstrated good psychometric properties in a variety of studies
measuring subjective experience. The VAS has been used successfully to measure
breathing distress and efforts in patients with pulmonary diseases and normal subjects
(Gift, 1989; Gift et al., 1986; Muza et al., 1990; Wilson & Jones, 1989). The reliability of
the VAS has also been established in individuals with breathlessness (Brown, Carrieri,
Janson-Bjerklie & Dodd, 1986; Gift, Plaut, & Jacox, 1986; Gift, 1989; McCord & CroninStubbs, 1992). Gift (1989) reported that the vertical VAS was highly correlated with the
horizontal VAS (r = .97) and was easier to understand.
Validity. Concurrent validity was measured by examining scores on VAS and its
correlations with the horizontal VAS and peak expiratory flow rate (PFER) (Gift, 1989).
The correlation between the vertical VAS and the PEFR was r = -.85. Brown and
colleagues (1986) reported the Grade of Breathlessness Scale (GBS) was correlated with
the horizontal VAS (r =.70, p < .01). Furthermore, when breathing effort was tested in
patients with COPD, Muza and colleagues (1990) found that the horizontal VAS was
closely associated with the Borg category scale (r = ,92. q < .002).
Construct validity was assessed in both individuals with COPD and asthma by Gift
(1989). Both groups rated their dyspnea on the vertical VAS during a time of acute
obstruction (PEFR less than 150 liters per minute) and during mild obstruction (PEFR
greater than 150 liters per minute). There was a significant difference on the VAS scores
in both COPD and asthma groups. The VAS whether horizontal or vertical has
demonstrated good construct validity as a measure of dyspnea in acute and chronic
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patients.
The Baseline Dyspnea Index (BDI^
The BDI is a measure of the impact of dyspnea on the components of functional
impairment, magnitude of physical effort and magnitude of task (Mahler et al., 1984).
The BDI evaluates the impact of dyspnea and was used in this investigation to measure
patients' impairment (exercise limitation). Each component has a score from 0 (severe) to
4 (no impairment). A sum of the total scores (ranging from 0 to 12) of the three
components was obtained, with lower scores indicating more severity of breathlessness
impacting on function. The patient was asked about their experience of dyspnea and
based on the criteria and intensity of dyspnea the observer evaluated the patient's degree
of impairment. In the original investigation, the procedures were modified such that the
categories were printed for the subject to review and in conjunction with investigator the
subject selected the level within each component that best described level of impairment.
Reliability. The original version of the BDI was assessed for inter-rater reliability
as evaluated by pulmonary technicians, patients, and physicians using percentage
agreement and kappa (Kw). The results indicated that agreement was 92 percent and
weighted kappa was .70 for the BDI (Mahler et al., 1984). Guyatt and colleagues (1985)
evaluated test and retest reliability in 43 patients at six times within two weeks. They
reported acceptable test-retest reliability on the BDI at six times. Thus, test-retest
reliability has been satisfactory for measuring dyspnea. Also early evaluation of the

98
BDI's internal consistency reliability in this sample using Cronbach's alpha was found to
be acceptable (a = .77).
Validity. The EDI was developed by medical experts and content validity has been
established (Mahler et al., 1984). The concurrent validity of the instrument has been
examined using different methods to evaluate the impact of dyspnea or limitations in
exercise performance. The correlations among the EDI, the Oxygen-Cost Diagram
(OCD) (McGavin, 1978) and the World Health Organization measure, which is the
Medical Research Council instrument (MRC) (Rose & Blackburn, 1968) that relates the
impact of dyspnea on activities in patients with various respiratory and cardiac diseases,
demonstrated significant results (ranging from r = .59 to r = .73) (Guyatt, Thompson,
Berman, 1985).
The BDI has also demonstrated correlations with physiological measurements of
FEVi (r = .41, p < .01) and FVC (r = .56, E

^0- Mahler and colleagues (1989) further

demonstrated the concurrent validity of the BDI with the MRC, OCD in patients with
COPD and interstitial lung disease (MRC vs. OCD, r = -.80; MRC vs. BDI, r = -.87; and
OCD vs. BDI, r = .70). All of these instruments are seen as measuring the degree of
impairment associated with dyspnea (ATS, 1999a). But most important to this
investigation is that the BDI has been shown to be highly related to exercise limitation
measured with 12-minute walking distance (r = .60, p < .01) a common measure of
exercise limitation (Malher et al., 1984). This finding was confirmed by Wegner and
colleagues (1994) who showed the BDI was significantly correlated with exercise
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performance measured with a 6-niinute walking distance test (r = .54, p < .0001) in 62
patients with severe COPD. Consequently, the BDI was used in this investigation as a
self-report measure of exercise limitation that is closely related to physical measures such
as the walk test.
The Bronchitis-Emphysema Svmptom Checklist (BESC)
The BESC (Kinsman et al., 1983) is a 73-item questionnaire measuring symptoms,
sensations or feelings associated with an episode of dyspnea. The BESC has 11-symptom
categories that arose out of interviews with patients with COPD. The categories include
dyspnea, fatigue, sleep difficulties, congestion, irritability, anxiety, decathexis,
helplessness/hopelessness, poor memory, peripheral-sensory complaints, and alienation.
The BESC items are evaluated on a five-point scale based on fi^equency of occurrence,
with "never", scored 0, and "always", scored 5, used as anchors. Higher scores indicate
greater fi-equency of occurrence. In this investigation, the anxiety (BESC-A) and
hopelessness/helplessness (BESC-HH) subscales of the BESC were used to operationalize
the construct of diminished psychological well-being. Helplessness/hopelessness can be
viewed as depressive feelings identified by the patients, which is associated with episodes
of breathlessness although it is not an optimal measure of depression. The same would
also be true for the anxiety subscale. While both of these subscales may fall short of the
construct, they do provide a measure of feelings and emotions associated with the
symptom in question that are associated with diminished psychological well-being.
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Reliability. The internal consistency reliabilities and intercorrelations of the
categories indicate that each symptom category is highly reliable with Cronbach's alphas
of .81 to .94 with BESC-A; a=.90; and BESC-HH: a =.91 demonstrating strong internal
consistency (Kinsman, Yaroush et al., 1983).
Validity. Construct validity was evaluated by examining difference among
subgroups of patients by sex, age, disease type, pulmonary functions, blood gas levels and
functional classification of emphysema (Kinsman et. al., 1983).

Results indicate that

women reported higher scores on the BESC-A and BESC-HH thaamen, which is
consistent with results obtained with other more common measures of depression and
anxiety. Arterial blood gas level was obtained and patients were divided into hypocapnea
groups; normal, mild hypercapnea; and moderate hypercapnea. It was found that patients
with more hypocapnea reported higher scores on the BESC-A, indicating more anxiety,
which is consistent with increased carbon dioxide levels.
Additional analysis over individuals were grouped by degree of physical
impairments and demonstrated that there were statistically significant diflferences in the
report of BESC-A and BESC-HH. The results showed a difference in the BESC-HH (F =
8.31, 2 < .01), and the BESC-A (F = 3.51, p < .01), comparing patients with severe
physical impairment compared to those with less impairment, as subjects with severe
impairment had greater feelings of helplessness and anxiety. The BESC-A and BESC-HH
appear to have some evidence of construct validity as seen in these known group tests.
Consequently, these measures, while not optimal, are reasonable indicators of diminished
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psychological well being in individuals with COPD.
Positive and Negative Affect Scales
The Positive and Negative Affect Scales (PANAS) measures two dimensions of
attitude. In this investigation, only Negative Affect (PANAS-N) was used. Negative
Affect measures an individual's subjective distress, anger, contempt, disgust, guilt, fear,
and nervousness. The PANAS-N is a Likert scale consisting of 10 items with 1 indicating
"very slightly" or "not at all"; 2 "a little"; 3 "moderately"; 4 "quite a bit"; and 5
"extremely". The subjects were asked to rate their negative affect feelings and emotions in
general, the trait version of the PANAS. A total summative score is computed for
negative scale, the lower the score, the less negative affective trait detected. Low scores
on negative affective trait are related to depression and anxiety (Watson, Clark, &
Tellegen, 1988). While the PANAS negative affective trait is related to diminished
psychological well-being in general, the times are different and reflect more a general
tendency to view things negatively.
Reliabilitv. The alpha reliability has been tested in college students but has not
been used in the COPD population. Cronbach's alpha coefficient for PANAS-N ranged
from .84 to .87 (Watson, Clark, & Tellegen, 1988). Test-retest reliability was conducted
in 101 undergraduates, with the PANAS readministered after an eight-week interval. The
correlation coefficients were from r = .39 to .71 for PANAS-N. Initial examination of the
PANAS-N in this sample has revealed excellent internal consistency (a = .92).
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Validity. Factorial validity was evaluated by subscale (Watson , Clark, & Tellegen,
1988), by performing factor analysis from which two dominant factors emerged. The
PANAS-P and PANAS-N factors together accounted for 68.7% of the common variance
in the scores. Construct validity was examined through correlations with measures of
distress and depression. The PANAS-N was correlated with the Hopkins Symptom
Checklist (HSCL) (Derogatis et al., 1974) (r = 74), which measures general distress and
dysfunction; the Beck Depression Inventory (BDI) (r =.58) (Beck et al., 1961), and the
State-Trait Anxiety Inventory State Anxiety (A-State) (Spielberger et al., 1970) which
measures current affect (r = .51). The scales have demonstrated internal consistency and
acceptable levels of construct validity.
Pulmonary Functional Status and Dsypnea Questionnaire (PFSDQ)
The PFSDQ, developed by Lareau and colleagues (1994), measures intensity of
dyspnea with activity changes in patients with COPD. The PFSDQ is a 164-item
questionnaire that measures two dimensions; dyspnea intensity with activity and changes
in activities that have occurred since the person has had breathing problems. The changes
in activity scale (PFSDQ-Act) was used to measure the construct of disability.
The PFSDQ-Act consists of 79 activities of daily living scored relative to the
changes subjects have experienced in performing those activities since the onset of disease.
Daily living activities was evaluated based on activities subjects had performed Those
activities that were less performed (10%) were deleted from the subscale, and in the
present study 21 activities of daily living were eliminated form the PFSDQ-Act. The
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activities include four subscales; self-care/mobility, eating, home management, and social
and recreational. A Likert scale is used with I indicating as "active as I've ever been", and
10 indicating "have omitted entirely". A score of 1 to 3 is considered as "minor change";
4 to 6 is "moderate change"; 7 to 9 is "extreme change", the higher the score the more
change or disability experienced. The original scaling of the PFSDQ-Act was 0 to 7, but
tliis was recently changed to the current 0 to 10 scoring. Early testing reported here is
with the original scaling.
Reliabilitv. Reliability of the instrument was tested in a sample of male with
COPD. The total coefficient alpha for both the dyspnea and PFSDQ-Act was .91.
Cronbach's alpha for the PFSDQ-Act subscales ranged from .88 to .94 (old 0 to 7 scales).
Recent testing with the 0 to 10 scale has revealed a similar range of alphas ranging from
.86 to .94 (S. Lareau, personal communication. May, 2000).
Validitv. Content validity was reviewed by an expert panel of pulmonary clinical
specialists. After the pilot testing, the rating scale was modified and the scale was
reviewed by physical therapists and occupational therapists in pulmonary rehabilitation
program and content validity was established.
Construct validity was assessed in a study on effect of nortriptyline in depressed
patients with COPD (Borson et al., 1992). The scores of the PFSDQ-Act were
significantly changed after the patients received nortriptyline treatment compared with
the placebo group (p = 0.04). The use of the Sickness Impact Profile (measures
functional status) had the same improvement as the PFSDQ-Act (p<.02) (Borson et al..
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1992).
Construct validity of the PFSDQ was assessed by Lareau and colleagues (1994) by
categorizing patients into two subgroups; severe and mild impairment based on selfreports of impairment. The number of the activities rated greater than 6 (6 = extreme
change, 7 = omitted entirely) on the PFSDQ-Act was categorized into severe impairment,
and those who rated less than 6 were categorized into mild impairment. Patients with
higher PFSDQ-Act scores had significantly greater airway obstruction and lower exercise
tolerance (12- minute walk) than those who had lower scores (Lareau et al., 1994).
The Medical Outcome Studv Short Form fSF-36') Health Survey
The SF-36 consists of two major constructs: physical health and mental health
components, with eight health concepts represented by 36 items. Physical Component
Summary (PCS) includes; 1) physical functioning, 2) role physical, 3) bodily pain, and 4)
general health perception. Mental Component Summary (MCS) includes; 1) vitality, 2)
social functioning, 3) role emotion, and 4) mental health. Physical functioning consists of
10 items with scaling ranging from severe to minor physical limitations due to health
problems. Role functioning has 11 items, includes role physical, role emotional and mental
health. Role functioning measures role limitation due to physical and mental health
problems. Bodily pain has two items and measures the degree of interference caused by
pain. General health perception consists of five items and measures health in general and
changes in health status. Vitality measures the impact of disease on energy level and
fatigue with four items. Social functioning measures the impact of health problems on
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social activities with two items. Mental health is a five-item subscale measuring different
general emotional dimensions (Ware & Sherboume, 1992).
The SF-36 uses Likert scaling for summated ratings scales. Each subscale score is
transformed firom the normal scaling to a 0 to 100 standardized score, with higher scores
indicating positive health status, a better quality of life. The SF-36 scales are normed
using means and standard deviations and aggregated using weights. T-score
transformations are used for the aggregated Physical Component Summary (SF-36-PCS)
and Mental Component Summary (SF-36-MCS) scores to achieve a mean of 50 and a
standard deviation of 10 in a given general U. S. population (Ware, Snow, & Kosimski,
1993). The SF-36 can be self-administrated, computerized administrated, or administered
by investigator interviews in person or by telephone. It takes five to ten minutes to
complete the questionnaire (Ware & Gandek, 1994). The SF-36 was used in this
investigation to operationalize handicap. Both the SF-36 PCS and MCS were used as the
instrument developer does not support use of a total score. Consequently, all proposed
relationships to handicap were tested using both the PCS and MCS of the SF-36.
Reliability. Reliability was evaluated in a large sample (N = 3,445) of diverse
patients. The SF-36 demonstrated good internal-consistency reliability with alpha
coefficients on the components ranging fi-om general health (a =.78) to role physical (a
= 93) (McHomey, Ware, Rachel, & Sherboume, 1994). After rewording six items.
Brazier and colleagues (1992) reported alpha reliability of the SF-36 with 187 patients
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(a = 73 to .96). Test-retest coreelations were examined with the reliability of the
components ranged from r = .60 to r = .81 (p < .05) (Brazier et al., 1992).
In patient groups (N = 3,445), the alpha coefficients ranged from .89 to .94 for the
PCS and .84 to .91 for the MCS . In the U. S. general population, the coefficients ranged
from .90 to .94 for the PCS, and .85 to .89 for the MCS (Ware, Kosinski, & Keller,
1994). The SF-36 has been used in a sample with COPD by Prieto and colleagues (1997),
for which they reported alphas of .55 to .92.
Validity. Validity has been established for the SF-36 (McHomey, Ware, &
Raczek, 1994). Construct validity has been examined by Mahler and Mackwiak (1995)
with the Baseline Dyspnea Index (BDI) (Mahler et al., 1984) in individuals with COPD.
Correlation coefficients between the BDI and physical functioning, role-physical, vitality,
and general health perception subscales of the SF-36 were strong to moderate ranging
from .42 to .91. Construct validity was partially supported through factor analysis, in
which the physical and mental components accounted for 56% to 82% of the total
variance (McHomey, Ware, Raczek, 1994).
Convergent and discriminate validity were also evaluated (Prieto et al., 1997)
using the SF-36 and Nottingham Health Profile (NHP) (EGQOL, 1993) to measure
HRQOL in patients with COPD (N = 321) with Multitrait-Multimethod matrix (Campbell
& Fiske, 1959). Convergent validity was established with higher correlations among
measures of the same trait with a coefficient of .63, which indicated good convergence.
Discriminant validity was supported by lower correlations with scales that with measure
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of other traits. Discriminant validity was estimated in patients with severe level of lung
functional impairment (Prieto et al., 1997). The researchers compared the SF-36 and the
NHP with clinical indicators of dyspnea and % FEVi. Correlations of FEVi were higher
with physical functioning of SF-36 than with mental functioning. The SF-36 has
demonstrated good psychometric properties in a general population, clinical patients, and
in patients with COPD (Harper, 1997; Jones & Bosh, 1997; Poole, Bagg, Brodie, &
Black, 1997; Prieto, Alonso, Ferrer, & Anto, 1997).
Research Question and Hvpotheses
Research question and hypotheses addressing relationships in the model are stated
in this section.
Research Question
The research question for this study is: Does the proposed model explain the
relationship among airway obstruction, breathlessness, exercise limitation, depression and
anxiety, negative affect, reduced activities of daily living, and impaired HRQQL in
individuals with CQPD?
Hypotheses Addressing the Relationships in the Model
Hypothesized relationships are based on the proposed relationships in the model
(Figure 10). The hypotheses are organized by the staging of the dependent variables in the
model.
I. The level of breathlessness is negatively impacted by the degree of airway
obstruction (pulmonary function).
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2. The degree of exercise limitation is positively impacted by the level of
breathlessness.
3. The level of depression and anxiety is positively impacted by the level of
breathlessness and degree of exercise limitation.
4. The negative affective trait positively impacted by the level of depression and
anxiety.
5. The level of reduced activities of daily living is positively impacted by negative
affect, the level of depression and anxiety, and the level of exercise
limitation.
6. Impaired HRQOL is positively impacted by the degree to which activities of
daily living were reduced, negative affective trait, and the level of depression
and anxiety.
Data Analysis Plan
In this investigation, the impact of various variables on HRQOL was examined.
The research question focused on direct and indirect effects of airway obstruction,
breathlessness, exercise limitation, depression and anxiety, negative affect, and reduced
activities of daily living on outcomes of life-style restriction in individuals with COPD.
Table 3 outlines the analysis steps that were taken in order to test the model.
The internal consistency reliability of the instruments used was examined for this sample
using Cronbach's alpha coefficients. Descriptive statistics were used to describe the
sample. The influence of different study variables on HRQOL was examined using

110
Table 3
Analysis Plan
Step

Analysis

Variables

Criteria

Reliability
assessmentCronbach's Alpha

All appropriate scales by subscales
(BDI, BESC, PFSDQ, SF-36)

a> .80

Descriptive statistics

All variables and demographic information
(including age, gender, disease severity
and history)

NA

Correlational
Analysis

All proposed model variables

R> .20

Regression Analysis
(Method: Enter)

All variables
1. Model testing of hypothesized
relationships examined
2. Alternative model testing of
exploratory relationships examined
3. Calculate model differences in
overall explained variance;
R^=l-(l-R^)...(l-R^n)
4. Test the models;
(1-R'jc)
(1-R^oc)
5. Calculate Chi-Square distribution;
W = - (N - d) logc

Note, a = Cronbach's alpha; rj= correlation coefHcient;
BESC-A= AxLxiety subscale of the Bronchitis Emphysema Checklist;
PFSDQ = Pulmonary Function Status and Dyspnea Questionnaire;
SF-36= Medical Outcomes Study Short Form-36;
Q = Measure of goodness of fit of the over-identified model;
R" jc = Just-identified model;
R* oc = Over-identified model
d = the number of path coefiicients theorized to be zero in the over-identified model;
W = Chi-square distribution.
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multiple regression procedures, testing effects of independent variables on dependent
variables hypothesized in the model.
For the purpose of model testing, certain variables were recoded to align the score
wdth the HRQOL instrument. The VAS, BDI, BESC,PANAS, and PFSDQ were all
reverse coded such that lower scores indicate worse or more of the concepts measured.
Theoretical Assumptions
Regression analysis used to test a model requires the theoretical assumption that
the model is correctly specified and relationships among variables in the model are linear
and causal (Pedhazur, 1982). According to Ferketich and Verran (1990) and Youngblut
(1994), the causal relationships in the model and the directions of the effects specified in
the model and the linkage of the model must be supported by theory or empirical data.
The hypothesized model in the study was based on findings of previous research, which
was considered adequate for the theoretical assumption of multiple regression.
Screening Correlation Analysis
Correlational analysis was used to screen the variables in relation to the proposed
direct and indirect relationships. Correlation coefficients must reach .20 for any
relationship to be examined using regression analysis. The coeflRcient value of .20 was
chosen as it has been suggested by Cohen (1988) to reflect a small effect size or
relationship, which is considered a minimal level to justify examination.
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Multiple Regression
A multiple regression was performed. The prediction equation in multiple
regression analysis is the dependent variable Y == a + biXi + b2X2+.. bkXt + e, where a is
the intercept, b is regression coefficient representing the relationship between a dependent
variable and its predictor variables, X is the raw score of independent variable and e is
error term (Pedhazur, 1982).
Multiple regression analysis is based on theoretical considerations that allow the
researcher to control the entry order of independent variables in the model (PoUt, 1996).
Each step of analysis and the variables entered in the regression are presented in Tables 4
and 5. The statistically significant alpha value is set at p_< 0.10 for the purpose of testing
the theoretical model.
According to Ferketich and Verran (1990), a model testing using multiple
regression consists of two steps. The first step is to examine hypothesized relationships
and the second step is to examine exploratory relationships in the model. Both model
testing of hypothesized relationships and alternative model testing of exploratory
relationships was performed. Testing of the hypothesized relationships examining the
direct paths in the model, or the effects of independent variables on dependent variables
(Ferketich & Verran, 1990), is the value of the path coefficient that link. Testing of an
alternative model of exploratory relationships is to test both direct and indirect paths in the
model. An indirect effect is when the effect of "one variable on another as perceived
through an intervening variable" (Ferketich & Verran, 1990, p. 131). The indirect effects
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Table 4
Regression Equations to Test Hypothesized Relationships in the Model
Step

Dependent Variables

Independent Variables

Breathlessness
(VAS-D,VAS-E)

Airway Obstruction
(FEV, & FVC)

Exercise Limitation (BDI)

Breathlessness

Anxiety and Depression
(BESC-A, BESC-HH)

Breathlessness,
Exercise Limitation

4

Negative Affective Trait
(PABAS-N)

Anxiety and Depression

5

Reduced Activities of Daily Living
(PFSDQ-Act)

Negative Affective Trait,
Anxiety and Depression,
Exercise Limitation

6

Impaired HRQOL
(SF-36: PCS, MCS)

Reduced Activities of Daily Living,
Negative Affective Trait,
Anxiety and Depression
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Table 5
Regression Equations to Test Exploratory Relationships in the Model
Step
1

Dependent Variables

Independent Variables

Breathlessness
(VAS-D,VAS-E)

Airway Obstruction
(FEVi & FVC)

Exercise Limitation (BDI)

Breathlessness,
Airway Obstruction

3

Anxiety and Depression
(BESC-A, BESC-HH)

Exercise Limitation,
Breathlessness,
Airway Obstruction

4

Negative Affective Trait
(PABAS-N)

Anxiety and Depression,
Exercise Limitation,
Breathlessness,
Airway Obstruction

Reduced Activities of Daily Living
(PFSDQ-Act)

Negative Affective Trait,
Anxiety and Depression,
Exercise Limitation,
Breathlessness,
Airway Obstruction

Impaired HRQOL
(SF-36: PCS, MCS)

Reduced Activities of Daily Living,
Negative Affective Trait,
Anxiety and Depression,
Exercise Limitation,
Breathlessness,
Airway Obstruction
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are the path coefficients for the direct links plus multiplied coefficient of the indirect links.
In this study, the model of hypothesized relationships is referred to as the overidentified model and the model including the exploratory relationships is referred to as the
exploratory (just-identified) model. The exploratory (just-identified) model has all
known parameters to be estimated or all possible. An over-identified model has removed
some of the possible parameters in favor of the hypothesized ones (Ferketich & Verran,
1990). Examination of the difference in the explained variance between the over specified
and just-identified models was performed to determine which model best explains the
relationships. As described in Table 3, model testing of the over-identi^fied model
compared to the exploratory (just-identified) model was performed by calculating Q value.
The closer the Q value to 1.0, the more the over-identified model explained relationship
test with the data. The Chi-square distribution (W) was to test the null hypothesis of no
difference between the over-identified model and the just-identified model. Rejection of
null hypothesis indicates that there is a significant diflFerence between the two models
(Ferketich & Verranc, 1990).
Summarv
A correlational descriptive research design was used to investigate health-related
quality of life in patients with COPD. The inclusion criteria and characteristics of the
sample of 58 were described. The protection of human subjects and data collection
method was discussed. Reliability and validity of the instruments used in the study were
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presented. Multiple regression analysis was used in the data analysis.
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CHAPTER IV
RESULTS OF ANALYSIS OF DATA
The results of data analysis are presented in this chapter. The findings are
presented in four sections; 1) a description of the sample, 2) the results of the
psychometric testing, 3) the testing of hypothesized model paths, and 4) alternative model
testing. Tables and Figures are presented in Appendix D.
Description of Sample
Characteristics of Sample
Sixty individuals with COPD participated in phase II of the original study (Meek,
1995), but only 58 subjects had completed all portions of the questionnaires. The age of
the sample (N = 58) (Table 6) ranged from 55 to 88 with a mean age of 70.2 years (SD =
8.28). Thirty-four (59%) were male and twenty-four (41%) were female, and all were
Anglo. Forty-three (79.6%) were retired and eleven (20.4%) were working. Other
characteristics of the sample, including level of education, income, and number in the
household, are presented in Table 7. The participants were generally well educated, with a
modest income between $10,000 and $40,000 per year, and did not live alone.
General Health Characteristics
General health status was determined by subjects' reported of number of years
with this diagnosis, types of medications used, emergency department visits, and number
of hospitalizations over the last year. The average years since diagnosed with COPD was
15 .53 years (SD = 16.39). Approximately 97% of the subjects used a bronchodilator
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inhaler (Beta 2 agonist or anticholinergic type) and 74.1% used two or three different
kinds of inhalers. Predinsone was taken by 16.3% of subjects. Twelve (21%) subjects
were on continuous supplemental oxygen therapy. In the year prior to data collection,
about 28% of subjects had at least one emergent visit to either their doctor or an
emergency or urgent care facility, and 1.7% were hospitalized due to breathlessness.
Pulmonarv Function and Level of Breathlessness
Subjects had a moderate to severe airflow obstruction as evidenced in the forced
expiratory volume in one second percentage of predicted (FEVi%) values obtained (Table
8). Subject reported a mild to moderate level of shortness of breath experienced on most
days rM = 4.87, ^ = 1.90). The average number of breathlessness episodes on most
days that subjects reported was 4.81 (SD = 1.91) with a range from 0 to 30. The mean
level of breathing distress was 29.52mm (SD = 19.85), with breathing effort slightly higher
at 32.45mm (SD = 20.23) on the Visual Analogue Scale VAS.
Reliabilitv of the Instruments
This section reviews reliability of the instruments used in this study (Table 9). The
internal consistency was assessed by Pearson Product Moment item to total correlations
(r) and the standardized Cronbach's alpha coefficient (a) (Nunnally, 1978). The criteria
for corrected item to total scale correlation was set between the range of r =
.30 and r = .70 (Nunnally, 1978). An alpha coefficient greater than .80 is considered
adequate for internal consistency for established scales (Nunnally, 1978). Intraclass
correlation procedures were used to determine stability of the VAS as an estimate of the
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reliability.
Visual Analogue Scale fVAS)
The intraclass correlation (ICC) was used to test for stability of the VAS across
the 14 days. The ICC was .96 for breathing distress and .94 for effort. The mean score of
the fourteen days for breathing distress and effort of the VAS was then used to further test
the measurement of breathlessness. Discriminant validity of the VAS distress and effort
(whether the two scores were different) was tested using a paired t-test. The mean scores
of breathing distress and effort were statistically different (t = -.37, p <.001) indicating
that the two VAS scores appear to measure two different aspects of breathlessness.
Based on this result the breathing distress and effort mean scores were averaged and used
in the remainder of the analysis. The mean breathlessness average score was 30.99 mm
(SD = 19.82).
Baseline E>vspnea Index (BDH
The concept of exercise limitation was measured by the BDI. The BDI had a mean
of 5.38 (SD = 2.71) with a score of 12 the highest possible, indicating mild to moderate
impairment. The corrected item-to-total correlations ranged from r = .47 to r =.68, which
fell into the range of acceptability for corrected item to total correlation. The
Cronbach's alpha coefficient was .77. According to Nunnally (1978), the reliability
coefficient is based on average inter-item correlations and the number of items of an
instrument, and thus a short test (three items) can result in low reliability coefficient.

120
Bronchitis Emphysema Symptom Checklist (BESO
Helplessness/hopelessness and anxiety subscales of the BESC were summed to a
total score to measure the concept of depression and anxiety, and the reliability analysis
was done on the combined scales (10 items). The mean scale score was 25.36 (SD =
9.45) out of possible high score of fifty. The corrected item to total correlation ranged
between r = .66 to r = .84. The Cronbach's alpha coefficient was .94, well above the
minimum criteria.
Positive and Negative Affect Scale (PANAS)
The negative aflfect subscale (NAS) of the PANAS was used to measure negative
affective trait. The NAS contains 10 items with high rating indicating greater negativity as
a general attitudinal trait. The mean NAS score was 20.17 (SD = 7.68) out of a possible
high score of fifty. The corrected item to total correlation ranged from r =.42 to r =.83.
The Cronbach's alpha was .92, again well above the acceptable level of .80.
Pulmonary Functional Status and Dvspnea Questionnaire (PFSDO)
The PFSDQ activities (PFSDQ - Act) component was used to assess reduced
activities of daily living. The PFSDQ activity component consisted of 58 items after 21
items were deleted due to number of missing values greater than 10%. The scale mean
was 151.48 (SD = 93.48) out of a possible high score of 580, and an item mean of 2.61
(minor change in activities). The corrected item to total scale correlations were between
r = .27 to r = .82. The Cronbach's alpha was .97, again above the minimum level needed
in this investigation.
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SF-36 Health Survey
The SF-36 consists of two components: Physical Component Summary (PCS) and
Mental Component Summary (MCS). The scale mean for PCS was 42.97 (SD = 8.04)
and for MCS was 47.16 (SD = .93). The corrected to item total scale correlation ranged
from r = .20 to r = .67 for PCS and r = .41 to r = .72 for MCS. The Cronbach's alpha for
PCS was .83 and for MCS was .89 supporting the reliability of these summary scores
(Table 10).
Screening Correlation Analysis
Pearson's Correlational analysis was used to screen the variables in the model as
described in Chapter III data analysis (Table 3). Correlation coefficient for the
relationships to be examined in the regression analysis must reach coefficient values of .20
to be at the level suggested by Cohen (1988) to reflect a minimal relationship strength
(small effect size). The correlations among variables ranged from r = .01 to r = .74.
Airway obstruction measured with FEVi % had correlations less than .20 with other
variables in the model, and it was deleted in model testing. The highest correlation was
between negative affective trait and impaired HRQOL measured with SF-36 (MCS) (r =
.74, p < 01). The complete correlation matrix is presented in Table 11 with the values
below .20 in bold and italics.
Results of Multiple Regression Analysis
Multiple regression analysis was used for model testing to examine the
relationships between the proposed dependent and independent variables. In this analysis.
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the theoretical model was tested for hypothesized and exploratory relationships, and an
empirical model was generated. Hypothesized relationships and exploratory relationships
in the model were tested using multiple regression analysis. Adjusted

values and the

standardized regression coefficients (Ps) were reported. Following the steps outlined by
Ferketich and Verran (1990), the first step was to test theorized model relationships and
the second step was to test untheorized model relationships. The following section
discusses the results of the regression analysis using these steps. The specific regression
pathways are presented in Table 12.
Testing of Hypothesized Relationships in the Model
Multiple regression analysis for each direct effect proposed in the model was
performed and the results of analysis were discussed in the following section.
Hypothesized relationship 1. Hypothesized relationship 1 states that the level of
breathlessness (VAS) is negatively affected by airway obstruction (FEVi). The
relationship was deleted fi-om the model and fiarther testing as the FEVi% of predicted had
a correlation of less than .20 with other variables.
Hypothesized relationship 2. Hypothesized relationship 2 states that exercise
limitation (BDI) is positively affected by the level of breathlessness (VAS) (Figure 11).
The result of regression analysis indicated that breathlessness accounted for 5% of the
variance on exercise limitation (R^= .05, p = .05) (Table 13). The regression coefficient
(P = .26, p = .05) indicated a positive relationship such that the higher the level of
breathlessness, the greater was the limitation on exercise. However, this relationship
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explained only a small amount of the variance (5%) in exercise limitations.
Hypothesized relationship 3. Hypothesized relationship 3 states that the level of
depression and anxiety (BESC) is positively affected by the level of breathlessness (VAS)
and the degree of exercise limitation (BDI) (Figure 11). The regression analysis results
indicated that, together, exercise limitation and breathlessness explained 11% the of
variance in depression and anxiety (R^ = . 11, p < .05). A positive relationship between the
VAS and BESC indicated that a higher level of breathlessness was associated with a high
level of depression and anxiety (P = .27, p < .05). No significant increase in R^occurred
when exercise limitation was included in the equation (R^ change = .04, p =
.13) (Table 14).
Hypothesized relationship 4. Hypothesized relationship 4 states that negative
affective trait (NAS) is positively affected by the level of depression and anxiety (BESC)
(Figure 11). The ratings of the BESC accounted for 33% of the variance in NAS (R^ =
.33, p < .001) with a positive direction indicating that the high level of depression and
anxiety was associated with high negative affective trait (P = .58, p < .05) (Table 14).
Hypothesized relationship 5. Hypothesized relationship 5 states that reduced
activities of daily living (PFSDQ) are positively affected by negative affective trait (NAS),
depression and anxiety (BESC), and exercise limitation (BDI) (Figure 12). Regression
analysis results showed that only exercise limitation significantly contributed to reduced
activities of daily living with a positive direction (P = .53, p < .001). The three variables
accounted for 28% of the variance (R^ = .28, p < .001). No significant increase in R^
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occurred when NAS (R^ change = .01, p = 45) and BESC were included in the regression
analysis (R^ change = .04, g = .12) (Table 15).
Hypothesized relationship 6a (physical health). Hypothesized relationship 6a
states that impaired HRQOL measured with SF-36 Physical Component Summary (PCS)
is positively affected by reduced activities of daily living (PFSDQ), negative affective trait
(NAS), and depression and anxiety (BESC) (Figure 12). Regression analysis results
demonstrated that higher ratings on the PFSDQ significantly contributed to decreased SF36-PCS with a positive direction (P = .58, p < .001). PFSDQ, NAS, and BESC together
accounted for 38 % of the variance in SF-36-PCS (R^ = .38, p < .001). No significant
increase in R^ occurred when NAS (R^ change = .00, p = .91) and BESC included in the
regression analysis (R^ change = .03, p = .12) (Table 16).
Hypothesized relationship 6b (mental health). Hypothesized relationship 6b states
that impaired HRQOL measured with SF-36 (MCS) is positively affected by reduced
activities of daily living (PFSDQ), negative affective Trait (NAS), and depression and
anxiety (BESC) (Figure 12). Regression analysis results demonstrated that NAS
significantly contributed to the SF-36-MCS with a positive direction (P = .71,
P < .001). The variable PFSDQ, NAS, and BESC contributed 53% of the variance in
MCS (R^ = .53, p_< .001). No significant increase in R^ occurred when PFSDQ (R^
change = .02, p = .32) and BESC were included in the regression analysis (R^ change =
.00, p = .73) (Table 16).
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In summary, testing hypothesized relationships supported only six of the
relationships proposed in the model (Figure 13). Seven of the relationships hypothesized
in the model were not supported, including a relationship between HRQOL and depression
and anxiety.
Testing Exploratory Relationships (Alternative Model)
Exploratory relationships are the links that are not theorized in the original model
(Table 12). This section discusses the results of this analysis.
Exploratory relationships 1 through 3. As stated previously, FEVi% did not meet
the level of correlation need to be used in the regression analysis and was dropped.
Exploratory 2 and 3 were not different from the hypothesized relationship 2 and 3 since
FEV1 % was not used.
Exploratory relationship 4. Exploratory relationship 4 states that negative
affective trait (NAS) is positively affected by depression and anxiety (BESC), exercise
limitation (BDI), breathlessness (VAS), and airway obstruction (FEVi%) (Figure 14).
The additional relationship added in the model was the VAS and BDI. Only the VAS was
found to associate with NAS (P = .23, p < .05) beyond the hypothesized relationship. No
significant increase in R^ occurred when the BDI was included in the equation (Table 17).
The BESC, BDI, and VAS together explained 36% of the variance.
Exploratory relationship 5. Exploratory relationship 5 states that reduced activities
of daily living (PFSDQ) is positively affected by negative affective trait (NAS), depression
and anxiety (BECS), exercise limitation (BDI), breathlessness (VAS), and airway
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obstruction (FEVi%) (Figure 14). The VAS was the only variable added to the equation
over the hypothesized relationships. The VAS demonstrated a positive relationship (j3 =
.23, p < . 10) with PFSDQ. The NAS, BECS, BDI and VAS together accounted for 31%
of the variance in PFSDQ ratings. No significant increase in

occurred when NAS and

BESC ratings were included in the regression analysis (Table 18).
Exploratory relationship 6a (physical healthV Exploratory relationship 6a states
that impaired HRQOL measured with SF-36 PCS is positively affected by reduced
activities of daily living (PFSDQ), negative affective trait (NAS), depression and anxiety
(BESC), BDI, VAS, and FEV|% (Figure 15). The exploratory variables added in the
equation were the BDI and VAS. The additional positive direction between the BDI and
SF-36-PCS was supported ((3 = .47, p < .001). The PFSDQ, NAS, BESC, BDI, and VAS
together accounted for 52% of variance in SF-36-PCS. No significant increase in
occurred when the VAS (R^ change = .01, p = .35) was included in the regression analysis
(Table 19).
Exploratory relationship 6b (mental health). Exploratory relationship 6b states that
Impaired HRQOL measured with the SF-36 -MCS is positively affected by reduced
activities of daily living (PFSDQ), negative affective trjiit (NAS), depression and anxiety
(BESC), exercise limitation (BDI), breathlessness (VAS) and FEVi% (Figure 16). As in
exploratory relationship 6a, the additional variables were the BDI and VAS. The only
additional positive relationship supported was the relationship between the VAS (P = .29,
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g < .01) and the SF-36-MCS which increased the explained variance to 58%. No
significant increase in

occurred when the BDI was included in the analysis (Table 20).

In summary, the results of testing exploratory relationships showed that additional
relationships that were not originally proposed could be supported (Figure 17). Four
exploratory paths were included in the model; 1) breathlessness and reduced activities of
daily living; 2) breathlessness and negative affective trait; 3) breathlessness and impaired
mental health component of HRQOL; and 4) exercise limitation and impaired physical
component of HRQOL.
Alternative Model Testing
This section discusses the testing of the total model by comparing the total
computed R^ for both an exploratory (just-identified) model and an over-identified model.
In this study, the over-identified model is the one that tests of hypothesized relationships
and the exploratory (just-identified) model is the one that tests exploratory relationships.
The W statistic was computed for the model using the SF-36-PCS and MCS as the
dependent variable comparing the over-identified with the exploratory (just-identified)
model. The total computed R^ and Q values for the over-identified model and the justidentified model are presented as follows:
SF-36-PCS:
R^oc = l -(1-.05)(1-.09)(1-.33)(1 - .29) (I -.37)= 1 - .26 = .74
R^jc = l -(I-.05)(1-.I1)(1 - .36)(1 - .31) (I - .52) = 1 - .18 = .82
Q = 1 -. R]c/ 1 - R^oc= 1 - .82 / 1-.74 = .69
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SF-36-MCS:
R^oc=l -(1-.05)(1-.09)(1-.33)(1 - .29)(1 - .54) = 1 - .19 = .81
R^jc = I -(1-.05)(1-.11)(1 - .36)(1 - .31)(1 - .58) = 1 - .18 = .82
Q = 1 -. R^jc/ 1 - R^oc= 1 - .82 / 1-.81 = .95
The Chi-square was calculated; W = -(58 - 5) Ioge.69 = - (53)(- . 16) = 8.48 for
SF-36-PCS and W = -(58 - 5) loge.95 = - (53)(- .02) = 1.06 for SF-36-MCS. The
statistical significance of W with degree of freedom of 1 was checked in the Chi-square
distribution table with p < . 10 and the null hypothesis was accepted. The results indicate
that there are differences between the just-identified model and the over-identified model
for SF-36-PCS and no difference for SF-36-MCS. In this study of model testing, the
modified version of Jones' model (1998) as proposed did not fiilly explain the
relationships as proposed. This was particularly true for the relationships between
exercise limitation and depression and anxiety, depression and anxiety and reduced
activities of daily living, negative affective trait and reduced activities of daily living, and
depression and anxiety and impaired HRQOL proposed in Jones' model (1998). The
alternative model with exploratory relationships was accepted as it explained significantly
more variance.
Summary
Results of analysis of data supported parts of the relationships proposed in the
modified model in this study. Four hypothesized relationship were not supported by the
data: Airway obstruction and breathlessness, exercise limitation and depression and
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anxiety, depression and anxiety and reduced activities of daily living, and depression and
anxiety and impaired HRQOL. Five exploratory relationships were found to exist.
Alternative model testing yields information about the relationships between
breathlessness and negative affective trait, breathlessness and reduced activities of daily
living, breathlessness and impaired mental health component of HRQOL, and exercise
limitation and impaired physical component of HRQOL. Compiuison of an over-identified
model and an exploratory (just-identified) model by calculating Chi-square
demonstrated that the over-identified model was as able to explain the variance in the data.
In this study, the exploratory (just-identified) model was accepted as the final model
(Figure 18).
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CHAPTER V
DISCUSSION
In this chapter the findings of the study are reviewed in relation to the theoretical
fi-amework. Limitations and implications for nursing are addressed and recommendations
for future research are presented.
Relationships of Findings to Theoretical Model
The discussion of findings is based on modification of Jones' theoretical model
presented earlier. In this section, findings fi-om the model testing are briefly reviewed,
followed by a discussion of the hypothesized relationships in the model. Limitations of the
study and implications for practice and research are presented last.
Findings of Model Testing
In order to completely test the model, all possible relationships were tested using a
model of hypothesized relationships and an alternative model of exploratory relationships.
As shown in Figure 13, the hypothesized model explained 38% of the variance in physical
health of HRQOL and 53% of the variance in mental health of HRQOL. The direct effect
of airway obstruction on breathlessness was not supported by the data. The modified
theoretical model (Jones, 1998) failed to fully explain the relationships proposed in the
model. As predicted by the theoretical model, breathlessness was linked to physical
impairment, but only explained 5% of the variance. Physical impairment did not have a
direct effect on diminished psychological well-being. Only breathlessness had a direct
effect, but it explained a mere 11% of the variance in diminished psychological well-being.
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As predicted by the theoretical model, diminished psychological well-being had a direct
effect on negative outlook and explained 33% of the variance. Contrary to the
hypothesized model, negative outlook and diminished psychological well-being did not
have direct effects on disability as measured by reduced activities of daily living. Physical
impairment, as hypothesized, had a direct effect on disability, explaining 28% of the
variance. Three concepts; physical impairment, negative outlook, and diminished
psychological well-being were hypothesized to have direct effects on HRQOL. The model
testing of hypothesized relationships found that diminished psychological well-being did
not have a direct effect on HRQOL, only an indirect effect through negative outlook.
Disability had a direct effect on the physical health component of HRQOL, explaining
38% of the variance whereas negative outlook had a direct effect on the mental health
component of HRQOL, explaining 53% of the variance.
As shown in Figure 18, testing of the exploratory relationships in the alternative
model explained 52% of the variance in the physical health component of HRQOL and
58% of the variance in the mental health component of HRQOL. Calculations revealed
that the additions of the exploratory links significantly increased to the overall explained
variance for the physical health of HRQOL (W = 8.48, p < .10) and hypothesized links did
contributed to the mental health component of HRQOL (W = 1.06, p > .10) but did not
reach statistical significance.
An additional five relationships were found in testing the exploratory model. First,
in addition to the hypothesized relationship between diminished psychological well-being
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and negative outlook, breathlessness also contributed to negative outlook. Together
diminished psychological well-being, and breathlessness explained 36% of the variance in
negative outlook. Second, according to the alternative model, negative outlook,
diminished psychological well-being, and physical impairment had direct links to disability.
The findings were similar to those of the hypothesized model, but an additional
relationship was found between breathlessness and disability. Physical limitations and
breathlessness together explained 31% of the variance in disability, but increased the
explained variance only 3% over the hypothesized model. Lastly, in predicting HRQOL,
while diminished psychological well-being did not have an effect, three additional
relationships were found. Physical impairment had a direct effect on the physical health
component of HRQOL, and breathlessness had a direct effect on the mental health
component of HRQOL. Disability and physical impairment together explained 52% of the
variance in the physical health component of HRQOL, an increase of 14%. Negative
outlook and breathlessness explained 58% of the variance in the mental health component
of HRQOL, an addition of 5% over the hypothesized model.
In comparing the two models, several of the relationships proposed by the
theoretical model were not supported by the data. Some of the exploratory relationships,
however, add to our understanding of HRQOL in individuals with COPD. Breathlessness
contributed more significantly to the model than was initially predicted, as relationships
with diminished psychological well-being, negative outlook, disability, and impaired
HRQOL were found. A detailed discussion by model relationship found, and in relation to
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the previous HRQOL models and literature, is presented in the following section.
Findings of Hypothesized and Exploratory Relationships
This section discusses the findings as hypothesized in the theoretical model and the
significant exploratory relationships.
Hypothesized relationship 1. A relationship between airway obstruction and
breathlessness was proposed in the model. According to the theoretical fi-amework,
pulmonary function is a stimulus that has an inverse relationship to breathlessness.
Presumably, the more severe the impairment in pulmonary function, the higher the level of
breathlessness. But in this investigation, airway obstruction measured by forced
expiratory volume in one second percent predicted (FEVi %) was excluded from model
testing due to low and insignificant correlations (r < .20, g > .10) with all other variables
in the model.
The lack of a relationship between pulmonary function and breathlessness found in
this study is in opposition to some other studies (Congleton & Muerst, 1995; Noesda et
al., 1995), in which airway obstruction was found to be associated with perception of
breathlessness. Measurement of breathlessness in this study included both breathing
distress and effort. In both Cogleton and Muerst (1995) and Noesda (1995)'s studies,
breathing was operationalized only as breathing effort. Wilson and Jones (1991) reported
that although distress and intensity of breathing were associated, the subjects reported
differences in reports of distress and effort indicating that the way individuals are asked to
evaluate the perception of breathing influences the results obtained. The results in this
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study indicate that when breathing distress is added to the measurement of breathing,
differences in model testing occur. Using a composite measure of breathlessness, in which
the distress level was an equal contributor, the relationship with pulmonary function was
not supported.
Potentially, this finding may be due to more than just a measurement issue. A
recent longitudinal study also did not find a relationship between declines in pulmonary
function over time and ratings of breathlessness (Lareau et al., 1999). The findings
basically were that despite decreases in pulmonary function that were progressive, ratings
of breathing and breathlessness measured several different ways were not related to the
physiologic decline. Other studies on the relationship between physical change in lung
function measured with FEVi and breathlessness also showed few or no significant
correlations (Alonso et al., 1992; Burdon et al., 1982; Mahler, Weinberg, Wells, &
Feinstein, 1984). Consequently, despite the physiological reality that without airway
obstruction as a prerequisite to breathlessness, the relationship of pulmonary function to
the subjective experience is not clear. This is particularly true when breathing distress is
added to the mixture of factors that may make up the subjective experience. The results
of the present study reflect the multidimensional nature of breathlessness perception and
response to physical changes, as well as the difficulty of measuring the phenomenon.
Hvpothesized relationship 2. As theoretically predicted, the level of breathlessness
has a relationship with physical impairment (R^ = .05). The findings of the study indicated
that the higher the perception of breathlessness, the greater the physical impairment. This
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result is congruent with that of Rampulla and colleagues (1992) and Kyroussis and
colleagues (1996), who found that breathlessness was a predictor of exercise limitation,
and subjects stopped exercising due to higher levels of breathlessness. In the present
study, breathlessness accounted for only 5% of the variance in exercise limitation. This
may be due to the instruments used to measure both breathlessness and physical
impairment in this investigation. As mentioned earlier the inclusion of distress with effort
can alter known relationships, as seen in the test of hypothesized relationship one.
Further, Mahler and colleagues (1984) reported a strong correlation between exercise
limitation measured with 12-Minute Walk (r = .60, p < .01) and the Baseline Dypsnea
Index (BDI) supporting the use of instrument to measure physical limitation. However, in
the Mahler's study (1984) breathlessness was measured as simple breathing effort, which
may be more related to the 12-Minute Walk as a measure of exercise limitation than the
BDI. Despite the small amount of explained variance, the relationship was supported in
this investigation, which given the measurement issues associated with both variables.
Hypothesized relationship 3. Two relationships were proposed in the theoretical
model with diminished psychological well-being. It was predicted that: 1) the level of
breathlessness; and 2) degree of the physiological impairment would increase the level of
diminished psychological well-being. The results supported the hypothesized relationship
between breathlessness and diminished psychological well-being. The relationship
between the level of physical impairment and diminished psychological well-being were as
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not supported by the data. Potentially, this may again be a result of the way physical
impairment was measured, the BDI versus 12-Minute Walk, in this investigation.
In contrast. Weaver and Narsavage (1992) found that physical impairment,
measured by the 12-Minute Walk, was significantly correlated with depression. Further,
Borson and colleagues (1992) found that, with pharmacologic treatment of depression,
physical impairment, measured as increased 12-Minute walk, improved. Additionally, it is
well accepted in the pulmonary rehabilitation literature that treatment of anxiety improves
the ability of individuals to exercise (ATS, 1999b). In the present study, the measurement
choice (BDI vs. 12-Minute Walk) as described earlier may have contributed to non
significant findings in the relationship between physical impairment and diminished
psychological well-being.
The 12-Minute Walk was not available in the present study, but potentially would
have supported this relationship. The relationship between breathlessness and diminished
psychological well-being is consistent with findings in the literature (Gift & Cahill, 1990;
Gift, Plaut, & Jacox, 1986; Kinsman et al., 1983; Mishima et al., 1996). The relationship
is consistent with the high prevalence of diminished psychological well-being in individuals
with COPD seen as increased fi^equency of depression and anxiety (Maliler, 1998).
Kinsman and colleagues (1983) and Janson-Bjerklie and colleagues (1986) found that
episodes of breathlessness were associated with diminished psychological well-being
categorized as anxiety, helplessness, and hopelessness and described by individuals with
COPD as anxiety, frustration, and fear of death. The results of this study are also
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congruent with Anderson's quality of life model (1995), as described in Chapter H, in
which breathlessness was a significant predictor of depression and anxiety in individuals
with COPD.
Hypothesized relationship 4. The theoretical model proposes that diminished
psychological well-being would have a positive relationship with negative outlook. The
results of this study support that prediction (p = .58, p > .001). The result is consistent
with the study of Watson and Clark (1988) who investigated the relationships among
positive and negative outlook and diminished psychological well-being. The authors
found that negative outlook was consistently correlated with depression and anxiety in
patients with psychiatric disorders. Furthermore, Watson and Clark (1984) indicated that
a high level of negative affective trait was more likely to predispose the individual to
experience negative emotions and to negatively influence an individual's self-concept and
worldview, or to diminish psychological well-being. Negative outlook has not previously
been investigated in the COPD population, thus this relationship is an important finding
that can significantly add to our understanding.
Additional information about negative outlook was identified in this study. The
theoretical model hypothesized that breathlessness had only an indirect relationship with
negative outlook through diminished psychological well-being. However, contrary to the
study hypothesis, breathlessness had a direct effect on negative outlook. The relationship
between breathlessness and negative outlook may reflect the addition of breathing distress
to the measurement of breathlessness. Breathlessness has multiple dimensions, including
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physical sensation, psychological emotion, and cognitive perception (ATS, 1999a).
Breathing distress has been associated with the affective dimension of breathlessness. The
findings of the study are supported by the studies of Carrierri-Kohlman and colleagues
(1996) and Janson-Bjerklie and colleagues (1986), in which the affective dimension of
breathlessness was identified as distress and discomfort, and was associated with an
emotional response to breathing. The findings of the study are also consistent with
psychological studies of the relationship between symptom reporting and negative affect
(Koller et al., 1996; Watson & Pennebaker, 1989) in which symptoms were associated
with negative outlook. The symptom, in this case breathlessness, and its relationship with
negative outlook in individuals with COPD apparently is important for exploring HRQOL
and should be studied further.
As mentioned earlier, the potential influence of breathlessness and diminished
psychological well-being on negative outlook in individuals with COPD has not been
explored in previous research. However, disability as discussed in Chapter II, assumes
that chronic health problems lead to higher negative outlook (Watson & Pennebaker,
1989). In this study, the relationships found between breathlessness and diminished
psychological well-being and negative outlook indicate that individuals with COPD who
experience breathlessness and diminished psychological well-being, such as depression and
anxiety, may have increased negative outlook, which in turn influences their perception of
HRQOL.

140
Hypothesized relationship 5. Three relationships with disability were proposed in
the theoretical model; 1) the level of negative outlook, 2) diminished psychological wellbeing, and 3) the degree of physical impairment, all would increase disability. A
significant positive relationship between the degree of physical impairment (p = .53,
Q > .001) and disability, as hypothesized, was supported by the data. Contrary to the
study hypotheses, negative outlook and diminished psychological well-being were not
directly related to disability. Testing of the exploratory relationships found that
breathlessness (p = .24, p < .05) had a direct relationship with disability, which was
contrary to the theoretical model, in which breathlessness had only an indirect relationship
with disability through physical impairment.
The findings that both physical impairment and breathlessness have a relationship
to disability are congruent with previous research findings (Weaver, 1995; Weaver &
Narsavage, 1992; Weaver, Richmond, & Narsavage, 1997) on physical and psychological
factors that influence activities of daily living. Weaver (1995) identified physical factors
affecting disability in individuals with COPD, including pulmonary fiinction, physical
impairment, and breathlessness, and psychological factors, including anxiety, depression,
hostility, depressed mood, and self-esteem. The results are also consistent with the
previous model testing (Weaver, Richmond, & Narsavage, 1997) of the physical and
psychological effects of COPD on disability. They found that physical impairment and
breathlessness were highly correlated with disability. However, in Weaver's investigation,
unlike this study, diminished psychological well-being seen as depressed mood and
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anxiety, were moderately associated with reduced activities of daily living. Their model
showed that physical impairment (p = .34), breathlessness (p = .32), and depressed mood
(P = -.22) had direct efifects on disability. The results of the present study showed that
physical impairment and breathlessness jointly explained 28% of the variance in disability,
which is in agreement with the Weaver and Narsavage (1992) investigation. The authors
found that exercise limitation and depressed mood were the best predictors of disability
and explained 45% of the variance.
The findings of the relationship between breathlessness and disability are also
consistent with Moody and colleagues' (1989) model of functional status and HRQOL in
COPD and Wilson and Cleary (1995) conceptual model of HRQOL, as described in
Chapter II. In both of these studies, dsypnea severity showed a direct relationship with
disability (reduced activities of daily living) (Moody, McCormick, & Williams, 1989;
Wilson & Cleary, 1995).
However, contrary to the studies of Graydon and Ross (1995), Lee and colleagues
(1991) and Yohannes and colleagues (1998) and the studies discussed above, diminished
psychological well-being and negative outlook did not show a direct relationship with
disability as proposed. The hypotheses were based on research findings that diminished
psychological well-being would influence disability. However, the relationship between
negative outlook and disability had not been investigated in individuals with COPD prior
to this study. Potentially, the measurement of diminished psychological well-being, as a
composite score between depression and anxiety, as well as the addition of breathing
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distress to the measurement of breathlessness, may have added error and thus interfered
with the relationship. Further, most of the previous investigations did not use a self-report
measurement of disability as was used in this investigation, again potentially contributing
to misspecification of the concept. Finally the addition of negative outlook to the equation
may have altered the relationships sufficiently as to minimize the proposed relationship in
favor of those variables that entered the formula.
Hypothesized relationship 6.

According to the theoretical model, three

relationships were proposed to impaired HRQOL as measured with Sf-36 Physical Health
Component Summary (PCS) and Mental Health Component Summary (MCS). The
relationships proposed were that disability, negative outlook, and diminished psychological
well-being would decrease HRQOL. It was assumed that the strength of the proposed
relationships might be different between the two summary HRQOL scores (PCS and
MCS), but all relationships would be supported. The discussion of the results will be
presented in two parts, physical health of HRQOL and mental health components of
HRQOL.
Physical health component of HRQOL; The results of model testing showed that
only disability had a significant effect on the physical health of HRQOL, such that high
levels of disability were associated with a decreased HRQOL physical health. Negative
outlook and diminished psychological-well-being did not show significant effects on the
physical health of HRQOL. Further analysis found that increased physical impairment
showed a positive relationship (p = .47, p <.001) with decreased HRQOL physical
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component, which is not consistent with the proposed theoretical model, which identified
only an indirect effect through disability.
The relationship between disability with HRQOL physical health found in this
study was in agreement with studies of Schrier and colleagues (1990), and Viramontes and
O'Brien (1994). These studies showed an association between disability and decreased
HRQOL and reported severe disability in individuals with COPD. The significant finding
of the contribution of increased physical impairment to decreased HRQOL physical health
seen in this study is congruent with McSweeny and colleagues' (1982) HRQOL model, in
which physical impairment had a direct impact on HRQOL in daily activities and
recreation. The results are also supported by a study of Mahler and Mackowiak (1995)
that evaluated the SF-36 in patients with COPD. The results of the evaluation showed
that physical impairment measured by the BDI was strongly correlated with the physical
health component of SF-36 (PCS). The finding of the present study is also consistent with
the relationship found between disability and HRQOL in COPD proposed by Moody and
colleagues (1989). Testing of the Moody model revealed that disability had a direct
relationship with HRQOL such that increased disability decreased HRQOL. The findings
of the present study support the proposition that both physical impairment and disability
have significant impacts on the physical health component of HRQOL.
Mental health component of HRQOL; Model testing of the effects of disability,
negative outlook, and diminished psychological well-being on the mental health
component of HRQOL showed that negative outlook had a strong direct relationship (p =
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.71, g <.001) on HRQOL mental health, such that increased disability decreased HRQOL.
Diminished psychological well-being did not show a significant effect on the mental health
component of HRQOL, indicating that diminished psychological well-being may not
directly affect HRQOL (mental health) in individuals with COPD. The proposed model
did not support a direct relationship between breathlessness and HRQOL. However,
alternative model testing showed that breathlessness (p = -.27, g < 05) had a direct effect
on the mental health component of HRQOL. The relationship between negative outlook
and the mental health component of HRQOL was supported by the results of a study
exploring the HRQOL in individuals with cancer (Koller et al., 1996). In Roller and
colleagues' study, symptoms and negative outlook were found to decrease general
HRQOL in individuals with cancer. Watson and Pennebaker (1989) and Watson and
Clark (1984) reported that people with a more negative outlook were more likely to
experience a greater negative perception of their health, and were less satisfied with their
lives. Although negative outlook has not been previously examined in individuals with
COPD, the present study results support the literature and indicate that the higher the
negative outlook the greater the decrease in the mental health component of HRQOL in
individuals with COPD.
The significant relationship between breathlessness and the mental health
component of HRQOL found in this study was congruent with a recent study comparing
level of breathlessness and disease severity to HRQOL in individuals with COPD (Hajiro
et al., 1999). The study found that individuals with more severe breathlessness had poorer
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scores on the mental health component of HRQOL and two areas of physical HRQOL
(physical function and role physical). However, breathlessness did not show a direct
relationship to the physical health component of HRQOL in the present study.
The results are consistent with the Moody's (1989) model proposed and tested in
individuals with COPD, in which dypsnea severity showed a direct effect on HRQOL.
Although a separate mental health component of EiRQOL was not tested, the authors
concluded that dyspnea severity was more strongly related to psychological variables than
pathophysiological variables. The present study confirms this notion that breathlessness is
associated with the mental health component of HRQOL.
Based on the theoretical model in this study, diminished psychological well-being
influences HRQOL. The failure of diminished psychological well-being to influence
HRQOL directly may be due to the measurement error given the measures used in this
study. As described in Chapter II, depression and anxiety are more commonly measured
with the Beck Depression Inventory scale in this population. A more traditional measure
may have lowered measurement error and allowed detection of a relationship between
diminished psychological well-being and HRQOL.
In summary, in this study, physical impairment and disability were found to have
direct effects on the physical health component of HRQOL, and negative outlook and
breathlessness have direct effects on the mental health component. It is interesting to note
that no variable impacted both the mental and physical health components of HRQOL.
The importance of these findings is that an individual's physical impairment and disability
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may lead to impaired HRQOL. Breathlessness and negative outlook are more likely to be
associated with an individual's decreased mental component of HRQOL. The results
suggest that an individual's pulmonary function may not be the most important factor
affecting breathlessness. Rather, other factors, physical impairment, disability,
breathlessness, and negative outlook may have important effects on HRQOL in individuals
with COPD.
Summarv of Model Testing
The exploratory model explained 52% of the variance in physical health of
HRQOL and 58% in mental health of HRQOL in individuals with COPD. More variance
was explained by the final model compared with Jones' HRQOL model and any models
reviewed in the literature in Chapter 11. Disability, negative outlook, physical impairment,
and breathlessness had direct effects on HRQOL, although breathlessness and physical
impairment had not been hypothesized in the model. All relationships with HRQOL
showed moderate strength as seen in the regression coefficients (p ranged from .27 to
.47). Disability and negative outlook had direct relationships with HRQOL as proposed in
the hypothesized model, but diminished psychological well-being did not, despite the
support in literature to the contrary. Breathlessness had an important impact on physical
impairment, diminished psychological well-being, negative outlook, disability, and
HRQOL in individuals with COPD, indicating that breathlessness as measured in this study
plays a more important role in both direct and indirect impacts on HRQOL than previously
suggested.
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Although previous models of HRQOL in individuals with COPD have been
proposed and tested (Anderson, 1995; McSweeny et al, 1982; Moody, McCormick, &
Williams, 1990), the effects of breathlessness on disability, and the role of negative
outlook on HRQOL, have not been explored. The findings of the current model testing
were based on the conceptual frameworks of HRQOL proposed by Ware (1984) and the
Symptom Manage Model (UCSF, 1994). Findings from this study support Ware's (1984)
model that disease, symptoms- breathlessness in this study, both directly and indirectly
affects personal functioning, psychological well-being, general health perception, and
social/role functioning. The current model also confirms the relationship between
symptoms and HRQOL proposed in the Symptom Management Model (UCSF, 1994).
The current study is the first investigation to explore the role that negative outlook
might play in HRQOL of individuals with COPD. The study results confirm the
importance of negative outlook in relation to HRQOL. Negative outlook explains the
most variance in the mental health component of HRQOL. The relationships among
breathlessness and diminished psychological well-being and negative outlook provide
valuable information about the potential contribution of symptom perception and symptom
reporting to negative outlook in individuals with COPD.
Limitations of the Studv
Limitations of the study include issues associated with secondary analysis of data,
sample size, and selection bias. This study is a secondary analysis of data, which imposes
several limitations as discussed in Chapter IIL The variables are restricted to those
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originally collected. The operationalization of a concept from the theoretical model was
limited, because the conceptual framework underlying the study was different from that of
the original study design. Measuring concepts in a secondary analysis may be problematic
if the instruments do not truly reflect the concepts. Kiecolt and Nathan (1985) indicated
that the validity might be threatened by imprecise concept measures. In this study, if using
the Beck Depression Inventory (Beck, 1961) to measure depression and the Spielberger
anxiety survey to measure anxiety, may have added precision and reduced measurement
error. This issue may have also been true for physical impairment measured by the BDI
versus the 12-Minute Walk. On the other hand, the measurement of breathlessness was
potentially enhanced by using breathing distress contributed to the greater impact of
breathlessness to HRQOL. The measurement constraints resulting from this secondaiy
data analysis undoubtedly influence operationalization of the concepts and must be
considered an important limitation of this study.
The small sample size in this study also poses a problem. In causal modeling, a
large sample size is required to test the theoretical model to reduce "the artificial inflation
of the explained variance" (Ferketich & Verran, 1990, p.125). It is desirable to have 10
subjects for each variable and plus an additional 50 subjects (Thomdike, 1978). A small
sample size can reduce statistical power and increase the risk of type II error, which is
accepting a false null hypothesis. In this study, the alpha level of significance was set at
. 10 in order to overcome this particular limitation, but this is only a partial solution. These
findings must be replicated in a larger sample in order to make any clear statements about
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HRQOL in individuals with COPD.
Selection bias refers to the differential selection of subjects with specific
characteristics into a treatment group (Cook & Campbell, 1979). Although the study did
not have a treatment group, subjects in this study were from a homogenous ethnic group
of Caucasians. Selection bias may pose a threat to external validity, or generalizability of
the findings across particular target populations, settings, and time and generalizing across
different types of persons (Cook & Campbell, 1979). Recruitment of other ethnic groups
in this study could have reduced this bias. However, the homogeneity of the sample does
allow for a robust description of HRQOL in this particular population.
Implications for Practice
The purpose of this study was to examine the interrelationships among variables in
the theoretical model to identify factors that have significant impacts on HRQOL in
individuals with COPD. Although the generalization of the findings to clinical practice is
limited by the small sample of this study, several recommendations are made.
The findings of this investigation demonstrate that the most important factors
significantly impacting HRQOL in individuals with COPD are symptom perception
(breathlessness), physical impairment (exercise limitation), disability (reduced activities of
daily living), and negative outlook (trait negative affect). The findings support the
Symptom Management Model (UCSF, 1994) that breathlessness has an important impact
on personal functioning, psychological distress, and the HRQOL in individuals with
COPD. The importance of breathlessness clearly indicates that health care providers need
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to aware of clients' breathlessness level and intervene with individuals with COPD.
Breathlessness has a significant adverse effect on an individual's physical
impairment, diminished psychological well-being, negative outlook, disability, and
perception of HRQOL. The major implication of these findings for clinical practice is that
health providers should assess clients' perception of breathlessness and be aware of how
that perception could influence HRQOL. The findings support the notion that perception
of breathlessness in individuals with COPD may lead to a cascade of events, fi-om physical
impairment and disability to impaired HRQOL. Health care providers should plan
interventions for individuals with COPD to decrease breathlessness through participating
in educational, rehabilitation, or other programs, designated to decrease breathing effort
and the associated distress.
A unique implication of these study findings for health care providers is the need to
be aware that breathlessness has a direct impact on trait negative outlook. Negative
outlook is strongly associated with impaired mental health component of HRQOL in
individuals with COPD, and this association has been neglected in practice. People with
high negative outlook are more likely to perceive decreased HRQOL. Therefore, nurses
should assess for negative outlook for clinical signs and be aware that depression and
anxiety may be associated. Nurses need to recommend treatment for depression and
anxiety although negative outlook as a trait may not be able to be treated.
Health care providers should also be aware that both physical impairment and
disability can lead to decreased HRQOL fi-om a physical standpoint but may not impact
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the mental health component of HRQOL. The implication of the findings is to implement
interventions aimed to decrease physical impairment, and disability. Nurses can use
symptom management strategies to assess symptoms fi-om the patient's perspective,
implement interventions targeted at symptom experience, and coordinate with family,
health care provider, and the health care system to decrease impact of breathlessness on
HRQOL (UCSF, 1994).
The study findings can help individuals with COPD to understand the inter
relationships among breathlessness, physical impairment, diminished psychological wellbeing, negative outlook, disability, and HRQOL. By understanding the pervasive
consequences of breathlessness in decreasing in HRQOL, individuals with COPD could
take early actions or seek help when they perceive their level of breathlessness to be high.
Educational programs may be needed to emphasize psychoeducational
interventions for cognitive, behavioral and psychological changes. For example, it might
be important to teach clients about their disease, using inhalers before activities, breathing
techniques, pursed-lip breathing and diaphragmatic breathing exercises, to provide aerobic
exercise training, and to provide counseling and psychological and social support to
reduce breathlessness and hopefully maintaining maximum independence.
In recent years, pulmonary rehabilitation programs for individuals with COPD have
improved ventilation, muscle function, increased exercise endurance, consequently,
reducing breathlessness (Carter & Nicotra, 1996; Gimenez et al., 2000; Riley, 1996;
Scherer & Schmieder, 1997). Pulmonary rehabilitation programs have also been reported
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to decrease depression and anxiety in individuals with COPD (Withers, Rudkin, & White,
1999). Nurses need to be aware of the benefits of pulmonary rehabilitation in individuals
with COPD and encourage participating in these programs as a mechanism to increase
HRQOL.
Nurses in the community should assess the level of activities of daily living in
individuals with COPD and assist those who need help using community resources. For
example, nurses should find resources to ensure those who have severe disabilities have
appropriate accommodations for potentially decreasing the impact on HRQOL.
Recommendations for Research
The theory guiding this model testing should be tested further, as several
relationships were not supported. For example, the hypothesized model proposed that
diminished psychological well-being would have a direct impact on disability and HRQOL.
However, this relationship was not supported. Further testing of the theoretical model
with a large sample size is recommended. Alternative measurement of diminished
psychological well-being and physical impairment is also recommended to more clearly
test the relationships. Future research could potentially clarify the influence of physical
impairment on diminished psychological well-being and pulmonary function on
breathlessness. Testing of the model could greatly enhance understanding of HRQOL in
individuals with COPD, using latent variables in a large sample. Nursing interventions
could be implemented in experiment and control groups in a small sample to compare the
effectiveness of the interventions.
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Summary
This chapter discussed the findings of the research in relation to the theoretical
model and literature review. The findings of model testing suggest that breathlessness was
an important factor that impacted physical impairment, diminished psychological wellbeing, negative outlook, disability, and HRQOL. Physical impairment, disability, and
negative outlook also were directly impacted HRQOL in individuals with COPD.
Limitations of the study, implications for nursing, and recommendations for future
research were presented.
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T
Hurrun Subjects Committee

he universny of

ARIZONA.
H

ealth saences C enter

1622 E. Mabel Street

PO Box 245137
Tucson, AZ 85724-5137
(520) 626-6721

19 June 2000

Jie Hu, Ph.D. Candidate
Advisor; Paula Meek, Ph.D.
College of Nursing
PO BOX 210203 ~

RE:

HEALTH-RELATED QUALITY OF LIFE AND SYMPTOMS IN CHRONIC
OBSTRUCTIVE PULMONARY DISEASE

Dear Ms. Hu:
We received documents concerning your above cited project. This project involves secondary
analysis ofe.xisting data (previously collected by P. Meek. Ph.D. under HSC .A.96.122, which will
be provided without individual identifiers; authorization letter submitted for review). Therefore,
regulations published by the U.S. Department of Health and Human Services [45 CFR Part 46.101(b)
(4)] e.xempt this tvpe of research from review by our Committee.
Thank you for informing us of your work. If you have any questions concerning the above, please
contact this office.
Sincerely,

Davio vj. ./uiuouiv ivi.Ly.
Chairman
Human Subjects Committee
DGJ/js
cc: Departmental/College Review Committee
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THE UNIVERSRTV OF
College of Nursini;

ARIZONA.
HEALTH SQENCES CENTIR

n05 N Mjran
?0 Box 210205
Tucson. A2 3'572l-0203
•5;0' n2o-ol5-»

06.07/00
TIC HU

Graduate Student
CoUesc of Nursina
Uniwisity of Arizona
Dear Ms. Hu:
Subject; Secondary Data Analysis-Phase n Data
This letter is to admowledge my agreement to allow secondary data analysis to occur on data obtained
during Fluse n of the Examining the S>'mplom Interpretation Process in^-estigation. This sccoadary
analysis is for the purpose of meeting your dissenation requiremenL It is agreed that your analysis will be
limited to testing Jones' model of quality of life in the COTO subset data using time one data.
You agree to provide a copy of your findings (Le. dissertation) to be kept in the gram office. Funher. vou
agree to acknowledge the source of your data and the original fimding source in am* presentation of the
findings. This agresmcm stipulates thai any publication of this information other ihan in thesis form will
require adcfitional discussion and arrangcmem.
SinccrcW.

Paula Meek
Principal Imcstigator
Assistant Professor
College of Nursing
Uni\-ersity of Arizona
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Tut UNtvERSmrof
J !tjfT»an Subictts Ccmmittw

4 December 1996

ARIZONA.
HEALTH SOENCES CENTER

—iaC£2I—

1^:2 E.

Paula Meek, Ph.D.
College of Nursing
PO BOX 210203
RE:

HSC A96.122 EXAI-IINING THE SYMPTOM INTEP.PRETATION PROCESS

Dear Dr. Meek:
We received your 2 December 1996 letter and accompanying revised
research proposal as cited above. The procedures to be followed in
this study pose no more than minimal risk to participating
subjects. Regulations issued by the U.S. Department of Health and
Human Services (45 CFR Part 46.110(b)] authorize approval of this
type project through the expedited review procedures, with the
condition(s) that subjects' anonymity be maintained. Although full
Committee review is not required, a brief summary of the project
procedures is submitted to the Committee for their endorsement
and/cr comment, if any, after administrative approval is granted.
This project is approved effective 4 December 1996 for a period of
one year.
The Human Subjects Committee (Institutional Review Board) of the
University of Arizona has a current assurance of compliance, number
M-1233, which is on file with the Department of Health and Human
Services and covers this activity.
Approval is granted with the understanding that no further changes
or additions will be made either to the procedures followed or to
the consent form(s) used (copies of which we have on file) without
the knowledge and approval of the Human Subjects Committee and your
College or Departmental Review Committee. Any research related
physical or psychological harm to any subject must also be reported
to each committee.
A u.niversity policy requires that all signed subject consent forms
be kept in a permanent file in an area designated for that purpose
by the Department Head or comparable authority. This will assure
their accessibility in the event that university officials require
the information and the principal investigator is unavailable for
some reason.
Sincerely yours,
V/illiam F Denny, M.D.
Chairman
Human Subjects Committee
WFD:rs
cc:

Departmental/College Po\i-w '• —•

St

Tuc5*>n. Arxzonj 55714

(520i tjZt-sTZl
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UNIVERSITY OF ARIZONA HEALTH SCIENCE CENTER
SUBJECTS CONSENT FORM-PHASE II
EXAMINING THE SYMPTOM INTERPRETATION PROCESS WITH BREATHLESSNESS

I AM BEING ASKED TO READ THE FOLLOWING MATERIAL TO ENSURE THAT I AM INFORMED OF
THE NATURE OF THIS RESEARCH STUDY AND OF HOW I WILL PARTICIPATE IN IT. IF I
CONSENT TO DO SO SIGNING THIS FORM WILL INDICATE THAT I HAVE BEEN SO INFORMED
AND THAT I GIVE MY CONSENT. FEDERAL REGULATIONS REQUIRE WRITTEN INFORMED
CONSENT PRIOR TO PARTICIPATION IN THIS RESEARCH STUDY SO THAT I CAN KNOW THE
NATURE OF THE RISKS OF MY PARTICIPATION AND CAN DECIDE TO PARTICIPATE OR NOT IN A
FREE AND INFORMED MANNER.
PURPOSE: I am being invited to voluntarily participate in the above-titled study. The purpose of the study
is for the investigators to learn more about wtiat it is lilce to have problems breathing and how individuals
make decisions about their breathing. People have a wide range of experiences with breathing and
breathlessness. By better understanding these ex;)eriences. nurses, doctors and other health care
providers can improve their care and develop new programs to meet the needs of these individuals.
SELECTION CRITERIA: I am being invited to participate in this study because of their experience with
shortness of breath and because I am over 40 years of age. without memory loss, and have no
uncontrolled heart disease, diabetes, muscle or nerve disease. Approximately 300 people, some without
and some with chronic pulmonary disease, win be enrolled in this study.
PROCEDURES: If I agree to participate, I will be asked to consent to the following:
1) To breathe into a machine and rate the presence of restrictions to breathing. The resistance to
breathing will make it harder to breathe for a short period of time, at the most three breaths. I will be
asked to rate the resistances from highest to lowest These activities should take approximately 30
minutes and will be conducted in a laboratory at the beginning of the study and the end.
2) To breathe into another breathing machine to measure my breathing capacity and how much air I
can move into and out of my lungs at the beginning of the study and the end. These procedures will
take 5 to 10 minutes and will be conducted in the latxsratory.
3) To share my opinions, ideas, or feelings with the investigator through six questionnaires that ail asks
about my breathing and its impact on my life, as well as at any time during the procedures. These
activities will take approximately 30 minutes and can be done in your home.
4) To follow my breathing pattern and rate the pattern daily for four weeks and then daily for a week
once a month for a year. These activities should take no more than 5 minutes and will be done by you
in your home.
5) Additionally, 1 will be asked to repeat the questionnaires at the end of the four months, at 0-months
and at the end of one year.
RISKS: There is no risk to me. except for the possibility of momentary shortness of breath during the two
breathing tests. I can rest or stop during the breathing test at any time.
BENEFITS: There are no benefits associated with my participation in this study. However. 1 will receive a
current record of my breathing capacity and lung volumes as a result of participation.
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CONFIDENTIALITY: All information associated with the study will be held in confidence and only Paula
Meek and her research assistant will have access to the information. Each subject will be assigned a
number, and that numtser will be on all documents rather than his/her name. Only the principal
investigator Paula Meek and her research assistant will know the identity of the subject.
PARTICIPATION COSTS AND SUBJECTS COMPENSATION: There will be no cost for me to participate

in this study with the exception of the time mentioned above. I will receive five dollars for the initial, and
ten dollars for the 6-months and final breathing tests and questionnaire completion, for a total of twentyfive dollars, if I complete all testing periods.
LIABILITY: I understand that side effects or harm are possible in any research program despite the use
of high standards of care and could occur through no fault of mine or the investigator involved. Known
side effects have been described in this consent form. However, unforeseeable harm may also occur and
require care. I understand that money for research-related side effects or harm, or for wages or time lost
Is not available. I do not give up any of my legal rights by signing this form. Necessary emergency medical
care will be provided without cost I can ot^in further information from Paula Meek at 626-4934. If I have
questions concerning my rights as a research subject. I may call the Human Subjects Committee office at
626-6721.
AUTHORIZATION: BEFORE GIVING MY CONSENT BY SIGNING THIS FORM THE METHODS,
INCONVENIENCES. RISKS AND BENEFITS HAVE BEEN EXPLAINED TO ME AND MY QUESTIONS
HAVE BEEN ANSWERED. I UNDERSTAND THAT I MAY ASK QUESTIONS AT ANY TIME AND THAT I
AM FREE TO WITHDRAW FROM THE PROJECT AT ANY TIME WITHOUT CAUSING BAD FEELINGS
OR AFFECTING MY MEDICAL CARE. MY PARTICIPATION IN THIS PROJECT MAY BE ENDED BY THE
INVESTIGATOR OR BY THE SPONSOR FOR REASONS THAT WOULD BE EXPLAINED. NEW
INFORMATION DEVELOPED DURING THE COURSE OF THIS STUDY WHICH MAY AFFECT MY
WILUNGNESS TO CONTINUE IN THIS RESEARCH PROJECT WILL BE GIVEN TO ME AS IT BECOMES
AVAUBLE. I UNDERSTAND THAT THIS CONSENT FORM WILL BE FILED IN AN AREA DESIGNED BY
THE HUMAN SUBJECTS COMMITTEE WITH ACCESS RESTRICTED TO THE PRINCIPAL
INVESTIGATOR PAULA MEEK. Ph.D.. OR AUTHORIZED REPRESENTATIVE OF THE COLLEGE OF
NURSING. I UNDERSAND THAT I DO NOT GIVE UP ANY OF MY LEGAL RIGHTS BY SIGNING THIS
FORM. A COPY OF THIS SIGNED CONSENT FORM WILL BE GIVEN TO ME.

Subject's Signature

Date

Signature of Witness

Date

I have carefully explained to the subject the nature of the atjove project I hereby certify that to the best of my
knowledge the person who is signing this consent form understands clearly the nature, demands, benefits, and nsks
involved in his/her participation and his/her signature is legally valid. A medical problem or language or educational
bamer has not precluded this understanding.

Signature of Investigator

Date
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Demographic Questions

*s
Please answer the following questions prior to your upcoming visit to the
Laboratory. These questions are to provide background. We will review your
answers to the questions with you on the first visit.

My doctor has told me that I have (Check all that apply)
^Emphysema
Chronic Bronchitis
Asthma
^Some other breathing problem (Please list)
^None of these
How long have you had this diagnosis?
Years
^Months
Did you notice problems with your breathing prior to being diagnosed?
Yes
How long had you had these problems?
Years
Months
Have you been hospitalized in the last year?
Yes
If yes, how many times
how long was your stay?

No

^No
days.

Have you had any severe episodes of breathlessness in the last year for which you
made an extra trip to the doctor or emergency room?
Yes
^No
If yes, how many times
On average how many times are you breathless a day?
Please list any medications you are currently taking.
Example^Atrovent inhaler:

^V't'n-^=?'T4to'.6 times a day

puffs

1)
i 2)
3)

II
1

4)
5)
6)
7)
8)

1

1

9)
10)
Please bring any inhalers you use to treat any shortness of breath with you when you
come to the lab. Please turn over and complete the other side.

-"
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Do you exercise regularly?

Yes

If yes. how many times a week?

^No
for how many minutes?

What type of exercise do you do most often? (Check only one)
Walking
Jogging
^Swimming
^Bicycling
Other (please list)
Do you smoke?

Yes

^No

If yes. how many packs per day?

Have you ever smoked? Yes
^No
If yes, how long ago did you quit?
On average, how many packs did you smoke per day?
How many live in your household?
What is the approximate household income per year? ^Check one)
^Less than $10,000
^510 to19.999
$20 to 29,999
,$30 to 39.999
$40 to 49,999
$50 to 59,999
$60 to 69,999
over $70,000
What is your level of fonnal education? (Check one)
^Less than 12 years
^High School
^Some college
Technical or vocational training
Completed college degree
Graduate education
Are you retired?
^Yes
If no, what is your occupation?

^No

Do you notice your breathing during the day?
Yes
No
If yes, what do you notice about your breathing? (Please describe)
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The Vertical Visual Analogue Scale (VAS)

Instructions: Mark a straight line across the lines below at

the point that indicates how you feel at this moment about the
amount of distress or effort associated with your breathing
Your mark can occur at any point on the given line.
Date:

Time:
Greatest
possible
distress

Greatest
possible
effort

No distress

No effort

On the back of this sheet, please jot down as much detail as
possible about your breathing and anytime that you were
aware of it. When you notice your breathing changing or
getting worse ask yourself "what's going through my mind
right now?" and as soon as possible jot down your thoughts
or any mental image that comes to you about the situation on
the back of this sheet.
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The Baseline Dyspnea Index (BDI)

1. In the last 2 weeks ,which of the following best describes your ability to
carry out usual activities and occupation given your level of shortness of
breath.(Check the one that best applies).
^I am able to carry out all my usual activities and occupation with out
shortness of breath.
^I have difficulty in carrying out at least one activity, but no activities are
completely abandoned due to shortness of breath..
have changed jobs and/or had to abandoned at least one usual activity
due to shortness of breath.
I am unable to work ei have given up most or all usual activities due to
shortness of breath.
am imable to work and have given up most or all usual activities due
to shortness of breath.
2. In the last 2 weeks ,which of the following best describes your level of
shortness of breath with tasks.(Check the one that best applies).
^1 am not usually short of breath with ordinary task, but can become
short of breath with running or carrying heavy loads.
^I am not usually short of breath witfi ordinary task, but can become
short of breath with walking up a steep hill or carrying moderate loads.
I eun not usually short of breath with ordinary task, but can become
short of breath with walking up a gradual hill or carrying light loads.
am not usually short of breath with ordinary task, but can become
short of breath vdth walking on level ground or washing or standing.
I can become short of breath at rest, while sitting or lying down.
3. In the last 2 weeks ,which of the following best describes your level of effort
that brought on shortness of breath.(Check the one that best applies).
I can experience no short of breath with ordinary effort.
I can experience short of breath with extraordinary effort, but was able
to accomplish the task after short pauses.
I can experience short of breath with moderate effort, but was able to
accomplish the task after occasional pauses although it took longer than the
average person.
I can experience short of breath with little effort, but was able to
accomplish the task after frequent pauses although it took 50 to 100% longer
than the average person.
I can experience short of breath with na effort like when 1 am at rest.
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The Bronchitis-Emphysema Symptom Checklist (BESC)

INSTRUCTIONS: Please read each statement and drcie the number that
indicates how often these experiences are associated with typical periods of
breathlessness. There are no right or wrong answers. Please answer the
questions as frankly and as acciirately as possible. All of your answers will be
Typically, how often do
you feel this way during
Almost Some- Almost
periods of breaMessness? Never Never Times Always Always
5
Worried about getting air
1
2
3
4
5
3
Upset
1
2
4
5
Forgetful
1
2
3
4
5
3
Feel helpless
1
2
4
5
Frightened
1
3
2
4
5
Forget recent things
1
3
2
4
5
Get confused
1
2
3
4
5
1
Feel like 1 need air
2
3
4
5
Scared
1
3
2
4
5
Feel like a cripple
1
3
2
4
5
Mucous congestion
1
2
3
4
5
Hard to breath
1
2
3
4
5
Touchy
1
2
3
4
5
Shallow breathing
1
2
3
4
5
Anxious
1
3
2
4
5
Short-tempered
| 1
3
4
2
5
Forget things
1
3
4
2
5
1
3
Short of breath
2
4
5
Feel like an invalid
1
3
4
2
5
3
1
4
Feel hopeless
2
5
1
3
4
Gcisping for breath
2
5
3
1
4
2
Irritable
5
3
4
1
2
Cranky
5
3
4
1
2
Poor memory
5
3
4
1
Edgy
2
5
3
4
1
2
Difficulty remembering
5
3
4
1
2
Afraid of dying
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Positive and Negative Affect Scales
Directions: The words listed below describe different feelings and emotions.
Please read each item then circle the number that indicates how much you
feel that way, in general.

Not at all

A little

Moderately

Quite a bit

Extremely

2

3

4

i

5

1. Irritable

1

2. Alert

1

2

3

4

1

5

3. Ashamed

1

2

3

4

1

5

4. Inspired

1

2

3

4

!

5

5. Nervous

1

2

3

4

i

5

6. Jittery

1

2

3

4

!

5

2

3

4

i

5

2

3

4

2

4

1
i

5

3

2

3

4

!

5

2

3

4

i

5

2

3

4

5

2

3

4

5

4

5

7. Active
8. Afraid
9. Guilty
10.Interested
11. Distressed
12.Excited
13.Upset

1
1
1
1
1
1
1

1

5

14. Strong

1

2

3

15.Enthusiastic

1

2

3

4

5

16. Scared

1

2

3

4

5

17. Hostile

1

2

3

4

5

18. Determined

1

2

3

4

5

19. Proud

1

2

3

4

5

3

4

5

20.Attentive

1

2

!

Pulmonary Functional Status & Dyspnea Questionnaire

ACTIVITY ASSESSMENT

INSTRUCTIONS: The following is a list of activities commonly performed by adults. For each activity listed, please
place an X in the appropriate box, indicating your involvement with tiie activity now as compared to before you
developed breathing problems. Please respond to every activity listed. In some instances, examples of the activities arc
written in parenthesis.

These are only examples to guide you.

Questions # 20, 21 and 22, on page 8 (under

Recreation/Social) request that you list activities (sporting, hobbies and recreational) from your own experience. Please
be certain to indicate your involvement in these activity.

Complete the form as follows:

!. "Has never been an Activity"; Check this box near each activity in which you have never participated.
2. Columns numbered 0 through 10 represent a range of activities from "As Active As I've Ever Dcen" to "Have

Omitted Entirely". Indicate by placing an X in the area which best reflects your current involvement in the activity.

A C T I V I T Y I.K VKI-.S

Acrivri'Y

lias Never
nrrn An
Aclivily

As Active
J I've
Kver Keen

Have

A

0

Minor Clinngc

Moderate ClisuiKe

Kxtreine Cliunfjc

Oniillctl
Kntirely

1

1 2

1

3

4

15 16

7

1 8

1 9

lt>

A. nODYCAUE/
MOVKMKNT
I • Rnisli/cdiiih liair

h)

cicclric razor

b) safclv razor

a) slin on shoes
b) shoes with laccs

4.

Put on socks

n) will) bnllons
b) pullover
6. Pill on panis
7. Wash face
8. W.'isli legs
ACnVITY

llai Never
Detn An
Activity

As Active
As I've
I'ver lleen

fl

Have
Aloilerate Change

Minor Chmice

Extretne Change

Omitteil
Entirely

1

1

2

1

3

4

1

5

1

6

7

1

8

1

9

10

A C T I V I T Y l,K VKLS
llaM Never

Acrivnv

Hern An

As Aetive
As I've

Activity

Kvrr lleen
U

Have
inor Ch: nge

Moderate C lauRc

Kxl reme Ch inRc

Omitted
Entirely

1

2

3

4

5

6

7

8

9

10

9. Wash hair
10. Shower
II. Tubbalh
12. Use loilet
13. Pick up lighl ohjccis
(10 pounds o r less)
14. Pick up heavy objects
(more Ihan 10 pounds)
15. RaiiC arn)s ovcrhciul
16. Get out of bed;
17. Get out of chair
18. Walk 10 feel
19. Walk'/,block
20. Will!.: 1 mile
21. Walk on bumpy terrain
22. Walk on incline

ACTIVHY

lliis Never
liren An
Activity

As Active
As I've
Kvcr lleeii
0

Have

F.xir eine Chii

IMm enilc Cliaii|>t'

M nor CliaiIRC

Oniitled
Knlirely

1

2

3

4

5

1

6

7

8

9

10

A c: T I V I r Y 1- K V K I, s
ACTIVITV

lias NCVIT
ilri'ii An
Atllvlly

As Aclivi'
As I've
Kvcr lli'i'n
0

JM inor Cliii n«c

Mo Icrati' ('1

K x l I'LNT' riia nfji-

Oinilli-d
l'!n(ircly

1

2

3

4

5

(I

7

<>

8

III

2.V Climb 3 stairs
24. Climb 8 stairs
25. Sexual activity

B. EATING
1. Fccil self
2. Prepare own ineais
3. Cut own fooiJ
4. Prepare own snack
5. Prepare own beverage:
6. Get own l)cvcrane
7. Prepare own mcdication
8. Take own mediciition

ACTIVHY

lUs Never
llccn All
AclivHy

As Acllvc
As I 've
Ivver Keen
0

Have
INI inor Clia IFIC

Icralc Cli angc

Kxli•ciiic t'ha IIKC

Umillvd
Knlirely

1

2

3

4

S

6

7

8

>>

10

4

A ( I I V I I V I, I. \ I. I S

NM

Acrivirv

ll;is i ' I
Ufi'tl Alt

A s Aollvc

Activity

Kvcr Itcvn

Itavc
Minor Clianuc

A s I' v e

(1

Mddcruti' ClianKC

Kxtrcnic Change

Omitted
Kntirvly

1

1

2

1

3

•1

1

S

1

6

7

1

8

9

iU

C. IIOMK
MANACEIMKNT

I. Wash dishes
2. Dry dishes
3. Put dishes in washer
4. Put dislies away
S. Sweep
6. Diisl
7. Vacuum
8. Make bed
9. Wash laundry
10. Iron
11. Grocery shop
12. Rank
13. Rake lawn

ACTIVITY

lias Never

As Aclivc

Keen An
Activity

As I've
Evi-r Hccii

Minor Change

Mudcrale Clian|>*-'

Kxlrcnic Change

0

5
to

A C I I V I I Y 1.1: V K I, s

ACTIVIIY

Has Ni'viT
Keen An
Aciivily

As Aclive
As I 've
Kver llevii

>1

llnve
Minor (.'hniigc

Moderate Change

Rxlrcme Change

OniiKcd
Knlirely

1

1

2

1

3

4

15

16

7

18

19

in

14. Mow lawn wilh
11) power n\owcr

15.

b) hand mower
gardening
Light

(nnininu

16. Heavy gardening
(hocine. nlaniini; cic.)
17. wash car
18. Lighl home repair

(changing lighl
hamnicfinL' cIc.)
19. Heavy home repair
(painling, carpentry cic.)
20. Light auto repair
(chccking oil or tire
pressnrc eic.
21. Heavy auto repair
(lunc-up, chanKC halicry
I). RECREATION/
SOCIAI-

1. Drive car
2. Rccrcational Iravcl

a) day (rip
lias Never

ACTIVIIY

Iteen An
Activity

As Active
As I've
Kver lleen
0

Have
Minor Change

Miiderntv C!hiinge

Kxtrenie Change

Omitted

Knilroly
1

2

.1

4

5

6

7

1

8

1

9

10

OJ

A C I I V I 1 Y L F. V K I. S

ACTIVITY

llsis Never
liccn An
Activity

Have

As Active
As I've
Kvcr llccn
0

IMo terale Cli ange

M ln<ir Cha nge

Ext rente Chimgc

Omltlcd
Entirely

1

2

3

4

5

6

7

9

8

10

b) ovcmiglit trip
c) weekend (rip
3. Going to movies
4. Dine out
5. Visit friends
6, Entertain friends
7. Read newspaper
8. Gel newspaper
9. Play cards or games
10. Go to bars
II. SocialClubs
12, Volunteer work
13. Attend sports events
14. Attend church
ACTIVIIY

Has Never
Dcen An
Activily

As Active
As I've
Kver llccn

fl

1

2

ExI rcnie Change

Mot Icriitc Change

M inor Cha nj;e

3

4

S

1

6

7

8

1

9

Have
Oniitled
Entirely
10

A C T I V I T Y i,i;vi:i,s

lliisi Nvvcr
ACTIVITY

liccn An
AclivKy

As Aclivv
As I've
l^ver Keen
0

Mo lerate CI uiige

M iiior Clia"Be

1

2

3

4

6

5

Kxl rcine Cluinj;e

7

8

9

Have
Omillcd
Kniircly
10

15. Picnic
16. I'Iny with pets
17. l-ngage in regular
pliYsiciil nclivily
18. Shop for clollics
19. Listen lo radio/
watch TV

ACTIVITY

lias Never
neen An
Activity

As Active
As I 've
Kver Uecii
0

M inor Change

1

2

1

Kxl reiiie Cha nge

MoiJerale Change

3

•1

5

i

6

7

8

9

Have
Omillcd
Kniircly
lU
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The Medical Outcome Study Short Form (SF-36) Health Survey

The SF-36™ Health Survey
Instructions for Completing the Questionnaire
Please answer every question. Some questions may look like others, but each
one is different. Please take the time to read and answer each question
carefully by filling in the bubble that best represents your response.

EXAMPLE
This is for your review. Do not answer this question. The questionnaire
begins with the section Your Health in General below.
For each question you will be asked to fill in a bubble in each line:
How strongly do you agree or disagree with each of the following statements?
Strongly
Agra*
Uncertain
Disagree
agrte

Strongly
disagree

a)

I enjoy listening to music,

O

•

O

O

O

b)

I enjoy reading

#

0

0

0

0

magazines.

Please begin answering the questions now.

Your Health in General
1.

2.

In general, would you say your health is;
Excellent

Very good

Good

Fair

Poor

o

o

o

o

o

Compared to one year ago, how would you rate your health in general ncw^
Much better
now than one
year ago

Somewhat better
now than one
year ago

About the
same as one
year ago

Somewtiat
worse now than
one year ago

Much worse
now than one
year ago

o

o

o

o

o

Please turn the page and continue.
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3.

The following items are about activities you might do during a typical day. Does your
health now limit you in these activities? If so. how much?
Yes,
Yes.
limited
Limited
a little
a lot

No, not
limited
at all

a)

Vigorous activities, such as running, lifting heavy
objects, participating in strenuous sports

O

O

O

b)

Moderate activities, such as moving a table, pushing a
vacuum cleaner, bowling, or playing golf

o

O

O

c)

Lifting or carrying groceries

o

o

o

d)

Climbing several flights of stairs

o

o

o

e)

Climbing one flight of stairs

o

o

o

0

Bending, kneeling, or stooping

o

o

o

g)

Walking more than a mile

o

o

o

h)

Walking several blocks

o

o

o

i)

Walking one block

o

o

o

j)

Bathing or dressing yourself

o

o

o

During the past 4 weeks, have you had any of the following problems with your work or
other reaular dailv activities as a result of vour Dhvsical health"?
Yes
No
a)

Cut down on the amount of time you spent on
work or other activities

O

o

b)

Accomplished less than you would like

O

o

c)

Wtere limited in the kind of work or other
activities

o

o

d)

Had difficulty performing the work or other
activities (for example, it took extra time)

o

o

During the past 4 weeks, have you had any of the following problems with your work or
other reaular dailv activities as a result of anv emotional oroblems (such as feelina
deoressed or anxious)?
Yes
No
a)
b)
c)

Cut down on the amount of time you spent on
work or other activities
Accomplished less than you would like
Didn't do work or other activities as carefully as
usual

O

o

o

o

o

o

Please turn the page to continue.
SF-36™ - O Medical Outcomes TruM and John E. VUire, Jr. - AS Rights Reserved - Page 2 of
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During the past 4 weeks, to wfiat extent has your physical health or emotional problems
interfered with your normal social activities with family, friends, neighbors, or groups?
Not at all

Slightly

Modentely

Quite a bit

Extremely

o

o

o

o

o

How much bodily oain fiave you had during the past 4 weeks?

8.

None

Very mild

Mild

Moderate

Severe

Very severe

o

o

o

o

o

o

During the past 4 weeks, how much did pain interfere with your normal work (including
both work outside the home and housework)?
Quite a bit
Extremely
Moderately
A little bit
Not at all

9.

O

These questions are about how you feel and how things have been with you during the past 4
weeks, for each question, please give the one answer that comes closest to the way you have

a)

10

O

O

O

O

did you feel full of pep?

All Of
the
time

Most
of the
time

A good
bit of
the time

Some
of the
time

A little
of the
time

None
of the
time

O
O

O
O

O
O

o
o

o
o

o
o

o
o
o
o
o
o

o
o
o
o
o
o

b)

have you been a very nervous
person?

c)

have you felt so down in the dumps
nothing could cheer you up?

O

O

d)

have you felt calm and peaceful?

O
O
O
O
O
O

O
O
O
O
O
O

e)

did you have a lot of energy?

f)

nave you felt downhearted and blue?

g)

did you feel worn out?

h)

have you been a happy person?

i)

did you feel tired?

o
o
o
o
o
o
o

O
O
O
O
O
O

During the past 4 weeks, how much of the time has your phvsieal health or emotional problems
interfered with your social activities (like visiting friends, relatives, etc.)''
All of the
time

Most of the
time

Some of the
time

A little of the
time

None of the
time

o

o

o

c

o

Definitely
true

Mostly
true

Don't
know

Mostly
false

Definitely
false

a)

1 seem to get sick a little easier than
other people

O

O

O

O

O

b)

1 am as healthy as anybody 1 know

O

O

0

O

O

o
o

o
o

o
o

o
o

o
o

c)

I expect my health to get worse

d)

My health is excellent
THANK YOU FOR COMPLETING THIS QUESTIONNAIRE!
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APPENDIX D
ILLUSTRATIONS AI^ TABLES
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Table 6
Demographic Characteristics: Age

Age Group

Frequency

Percent

___

_

__

60-69

18

32.7

70-79

23

41.8

80-89

7

12.7

Missing data

3

Total

58

100
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Table 7
Demographic Characteristics: General

Variables

Frequency

Percent

LEVEL OF EDUCATION
Less than 12 Years
High School
Some College
Technical or Vocational Training
Completed College Degree
Graduate Education
Missing data
Total

1
9
14
4
6
8
16
58

2.4
21.4
33.3
9.5
1 4.3
19.0

WORK STATUS
Retired
Working
Missing data
Total

43
11
4
58

100.0

79.6
20.4
100.0
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Table 7
Demographic Characteristics: General (continued)

Variables

Frequency

Percent

INCOME
Less than $10,000
$10,000 to 19,999
$20,000 to 29,999
$30,000 to 39,999
$40,000 to 49,999
$50,000 to 59,999
$60,000 to 69,999
Over $70,000
Missing data
Total

3
8
7
6
2
1
3
4
24
58

8.8
23.5
20.6
17.6
5.9
2.9
8.8
11.8

NUMBER IN THE HOUSEHOLD
1
2
3
4
Missing data
Total

17
33
4
1
3
58

30.9
60.0
6.9
1.7

100.0

100.0

Table 8
Demographic Characteristics: Pulmonary Function rN=58'>

Variables

Mean

Standard Deviation

Range

1.03

0.43

.20- 1.93

40.49

15.56

7.00-80.00

2.02

0.81

.66-4.18

FVC %

54.76

18.72

16.00-94.00

FEV,/FVC

50.29

11.97

27.00-77.00

FEV,
FEV, %
FVC

Note. FEV1 = Forced expiratory volume in one second in liters per seconds;
FEVi% = Forced expiratory volume in one second percentage of predicted norms;
FVC = Forced vital capacity in liters per second;
FVC % = Forced vita! capacity percentage of predicted norms;
FEVi/FVC = Ratio of forced expiratory volume in one second to forced vital capacity.
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Table 9
Reliability Analysis for the Multi-item Instruments Used (N=58)
Scale

VAS
Distress
Effort

Mean
SD

Range of
Item to Total (r)

Reliability
Coefficients

.96*
.94*

29.52
32.45
5.38
2.71

.47 - .68

.77

BESC

25.36
9.45

.66 - .84

.94

NAS

20.22
7.62

.43 -. 83

.92

151.48
93.48

.27 - .82

.97

BDI

PFSDQ

Note. • = Intra class correlation coefficient calculated on the values over the 14 days.
VAS = Visual Analogue Scale.
BDI = Baseline Dyspnea Index;
BESC = Summated scores of the helplessness/hopelessness and anxiety subscales of the
Bronchitis Emphysema Symptom Checklist;
NAS = Negative Affect Scale;
PFSDQ = The activity component of the Pulmonary Functional Status and Dyspnea
Questionnaire.

Table 10
Reliability Analysis for Instruments (SF-36) (N=58'>
Scale

Mean (SD)
(Raw Score)

Lowest
Range
Raw Score (Raw Score)

Transformed
Score

Range of Item to
Total Correlation

Standardized
Alpha

(r)
SF-36: PHYSICAL
COMPONENT
SUMMARY
Physical Functioning

16.35(3.51)

10.00

13.00

Role Physical

4.91(1.29)

4.00

4.00

Bodily Pain

8.45 (2.37)

4.20

7.80

13.25 (4.23)

5.00

17.40

General Health
Perception
SF-36: MENTAL
COMPONENT
SUMMARY
Vitality

13.05 (3.85)

4.00

15.00

Social Functioning

6.98(1.91)

3.00

7.00

Role Emotion

4.38(1.28)

3.00

3.00

Mental Health

22.74 (4.84)

10.00

20.00

35.28

.20 - .67

.83

45.81

.41 - .72

.89

00

Table 11
Pearson Product Moment Correlation Coefficients For Model Variables

Variables

FEV,%
VAS
BDI
BESC
NAS
PFSDQ
SF-36 PCS

VAS

BDI

BESC

NAS

PFSDQ

SF-36
PCS

SF-36
MCS

.01

.17

.17

-.12

-.03

.07

'.OS

* .26

• .32

* .41

• .33

•.29

••.54

*.21

.24

• .55

••.66

.18

••.58

.23

•.28

**A1

.11

.06

••.74

••.62

.14
.01

Note. Numbers in bold and italics represent those below the .20 criteria. • p <.05.
<.
FEVi% = Forced expiratory volume in one second percentage of predicted norms;
VAS = VAS combined average breathing distress and effort score;
BDI = Baseline Dyspnea Index;
BESC = Summated scores of the helplessness/hopelessness and anxiety subscales of the
Bronchitis Emphysema Symptom Checklist;
NAS = Negative Affect Scale;
PFSDQ = The activity component of the Pulmonary Functional Status and Dyspnea
Questionnaire.
SF-36 PCS = SF-36 Physical Component Summary;
SF-36 MCS = SF-36 Mental Component Summary.
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Table 12
Model Testing for Health-Related Quality of Life In COPD
Model Testing of Hypothesized Relationships
In the Model

Model Testing of Exploratoiy Relationships
in the Model

1. Deleted from the model testing

1. Deleted trom the model testing

2. X;'= a + P: X;
p, = .26
R- = .05 ••

2. X:.'= a + P;X;

3. X4''=a + P3X3+PjX:
P, = .20 (N.S.)
P: = -27
R- = .11 *•

3. X^''=a + p3X3 + p,X;
p; = .20 CN.S.)
P: = .27
R- = .11 ••

4. X5' = a + P4X4
p4 = .58
R- = .33 •"

4. Xi= a + Pi X4+ P] X3 + P2X;
P4 = .50
P; = .03 (N.S.)
P;= .24
R- = .36

5. X6^=a + p5X5+P4X>P3X;
P5 = .10(N.S.)
p4 = .15 0J.S.)
p3 = .53
R- = .28 "•

5. X„= a ' P5 Xs - P4X4 + PJX;- P^X,
p. = .17 (N.S.)
Pu = .13 (N.S.)
P-. = .50
P;= .23
R- = .31 •••

6a. XT.® = a + PS X« + P<X5+ P4X4
P6 = .58
p5 = .13 (N.S.)

6a. X->= a + Pa X^+ P.X,- P4X4P6= .31
P.= .23 (N.S.)
P4= .17 (N.S.)
p;= .47*"
P:= .10 (N.S.)
R- = .52 •••

P: = -26

R- = .05 • •

p4 = .21 (N.S.)
R= = .38 •••

6b. XTi"" — Ct + Pft Xs + P5X5'+- P4X4
p^=.05 (N.S.)
P5 = .71
p4 = .04(N.S.)
R- = .53
*X| = Ainvay Obstruction
''X;= Brcathlcssness
'X3 = E.xercise Limitation
'^X4 = Depression & Anxiety

•p < .10.

I < .05.

p<.001.

P3X3+

PiX,

6b. X-b= a -r P6 X6+ P5X5- P4X4+ P,X3+ p:X,
P<,= .01 (N.S.)
P5= .62
p4 = .04 (N.S.)
P; = .02 (N.S.)
P: = .29
R- = .58 •••
'X5 = Negative AfTect
'^X6= Reduced Activities of Daily Living
8X7.= HRQOL- Physical Health
••XTb = HRQOL - Mental Health

18S

Hypothesized Relationship 1;
Deleted from the hypothesized relationship model testing.

Hypothesized Relationship 2;
p=.26
VAS"

^ Bor
R-= .05 •*

Hypothesized Relationship 3:
BDI

p= .20 (N.S.)

BESC'
R- = .n *•

Hypothesized Relationship 4;

p= .58
BESC

• NAS'
R= = .33

Figure 11. Testing of Hypothesized Relationships I through 4 in the Model.
^FEV1: Forced expiratory volume in one Second.
^VAS rVisual Analogue Scale.
Baseline Dsypnea Index.
dBESC: The Bronchitis-Emphysema Symptom Checklist.
®NAS: Negative Affect Scale.
*p>.10 **p<.05 •••p<.001.

Table 13
Multiple Rcuression Analysis with Hvpothesi/ed Relationships 1 and 2 in the Model (N = 58)

Breathlessness
Variable

(i

AR-'

Exercise Limitation
R-',„,

p

AR'

R',„

Step I
Airway Obstruction

(Deleted from
model testing)

Step 2
Breathlessness

Note. Note. 0 = Regression coefficient;

AR2 = r 2 Change;
R2 ,ot = rota! R2;
R2 = Coefficient of determination;
• i)<.IO. ** J} <.05. •**]}<.001.

.05
.26**

.07**

Table 14
Multiple Rcuression Analysis with I Ivnothesizeci Relationships 3 and 4 in the Model (N - 58)

Variable

P

Depression &

Neuative Affective

Anxiety

Trait

AR-

Step 3
Brcathlcssness
lixercise Limitation

R^...

P

AR-

R\,

.11**
.27**

.10**

N.S.

N.S.

Step 4
Depression &
Anxiety

Note. Note, p = Regression coefficient;

A R 2 = r 2 Change;
r 2 ,ot = Total r 2;
r 2 = Coefficient of (letennination;
N.S. = None significant;

* E< IO- ** C< 05. ••*i2<.00!.

.33***
.58***

.34***
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Hypothesized Relationship 5:

p = . i Tc

(N.S.)
n T-^^

BESOG= .53

PFSDQ"
R- = 28

BDI

Hypothesized Relationship 6a:

PFSDQ
p=.13 (N.S.)
• SF-36

NAS

PCS'
R-=.38 •*«

P= .21 (N.S.)
BESC.

Hypothesized Relationship 6b:
PFSDQ ^^5 (N.S.)
P=7l
NAS —

-•SF-36

MCS^
p= .04 (NJ,

R-=.53

BESC.

Figure 12. Testing of Hypothesized Relationships 5 through 6 in the Model.
^NAS: Negative Affect Scale.
bBESC: The Bronchitis-Emphysema Symptom Checklist.
^BDl: Baseline Dyspnea Index.
•^PFSDQ: Pulmonary Functional Status and Dyspnea Questionnaire.
s SF-36-PCS : SF-36 Physical Component Summary.
f SF-36-PCS : SF-36 Mental Component Summary.
SN.S.: Not tested.
»p>.10 ••p<.05
»»*p<.001

Table 15
Multiple Regression Analysis will) I Ivpollicsi/cd Relationship 5 in the Model (N = 58)

Reduced Activities of
Variable

Daily Living
AR-

Step 5
Negative Affective Trait

N.S.

N.S.

Depression

N.S.

N.S.

,53***

.26***

Anxiety
Hxcrcise Limitation

Note. 0 = Regression coefficient;

A R 2 = r 2 Change;
r2 ,oi = Total R2;

r2

R-',..,
.28*+*

= Coefficient of determination;

N.S. = None significant;

• I)<.IO. *• E< 05. ••*N<.OOI.

Tabic 16
Multiple Reuression Analysis with l lvnothesizcd Relationships 6a and 6b in the Model (N = 58)

Variable

Health-Related

Health-Related

Oualitv of Life

Oualitv of Life

rPhvsical Health)

^Mental Health)

AR-

R-.0,
.38***

Step 6a
Reduced Activities

.58***

.38***

N.S.

N.S.

N.S.

N.S.

P

AR^

N.S.

N.S.

R-\.,.

Of Daily Living
Negative AITcctive
Trait
Depression &
Anxiety
.53***
Step 6b
Reduced Activities
Of Daily Living
Negative Affective

.71***

.53***

Trait
N.S.

Depression &

N.S.

Anxiety

0

0

0

Note. (3 = Kcgrcssioii cocfllcicnl; AK- = K- Change; R-

0

0

= total K-; K- - Cocfllciciit ordetcrniination;

N.S. = Nonesignillcant; * i)<.10, ** i2<.05. ***[><.001,

Figure 13. Testing of I lypotliesizcd Relationships.

Kxercisv
Limitation
(Bl)l)

Reduced ADL's
(PFSDQ)

.28

.05

Airflow
Obstruction
(FEV,)

Brcathlcssness
(VAS)

Negative
Affective Trait
(NAS)
R^ .33

Impaired

Depression

HRQOL

& Anxiety

(PCS)

(BESC)
R- .38

llMl

R^ .53
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Exploratory Relationship 4:

BESO
P= .50

BDI"

P= .03 (N.s:;

NAS
P=.24
R- = .36

FEV
Exploratory Relationship 5:
NAS'

BESC" p= .13 (NtSs)

p= .50

PFSDQ

BDI

R- = .31
p= .23

VA:
FEV
Figure 14. Testing of Exploratory- Relationships 4 and 5 in the Model.
"NAS: Negative Affect Scale.
''BESC: The Bronchitis-Emphysema Svinptom Checklist.
"BDI: Baseline Dyspnea Index.
''VAS : Visual Analogue Scale.
'FEV,: Forced E.xpiratory Volume in One Second.
•^PFSDQ: Pulmonary Functional Status and Dyspnea Questionnaire.
s NT: Not tested.
Bold: Exploratory relationships.
•p>.10. ••p<.05. ••*p<.001.

Table 17
Multiple Regression Analysis with Hxploratorv Rclationsliip 4 in the Model (N = 58)

Negative AffectiveTrait

Variable

L

AlV
.36***

Step 4
Depression &

.50***

.34***

N.S.

N.S.

Anxiety
Exercisc
Limitation
Brcathlcssncss

.24*"^

Note. P = Regression coefdcicnt;
AR2 = r 2 Change;

r2 ,ot = Total r2;

r2

= Coefficient of determination;

N.S. = None significant;
H.\plor«lory rchitionships in Iwli);

*n<.io. ** n< 05. •••i.K.ooi.

.05**

Tabic 18
Miillipic Rcurcssioii Analysis with l:xploralorv Rclalioiishin 5 in the Model (N = 58)

Reduced Activities
Variable

of Daily Living
n

AR-

Step 5

.3I***

Negative Affective

N.S.

N.S.

N.S.

N.S.

.50***

.26***

Trait
Depression &
Anxiety
Exercise Limitation
Brcafhicssncss

.23'''

Note, p = Regression coelTicicnt;

AR2 = r 2

Change;

r2 tot = Total r2;

r2

= Coefficient of determination;

N.S. = None significant;
Exploratory relationships in bold;
*Q <.10.

R- lol

** j2 <.05. *** I }<.OOL

.04'''
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Exploratory Relationship 6a:

PFSD

NA:

P= .23 (N.S.)

SF-36-PCS'

BESC

R- = .52
P= .47

BDI
= .10 (N.S.)

VA:
N.T.

FEV

Figure 15. Testing of Explorator>' Relationships 6a in the Model.
^PFSDQ: Pulmonary Functional Status and Dyspnea Questionnaire.
bNAS: Negative Affect Scale.
'^BESC: The Bronchitis-Emphysema Symptom Checklist.
<^BDI: Baseline Dyspnea Index.
^VAS : Visual Analogue Scale.
fpEV J: Forced expirator>' volume in one second.
g SF-36-MCS: SF-36 Mental Component Summary.
h NT: Not tested.
Bold: Exploratory relationships.
»p>.IO. •»p<.05. ••*p<.001.

Table 19

Multiple Retiression Analysis with l^xnloratorv Relationship 6a in the Model (N ^ 58)
Health-Related Quality of Life
(Physical Health)

Variable

AR^

.52* * *

Step 6a
Reduecd Actiyities
Of Daily Liying

.31 * * •

.38***

Negative Affective

N.S.

N.S.

Trait
Depression &
Anxiety

N.S.

N.S.

Rxcrcisc

.47* it "k

.15*"kit

N.S.

N.S.

Limitation
Brcathlcssnc.ss

W,

Note. P = Regression coefficient;

AR 2 = r 2 Change;
r 2 (ot = Total r 2;
r 2 = Coefficient of cleterinination;
N.S. = None significant;
Bxploratory relntlonships in bold;

* c<.10. •• c<.05. •••[)<.001,
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Exploratory Relationship 6b:

PFSDQ^
p= .01 (N.S.)

NAS'

(3= .62

P= .04 (N.S.)

SF-36-MCS«

BESG

R- = .58
p= .02 (N.S.)

BDI
p=.29

VAS'
N.T.

Figure 16. Testing of Exploratory Relationships 6b in the Model .
^PFSDQ: Pulmonary Functional Status and Dyspnea Questionnaire,
b NAS: Negative Affect Scale.
c BESC: The Bronchitis-Emphysema Symptom Checklist.
<^801: Baseline Dyspnea Index.
^VAS : Visual Analogue Scale.
fpEVi; Forced expiratory volume in one second.
gSF-36-MCS: SF-36 Mental Component Summary.
hNT: Not tested.
Bold: Exploratory relationships.
*p>.IO. ••p<.05. »»»p<.001.

Table 20
Multiple Regression Analysis with llxnloralory Relationship 6h in the Model (N = 58)

Health-Related Quality of Life
(Mental Health)

Variable

ARStep 6b

.58

Reduced Activities
Of Daily 1 jying

N.S

Negative Affective

.62 * + *

Trait
Depression &
Anxiety

N.S

N.S.

Excrcisc

N.S.

N.S.

.29*^

.06*^

N.S.

Limitution

Brcatlilcssncss

Note, p = Regression coefficient;

AR 2 = r 2 Change;
r2

R- lol

lot ~ Total R~;
= Coefficient of determination;

N.S. = None significant;
Exploratory relationships in hold;
• j}<.10. •• p<.05. *•*!)<.001.

Fipure 17. Testing of Exploratory Relationships,

Cxcrcisc

.50

Rcduccd ADL's
(PFSDQ)

Limitation
(BDI)

Airflow
Negative

Obstruction

Affective Trait

(FEV,)

(NAS)
Impaired
Depression
& Anxiety
(BESC)

•cr,

IIRQOL
(l»CS)

R^ .52

X

Impaired
IIRQOL
(IVICS)

Note. Bold line = Hypothesized relationship supported.
Dotted line = Exploratory relationship supported.

R^ .58
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