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ABSTRACT 

This research was conducted to obtain information 

regarding the feasibility of using non-medical personnel to 

obtain measurements of radiologic total lung capacity .(TLC). 

Operators from each of four groups (general undergraduates, 

nursing students, medical students, radiologists) differing 

in the amount of medical training and/or experience reading 

x-rays, performed each of two tasks. The first task was 

the measurement of radiologic TLC for a set of twenty x-rays. 

The second task consisted of tracing the outline of the 

anatomical structures that must be identified in the 

execution of the radiologic TLC measurement task. Data from 

the radiologic TLC measurement task were used to identify 

possible group differences in the reliability and validity 

of the measures. The reliability analyses were performed 

within the framework of Generalizability Theory. While 

the results are not conclusive, due to small sample sizes, 

the analyses suggest that group differences in reliability 

of the measures, if they exist, are. small. The concurrent 

validity of the measures was assessed by obtaining, for 

each experience level, the correlation between the group 

mean radiologic TLC for a film set and the TLC for that 

ix 



patient, obtained from a body plethysmograph. Only small 

differences in the group correlation coefficients were 

observed. A liberal test of these differences indicated 

they were not statistically significant. Additionally, 

two experience level by film sets ANOVAs were performed 

X 

to determine possible group differences in how well the 

actual magnitudes of the radiologic TLC measures 

approximated those obtained with the body plethysmograph. 

These analyses indicated that the magnitude of the 

differences between radiologic and plethysmographic TLC 

measures were smaller for the undergraduates than for the 

nursing students and radiolgists. Lastly, a number of 

analyses of the anatomical structure tracings were performed. 

Few interpretable group differences were found. 



CHAPTER 1 

INTRODUCTION 

Total lung capacity (TLC), the total amount of air 

present in the lungs at full inspiration, is an important 

index of lung functioning. It is used, in conjunction with 

a variety of other lung function indices, as a clinical aid 

in the diagnosis and management of restrictive and obstruc

tive lung diseases as well as in large scale epidemiological 

work on pulmonary disorders (Crapo, Montague, & Armstrong, 

1979; Greene, 1971; Reger & Jacobs, 1970). The most common 

methods of measuring TLC, gas dilution, gas washout, and 

body plethysmograph (Briscoe, 1965; Freedman, 1979), all 

have serious drawbacks for use in large scale epidemiological 

work. They are time consuming, must be administered by 

specially trained technicians, and require special equipment 

(Reger & Jacobs, 1970; Wehr & Mansferrer, 1975). 

An alternative method of deteLmining TLC uses 

posterior-anterior (PA) and lateral chest radiographs taken 

at full inspiration. The method requires the measurement 

of the size of the radiological projections of several 

anatomical structures in a patient's chest. Research 

accumulated over the last 50 years indicates that measure

ments of TLC taken from chest radiographs agree well with 
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those obtained with the dilution, washout, and plethysmo

graphic methods for a variety of age groups and patient 

populations (Barnhard, Pierce, Joyce, & Bates, 1960; 

Cobb, Blodgett, Olson, & Stranaham, 1954; Hurtado & Fray, 

1934; Loyd, String, & Dubois, 1966; Nicklaus, Watanabe, 

Mitchell, & Renzetti, 1967; O'Shea, Lapp, Russakoff, Regar, 

& Morgan, 1970). 
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Radiologic measures are of potentially great use in 

epidemiological work in that they lack many of the drawbacks 

inherent in common methods of TLC measurement. Little is 

required in the way of equipment, the necessary radiographs 

are often already available, and recent advances in computer 

technology have allowed for the development of computer

assisted radiologic measurement systems that provide a 

measurement of TLC in under five minutes per patient 

(Barrett, Clayton, Lambson, & Morris, 1976; Glenn & Greene, 

1975; Seeley, Mazzeo, Borgstrom, Hunter, Newell, & Bjelland, 

1983). 

In large scale surveys, however, the number of TLC 

measures which need to be obtained is often quite large. 

For example, in the work being done at the Specialized 

Center of Research (SCOR) of the Arizona Health and Sciences 

Center (Lebowitz, Knudson, & Burrows, 1975), TLC measures 

must be obtained on approximately 1,000 patients. It is 

often not practical to employ radiologists or highly skilled 



medical personnel in the performance of this task. Because 

of this, work has been underway for the last several years 

to develop a computer-assisted TLC measurement system which 

can be used by nonmedical personnel who have been provided 

with a small amount of training (Seeley et al., 1983). 
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Little is known about the feasibility of this 

enterprise. From a measurement standpoint, while considerable 

evidence exists concerning the reliability and validity of 

radiologic TLC measures there are no systematic studies 

comparing the precision and accuracy of measures obtained 

by nonrnedical versus medical personnel. The comparability 

of measures obtained using nonrnedical personnel to those 

obtained by radiologists or skilled technicians needs to be 

demonstrated. 

From a psychological point of view, little is known 

about the level of perceptual skill needed to perform the 

measurements. The primary requirement is an ability to 

distinguish organ contours and recognize the radiological 

projections of several anatomical structures. How skilled a 

perceptual task this is and whether it is reasonable to 

assume nonmedical personnel could develop this skill in a 

short amount of time has not been determined. What is known 

about skilled perception, both in general and specific to 

radiology, suggests caution in assuming that nonmedical 

personnel have or can quickly obtain the necessary level of 

skill. 



A large body of evidence concerning the nature and 

development of perceptual skill has been obtained by 

cognitive psychologists studying problem solving in a 

variety of complex task domains. Most of this research 

contrasts the performance of experts with considerable 

knowledge and experience in a domain to that of novice 

performers. Research in areas as diverse as playing chess 

4 

(deGroot, 1965, 1966; Chase & Simon, 1973a, 1973b), solving 

algebra and physics word problems (Chi, Feltovich, & Glaser, 

1981; Hinsley, Hayes, & Simon, 1977), and computer program

ming (McKeithen, Reitman, Reuter, & Hirtle, 1981) is 

univocal in showing considerable differences between how 

experts and novices perceive problems in these domains. 

The differences are attributed to the experts possession of 

a large body of domain specific knowledge, presumably 

acquired via extensive experience in that domain. More 

importantly, recent work on the nature of perceptual skill 

in radiology (Lesgold, Feltovich, Glaser, & Wang, 1981; 

Lesgold, Glaser, Chi, Greeno, & Resnick, 1982) suggests that 

the ability to accurately identify anatomical structures in 

a radiograph requires a considerable amount of anatomical and 

medical knowledge, as well as considerable experience in 

x-ray interpretation, neither of which nonmedical personnel 

will have or can be expected to acquire in a short training 

period. 



The goals of this dissertation were to provide 

information about the psychometric properties of TLC 

measures obtained by operators with varying amounts of 

expertise in x-ray interpretation and to obtain evidence 

concerning the extent to which these operators possess the 

level of perceptual skill necessary for accurate TLC 

measurement. 

Background 

5 

The development of a computer-assisted radiologic 

TLC measurement system suitable for use with nonmedical 

personnel has been an ongoing project of the radiology group 

working with SCOR at the Arizona Health and Sciences Center 

(Seeley et al., 1983). SCOR is conducting a large 

epidemiological study of chronic obstructive lung diseases 

such as chronic bronchitis and pulmonary emphysema. It is a 

longitudinal study designed to look at the etiology and 

natural history of these disorders in the interest of 

collecting information useful in developing the means for 

early detection, prevention, and treatment (Lebowitz, 

Knudson, & Burrows, 1975). 

The system being developed uses a GRAF spark pen 

interfaced with a Digital Equipment Corporation VAX 11/780 

computer. It is an adaptation of the method developed by 

Barnhard et al. (1960) and later modified by Loyd, String, 

and Dubois (1966). The rationale for the Barnhard method 



(as it is often called) is that the chest cavity can be 

thought of as a container housing the heart, diaphragm, 

and a variety of vascular and tissue structures. TLC is 

the volume of the container that remains after the volumes 

of the heart, diaphragm, tissue and blood volumes are 

subtracted. The volumes of the chest cavity,· heart, and 

diaphragms are calculated by assuming their shape to be 

approximated by certain geometric figures. Measurements 

are taken of the height, depth, and width of the radiologic 

projections of the structures and the appropriate formula 

is used to obtain their volumes. The amount of tissue and 

blood volume is obtained from normative formulas based on 

the patient's height and weight. 
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The method as described by Barnhard et al. employed 

h2nd measurements and calculation. In the SCOR adaptation 

the radiological measurements are obtained with the spark 

pen and the calculations are performed by the computer. The 

principle task for the operator of the system is to identify 

the radiographic outline of specified anatomical structures 

and obtain the required measurements with the spark pen. 

That this structure identification can be done well 

enough, by suitably trained personnel, to provide reliable 

and valid TLC measures is evident from the body of literature 

to be reviewed in Chapter 2. The research reported here was 

motivated by a concern that, based on the complexity of the 



radiologic task and the available psychological evidence, 

also reviewed in Chapter 2, this might not necessarily 

be the case for nonmedical personnel. 
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The identification of anatomical landmarks is a more 

than trivial task, even for radiologists. To understand why, 

it i.s necessary to review what is involved in the creation 

and interpretation of radiographs. 

The process of obtaining PA and lateral chest 

radiographs is described in Lesgold et al. (1981), 

Such radiographs are made by having a person stand 
facing and touching a 14 inch x 17 inch filmholder 
while an x-ray beam is directed at the film from a 
point behind (exactly 72 inches from the film) the 
person. "PA" stands for posterior-anterior and 
reflects the back-to-front movement of the beam 
through the patient. If the beam passes through 
radiotransparent material such as air, it strikes 
the film and produces areas that are black after 
the film is developed. If the beam is refracted 
or absorbed, perhaps by organs or bone, fewer 
photons strike the film and such areas will appear 
clear or grey after development (p. 18). 

At least two features of radiographs make the 

discrimination of the contours of organs and anatomical 

structures a difficult task. First, the appearance of any 

given portion of the film, is jointly determined, by all 

the structures the x-ray beam encountered before making 

contact with the film source. Thus, most cues about·depth 

are effectively removed and a less dense structure such as 

one composed of tissue, can be masked by a structure of 

greater density such as bone. 



In contrast to normal pictures, in which the 
forwardrnost objects in a scene occlude those 
further back, there are no overlap cues for 
depth in a radiograph. Rather, any region 
on a film is jointly determined by all tissues 
through which the beam passed in its trip 
from the x-ray source to the film plate. Bone, 
which blocks the photon beams, blocks out air 
and soft tissue whether the bone is in front 
of or behind the other tissue. There are slight 
depth clues due to the fact that the beam is a 
point source. Thus, the back portions of ribs 
appear slightly larger and fuzzier than the 
front portions, because they are further away 
from the film plate. However, for most 
purposes, there is not sufficient depth 
conveyed by such cues. For example, both front 
and side views are required to locate a bullet 
or tumor accurately. In certain cases, when 
several organs overlap in the two-dimensional 
film plane, distinguishing organ contours 
requires considerable expertise (Lesgold et al., 
1981, p. 18). 
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Second, the amount of absorption of the x-rays, which 

is what determines the appearance of the film at a given 

point, is dependent not only on the type or density of 

tissues it must traverse (soft tissue, bone, liquid) but 

also on their volume (Troupin, 1978). This presents 

considerable difficulty in that, for example, an area on an 

x-ray which one may be tempted to attribute to a tissue 

structure because of its grey shading may in fact be bone, 

projecting an unusually grey shadow because of its 

thinness. 

Due to these two factors, as well as others, the 

appearance of the radiograph at a given point is not an 

unambiguous record of the structures that have been 
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traversed by an x-ray beam. Identifying anatomical 

structures in a radiograph involves establishing a mapping 

between a configuration of areas of the film of various 

shapes and degrees of shading and a model of the patient's 

anatomical structures, in some layout, which could have 

generated that configuration. That this is not a trivial 

task is evidenced by the fact that the ability to determine 

a correct correspondence between features of a radiograph 

and the anatomy that gives rise to these features has been 

found to be dependent on a considerable amount of radiological 

experience. Even radiologists with a great amount of 

experience make errors. 

One of the most striking differences revealed 
by this analysis was the ability of more 
experienced subjects to see anatomy; that is, 
to build a rich mental representation of the 
anatomy of the patient whose radiograph is 
being diagnosed. Here is an example of the 
type of differences we found. On one of our 
films, ... there was a small tumor in an area 
of the chest that contains many intertwined 
anatomical components (right suprahilar area). 
Two thirds of our first and second year 
residents and all of our advanced residents 
and experts detected abnormality in that 
region. However, only 28% of the residents who 
detected the abnormality and 60% of our 
experts correctly analyzed the problem as a 
tumor. There was a clear progression, with 
expertise, toward a greater anatomical 
specificity in characterizing this abnormality 
(Lesgold et al., 1981, p. 7). 

How is it that the experienced radiologist is able 

to identify the outlines of structures in radiographs? 



From Lesgold et al.'s work (1981), the following 

characterization of radiological perceptual skill has ,_,_1_ 

emerged, 

Detailed knowledge of anatomy is a critical aspect 
of expertise in x-ray film interpretation. Experts 
have the constructive perceptual ability to build 
a three-dimensional representation of the 
particular patient, adjusted to the patient's 
particular anatomical idiosyncrasies .•.. The 
knowledge which underlies expertise includes the 
mental representation of anatomy, a theory of 
anatomic perturbation under pathology, and the 
projection of this anatomy into the radiographic 
domain. It appears that this internal 
representational knowledge takes years of 
experience to mature (p. 99). 

Lesgold et al.'s characterization of radiologic 

10 

skill raised some serious concern about the possible. success 

of the enterprise of using nonrnedical personnel in the 

measurement·of TLC from radiographs. Their results 

indicated that in interpreting x-rays, radiologists called 

on a detailed knowledge base concerning anatomy and changes 

in anatomy which result from disease processes.. It is very 

likely that this knowledge base is not present in nonrnedical 

personnel. More importantly, the less than perfect 

anatomical localization ability of the experts suggested 

that considerable experience and training would be 

required, well beyond what could be expected to be 

imparted to nonrnedical personnel during a brief training 

period. Thus, nonrnedical personnel would not have the 

perceptual skill to obtain accurate radiologic TLC 



measurements, nor is it reasonable to assume that they 

could be quickly trained to do so. 
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The tasks used by Lesgold et al. (1981), however, 

required the diagnosis of a pathological condition from PA 

x-rays. In contrast, TLC measurement requires only the 

ability to identify the radiologic projections of the major, 

normal thoracic landmarks. The perceptual skill involved 

in correctly discriminating a tumor from atelectasis 

(collapsed lung), both pathological conditions involving 

the presence of radiologic evidence not normally found in a 

patient's radiograph, may be of a different sort and level 

of complexity than that required to identify the outline of 

the major anatomical structures of the chest. Thus, their 

results may have been painting an overly pessimistic view 

of the prospects of success in using nonrnedical personnel 

in the measurement of TLC. 

On the other hand, the differences in knowledge and 

experience among residents and practicing radiologists is 

certainly less than the differences to be expected between 

nonmedical personnel and radiologists. Lesgold et al. 's 

results may in fact be indicative of the difficulty which 

will be involved in using nonrnedical personnel. The extent 

of perceptual skill necessary for TLC measurement remained an 

empirical question and one which this dissertation attempted 

to answer. 



Method and Purpose 

The present research combined the determination of 

the psychometric properties of the TLC measurements made 

by groups of operators with varying levels of expertise 

with a study of their perceptual accuracy in identifying 

major anatomical structures in a chest x-ray. Its purpose 

was to detect differences in the quality of TLC measures 

obtained by operators with varying amounts of anatomical 

knowledge and experience in radiographic interpretation and 

to assess to what extent these differences were due to 

differences in the ability to correctly locate the required 

radiologic landmarks. 
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Four groups of subjects participated, undergraduates 

with no anatomy background or experience with x-rays, nursing 

students with some knowledge of anatomy but none or little 

experience in the way of x-ray interpretation, medical 

students with considerable anatomy and medical knowledge but 

limited experience in x-ray interpretation, and finally 

radiologists who had both considerable knowledge and 

experience. Each group participated in two tasks. In one 

of these, subjects were asked to trace the outline of the 

structures that must be measured during the TLC measurement 

process. The second task required subjects to actually take 

radiologic TLC measures for a set of x-rays for which 

plethysmographic TLC measures were also available. 
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The study was designed to determine the answers to 

a number of questions, both psychometric and psychological, 

all of which were related to the feasibility of using 

nonmedical personnel in the measurement of TLC. The 

psychometric questions concerned the validity and 

reliability of TLC measures obtained from operators with 

varying amounts of expertise in radiographic interpretation. 

Were the precision (reliability) and accuracy (validity) 

of radiologic TLC measur~s affected by the knowledge and 

experience of the operator? The psychological questions 

were concerned with the level of the perceptual skill 

required by the TLC measurement task. Would operators 

with different amounts of medical and anat@mical knowledge 

and experience in x-ray interpretation differ in their 

ability to agree about the location of the radiologic 

projections of the anatomical structures required for TLC 

determination and would these differences be related to 

accurate TLC determination? 



CHAPTER 2 

LITERATURE REVIEW 

Introduction 

To understand the issues which the present work 

addresses, it is necessary to review two diverse bodies 

of literature, one relating to the development of radiologic 

TLC measure, the other concerning skilled perception. Thus, 

this chapter is organized in two major sections. The 

first section is devoted to the literature on radiologic 

TLC determination. It begins with a description of the 

physiological methods for determining TLC against which 

the reliability and validity of the radiological methods are 

most often evaluated. Next, the historical development of 

both hand and computer-assisted radiologic TLC procedures 

is traced. Changes in technique, as well as the evidence 

for the validity and reliability of the procedure are 

examined. The first section concludes with a description of 

the SCOR radiologic TLC measurement system and a review of 

the evidence accumulated to date concerning its reliability 

and validity. The second major section describes the research 

in cognitive psychology, on the nature and development of 

perceptual skills. This section begins with a discussion of 

14 
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such skills in domains not directly related to radiological 

perception (such as Chess, and solving word problems in 

physics) and concludes with a review of the work being done 

by Lesgold and his associates (Lesgold et al., 1981; 

Lesgold et al., 1982) on radiological perception and 

diagnosis. 

The Determination of TLC 

Physiological Methods 

Total lung capacity (TLC) is typically defined as the 

volume of air present in the lungs at maximal inspiration. 

Its determination has been of interest in clinical as well 

as epidemiological work because it is a useful indicator of 

lung function both by itself, and in conjunction with other 

lung function indices (Briscoe, 1965). For example, patients 

with chronic obstructive pulmonary diseases (COPD) are 

often found to have larger TLCs than healthy patients of the 

same age and height while those with restrictive problems, 

such as asthma, may show reduced TLCs. In addition, the 

ratio of forced residual capacity (FRC), the volume of air 

remaining in the lungs after a maximal expiration, to TLC is 

often a signal of lung function difficulties. Patients with 

pulmonary difficulties often show higher FRC to TLC ratios 

than normals. 

There are several common physiological methods for 

determining TLC. Physiological methods fall into one of 



three general categories, gas dilution procedures, gas 

washout procedures, and the body plethysmograph method. 

While minor methodological variations exist within these 

general categories, they are unimportant for the purposes 

at hand. It will be helpful to understand the principles 

on which each of the common methods of TLC determination 

are based since the validity of radiologic TLC procedures 

is most often demonstrated by correlating values thus 

obtained with the values obtained from one or more of the 

physiological methods. Before proceeding to a description 

of the operating principles of each category, however, it 
... ~, 
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is necessary to make clear a fine point about physiological 

TLC determination. 

All of the physiological methods proceed in two steps. 

First, the FRC is determined by dilution, washout, or 

plethysmographic methods. This value is then added to the 

forced 'vital capacity (FVC) of the patient. FVC is the 

volume of air that can be exhaled starting at TLC and 

expiring until FRC is reached. It is typically measured by 

having the patient exhale into a spirometer which is a 

device which can determine the amount of air exhaled. TLC 

can be determined physiologically because it is equal to the 

sum of FVC and FRC. Thus "physiological TLC determination" 

is, in some sense, a misnomer since it is actually FRC which 

is being determined in this manner. 



Historically, the first set of methods to be 

employed were the gas dilution techniques (Briscoe, 1965; 

Freeman, 1979). These procedures, also referred to as 

closed circuit techniques, are based on the principles 

of the diffusion of gas. A known amount of some marker 
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gas is introduced into a closed container or circuit 

containing either air or oxygen and is allowed to disperse. 

This results in a known starting concentration of the 

marker gas in the container, which is most typically a 

spirometer. The subject is then switched into the circuit 

after a maximal exhalation and is allowed to breath the air 

in the container for seven minutes. Subsequently, the 

circuit is reclosed, a sample of the gas in the container is 

taken, and the final concentration of the marker gas in this 

sample is determined. By assuming the normal gas exchange 

rates between the patient's blood and the air within the 

lungs, it is possible to calculate the additional volume 

added to the circuit when the patient was switched in (i.e., 

the patient's FRC) from the difference between the beginning 

and ending concentrations of the marker gas. Several 

different marker gases have been and still are used, the 

most common of which are hydrogen, helium, and nitrogen. 

A second set of procedures are usually referred to 

as washout or rinseout techniques. They are also sometimes 

called open circuit methods. The initial concentration in 
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the lungs of some marker gas is determined. Most typically, 

thi.s gas is ni.trogen. A patient then inhales pure 

oxygen through a. valve and expires into a container where 

the expired gas continues to be collected for seven minutes. 

Subsequently, the ni.trogen concentration of the air in 

the lungs is again determined as well as the volume of 

nitrogen in the container. The ratio of the volume of 

nitrogen washed out to the difference between starting and 

ending concentrations in the lungs can be used to determine 

FRC. 

Both open and closed circuit techniques share the 

same shortcomings for use in epidemiological work. They 

require both skilled personnel and laboratory facilities 

for performing the procedure and analyzing the 

concentration of gases. Additionally, they may seriously 

underestimate FRC in patients with obstructive diseases such 

as emphysema. Gas exchange in lungs with emphysema occurs 

at a much slower rate than in healthy lungs. Since normal 

exchange rates are assumed in the calculation of both 

dilution and washout FRC determinations, the. values obtained 

can be grossly in error depending on the extent of 

emphysema. Only the air in contact with healthy tissue is 

detected. 

The third physiological method, that of the body 

plethysmograph, is based on changes in gas pressure in a 
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closed container rather than the dilution or washing out of 

gas. It is not subject to the underestimation problems of 

the dilution and washout techniques and is generally 

considered the most accurate of the TLC determination 

methods. A subject sits in a box having a volume of 600 

liters and breathes air from within it. As he breathes, the 

air in his lungs is compressed on inspiration and rarefied 

on expiration, resulting in a rise and fall of the air 

pressure within the box. This change in pressure is 

proportional to the change in lung volume and can be used to 

determine FRC. The plethysmographic method, though accurate, 

is time consuming, and requires expensive equipment and 

skilled technicians. This limits its usefulness in a 

variety of contexts, the most important of which for present 

purposes is epidemiological work. 

Because of both the physical and practical limita

tions of the physiological TLC determination methods, there 

has been a protracted interest in developing radiographic 

methods. The enterprise of developing a radiological 

method of determining TLC grew out of a more general effort 

to predict lung capacity from various physical characteris

tics of individuals such as age, height, and weight (Cobb, 

Blodgett, Olson, & Stranahan, 1954). This work has 

culminated in a set of procedures which yield radiologic TLC 

measures that agree quite well with the physiological 



methods. It is the history of this development which is 

discussed next. 

The Development of Radiological 
TLC Measurement 
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A~ early as 1918, Lundsgaard and Van Slyke attempted 

to relate TLC to the size of the chest cavity measured 

externally with calipers (Lundsgaard & Van Slyke, 1918). 

They obtained a measure of the height of the chest cavity 

from the upper end of the sternum to the junction of the 

xiphoid process of the same bone, the width as the distance 

between the midaxillary points to the level of the nipples, 

and the depth as the distance from the midsternal line to 

the vertebral column (also at the level of the nipples). 

Chest volume was calculated as the product of these three 

diameters. In a study of a small number of patients, 

Lundsgaard and Van Slyke found TLC as measured by hydrogen 

dilution, to be about 55% of chest volume, leading them to 

suggest that chest volume might be a useful index for 

predicting TLC. 

Subsequent researchers such as Binger and Brow 

(1924) failed to find this same systematic relationship 

between chest volume and TLC. They contended that the 

difficulty with external chest measurements was that they 

failed to take into account the level of the diaphragm and 

suggested that the measurement of the area of the lung fields 



visible in a radiograph might be more useful in 

predicting pulmonary capacity. 

The feasibility of Binger and Brow's suggestion 

was first demonstrated by Hurtado and Fray (1933). In a 

study of 50 healthy males they obtained chest volume 

measurements, according to the method of Lundsgaard and 
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Van Slyke, as well as what they termed "radiologic chest 

volume" (RCV). RCV was obtained by tracing the area of the 

lung fields in a PA x-ray (including the cardiac shadow) 

taken at maximal inspiration and multiplying this by the 

measurement of the depth of the chest cavity obtained 

externally. Tracing was done with a planimeter, a device 

often used in architecture and drafting, which calculates 

the area of a figure. The tracing began at the left 

costophrenic sulcus and followed a path over the left 

hemidiaphragrn, over the right hemidiaphragrn and down to the 

right costophrenic sulcus. The path continued up the right 

rib border over the apex of the lungs and down the left 

border of the ribs back to the starting poimt. Hurtado and 

Fray calculated, for both RCV and chest volume obtained by 

the method of Lundsgaard and Van Slyke, the correlations 

with hydrogen washout TLC and a spirometric determination of 

vc. RCV correlated .72 and .64 with VC and TLC respectively. 

The same correlations for chest volume were .38 and .33. 

Thus in both instances, RCV was more closely associated with 



the lung volume indices, confirming Binger and Brow's 

intuition. 

The relationship in normal subjects between RCV 
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and hydrogen washout TLC was replicated in subsequent work 

by Hurtado and Fray as well as a number of other 

investigators. Hurtado, Fray, Kaltreider, and Brooks (1934) 

obtained a correlation of .63 between RCV and TLC in 50 

healthy females. Aslett, Hart, and McMichael (1939) found 

a correlation of .80 in 64 normal males. The relationship 

between RCV and TLC was also demonstrated for the dilution 

methods of TLC determination. Kaltreider, Fray, and Hyde 

(1938) using a TLC measure obtained by oxygen dilution 

obtained correlations with RCV of .61 and .85 for normal 

male subjects in the age ranges of 18 through 30 and 38 

through 63 respectively. Wade and Gilson (1951) obtained a 

correlation of .82 using helium dilution methods to measure 

TLC in 25 normal males. 

While RCV was consistency related to TLC in normal 

subjects, the magnitude of the relationship was less than 

satisfactory for predictive purposes. For example, even in 

the case of the highest correlation reported (.85), 28% 

of the variance in TLC measures remained unexplained. On 

the conservative side, if the lowest correlation is used 

(.61), 63% of the variance of TLC measures remains 

unexplained. If radiologic indices were to be used in lieu 
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of physiological methods, the strength of the relationship 

between the two needed to be increased. Thus, the focus of 

much subsequent work was on modifying the technique of 

obtaining RCV in the hopes of improving its correlation 

with TLC. 

Gilson and Hugh-Jones (1949) attempted to identify 

some of the limitations on accuracy involved in measuring 

RCV by studying the variability of repeated measurements. 

If the reliability of obtaining RCV could be increased, this 

would also presumably increase the relationship to TLC. 

Sixteen normal subjects had PA x-rays taken in triplicate. 

In .each of these x-rays, the area of the lung field was 

measured with a planimeter as described by Hurtado and Fray 

(1934). In addition, triplicate measurements of the patient's 

lateral width were made with calipers allowing for three 

determinations of RCV per subject. 

Two important results were obtained. First, a 16 

subjects crossed with 3 replications ANOVA was done on the 

48 readings and the amount of variability attributable to 

each source was estimated. Gilson and Hugh-Jones report the 

standard error of the mean of two RCV determinations to be 

71 ml which they claim is comparable to the standard errors 

associated with physiological TLC determination methods. 

This is an impressive result and led the authors to conclude 

that reliability of the RCV measures was probably not 

responsible for the mediocre correlations with TLC. 



A second finding had a greater impact on the 

direction of the future development of radiologic TLC 

techniques. In comparing the accuracy of the radiographic 

measurements to those obtained externally they found that 
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the planimetry measures were .reproduced with greater accuracy 

(within .5%) than were the caliper measurements (within 4%). 

Thus, a logical conclusion from this is that if one wanted 

to improve the reliability of RCV measures, the best choice 

would be to try to improve the accuracy of the measurements 

of a patient's lateral width. 
I 

Cobb, Blodgett, Olson, and Stranaham (1954) attempted 

to do just that by altering the procedure for taking the 

lateral width measurement. In a study of 76 patients, 

including normals and those with emphysema, they calculated 

RCV by multiplying the area of the lung fields from the PA 

view (obtained with the method of Hurtado and Fray) by a 

measure of the width of a patient's body obtained from the 

lateral x-ray view. This lateral width measure was 

accomplished by determining the length of the horizontal 

line extending from the inner surface of the rib angles 

posteriorly to the sternum anteriorly at the point of the 

film where the patient's chest was at its widest. Thus 

Cobb et al.'s RCV differed in that it was obtained completely 

from radiographs. 

A correlation of .71 with TLC determined by nitrogen 
' 

washout was obtained for the full set of 76 subjects which is 



no better than the average correlation obtained by workers 

using Hurtado and Fray's method. However, the latter 
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groups' correlations were obtained using only normal 

patients. When Cobb et al. analyzed their data separately 

for the 33 normal patients in their sample they obtained a 

correlation of .91 which is higher than any of the individual 

correlations previously reported and substantially larger 

than their average. Thus, at least for normal patients, it 

appeared that RCV calculated completely from radiographs was 

more closely associated with physiologically determined TLC 

than a combination of radiographic and external measures. 

It should be noted that, up to and including Cobb et 

al.'s work, TLC was not measured from the radiograph directly. 

Instead a secondary value, RCV, was calculated which was 

found to be related to TLC. If an actual estimate of TLC 

was desired, it had to be obtained by converting RCV to TLC 

via a regression equation. There were two pitfalls in this 

approach. The first pitfall, pointed out by Barnhard, 

Pierce, Joyce, and Bates (1960), was evident in the early 

replication work using Hurtado and Fray's RCV method. Each 

set of workers using the technique found a different 

regression equation to carry out the conversion. Thus it 

was not clear which of these equations should be employed. 

The second pitfall was related to the statistical phenomenom 

in regression known as shrinkage (Kerlinger & Pedhazur, 1973). 

The accuracy of predicting TLC from RCV with an equation 
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calculated from one sample will be less when that equation 

is used with a second independent sample. This means a 

laboratory employing, say, Cobb et al.'s technique and 

regression equation could expect to be less accurate in 

predicting TLC than the original authors. Thus, the next 

phase in the development of radiologic TLC measures 

consisted of the generation of measurement schemes which 

yielded a number which could be directly interpreted as a 

TLC measure, obviating the need for using regression 

corrections. Because of this, evidence for the appropriate

ness of a method must consist of showing both high 

correlation with alternative TLC determinations as well as 

no significant differences in the actual TLC numbers 

obtained. 

The first attempt to calculate TLC directly was 

reported by Kovach, Avedian, Morales, and Poulos (1956). 

They reasoned that the volume of the chest cavity could be 

estimated by assuming its shape to be approximated by a 

paraboloid of revolution with its vertex at the center of a 

horizontal line connecting the highest points of the inner 

borders of the first ribs and a base which was the horizontal 

line connecting the diaphragmatic sulci in the PA view. The 

lengths of these lines were measured from a patient's PA 

x-ray and used in conjunction with an appropriate volume 

formula to determine the estimate. TLC could then be 
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determined by subtracting from this volume, the volumes 

of the major structures housed within the thorax, 

specifically the volumes of the diaphragmatic domes above 

the base line, the heart, the superior mediastinum, the 

posterior mediastinum and the adjacent vertebral bodies, 

and the lung tissue and blood volumes. Each of these 

subsidiary volumes (with the exception of the lung tissue 

and blood volumes) was obtained in a manner similar to the 

thoracic cage volumes, that is by assuming a certain 

geometric shape to adequately describe a desired structure, 

obtaining the necessary measurements from the PA x-ray, and 

using a volume formula appropriate to the assumed shape of 

the structure. Average lung tissue and blood volume 

estimates obtained from the pathology department of the 

institution where Kovach et al. were working were used to 

correct for these volumes. 

Kovach et al. compared their radiologic TLC measures 

with those obtained by nitrogen washout for a series of 22 

normal patients. The difference between radiologic and 

and physiologic TLC ranged from 5 to 124 ml with an average 

difference of only 50.6 ml. The correlation is not reported 

but the raw data are. The value of the correlation, 

calculated from the reported data by the present author, is 

.9992. These results are remarkable, suggesting almost 

perfect reproduction of physiologically determined TLC from 

radiographic measurement. 
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Subsequent work by independent researchers 

(Barnhard et al., 1960; O'Shea, Russakoff, Reger, & Morgan, 

1970) failed to find anything close to the same impressive 

results. The rationale behind the Kovach et al. procedure 
~ 

of determining the volume of a variety of chest structures 

by combining radiographic measurements of these structures 

with assumptions about their approximate shape, has 

survived, however, as the basis for the radiologic TLC 

measurement scheme commonly used today, that of 

Barnhard et al. (1960). 

From an examination of chest anatomy, Barnhard et al. 

concluded that the lung fields in the chest cavity were 

elliptical in shape when viewed in cross section. They 

contended that a more accurate description of the shape 

of the chest cavity was as a stack of an infinite number of 

elliptical disks of varying sizes. In theory, the volume of 

the chest cavity could be obtained by taking the infinite sum 

of the areas of these disks. In practice, this result could 

be adequately approximated by dividing the chest cavity into 

a limited number of horizontal sections, obtaining the 

volumes of each of these sections by assuming they are 

elliptical cylindroids, and summing these volumes. From 

this volume, the heart, diaphragm, lung tissue and blood 

volumes could be subtracted, yielding an estimate of TLC. 

The shapes of these subsidiary structures are treated as 
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ellipsoids or as portions of an ellipsoid. Because the TLC 

measurement system to be employed in the present study is 

based on the Barnhard et al. approach, the method will be. 

described in some detail. 

A patient's lateral and PA x-rays are divided into 

five corresponding rectangular regions, as shown in Figures 

2.la and 2.lb, by marking with a grease pencil or some such 

implement. The height (hi) and an average width (w i)' of 

each section are determined from the PA x-ray and the depth 

(d .) of each section is obtained from the lateral view by 
l. 

measuring them with a ruler. The volume of each section, 

denoted cvi) is then given by the formula for an elliptical 

cylindroid: 

C l • • h • • d v. = -4 TI • w. . 
l. . l. l.. l. 

The sum of the volumes for the five sections is treated as 

the total chest volume (CV.) 
l. 

cvt = ~ cv. 
. l. 
l. 

Next, the heart volume (HV) is calculated by assuming 

its shape to be approximated by an ellipsoid. Three 

diameters are obtained from the radiological projection of 

the heart in the PA and lateral views. The first diameter 

(d1 in Figure 2.la) is taken from the junction of the 

superior venous pedicle with the right atrium to the left 

border of the heart, usually where it meets the diaphragm. 
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The second diameter (d 2 in Figure 2.la) is obtained as the 

sum of two radii (d21 and d 22 in Figure 2.la). Each of 

these radii is obtained by extending perpendicular lines 

from a1 to the furtherest points of the left and right 
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heart borders. The final diameter (d 3 in Figure 2.lb) is the 

longest possible line which is perpendicular to the longest 

diameter of the heart in the lateral view. The volume is 

then given by: 

HV l . d d . d 
=6.TI. 1" 2° 3 

Each hemidiaphragm is assumed to be adequately 

approximated as one eighth of an ellipsoid. Their volumes 

(DV.) are calculated separately and summed to give the total 
l. 

diaphragm volume (DVt). Three measures are needed for each 

hemidiaphragm to accomplish this. First, a horizontal line is 

drawn on the PA view, connecting the diaphragmatic sulci 

(R in Figure 2.la). The first measure, r 1 , is taken to be 

half of R for both hemidiaphragms. The second (r2 in 

Figure 2.la) is the distance from R to the highest point of 

the diaphragmatic dome. The third measurement (r3 in 

Figure 2.lb) is taken from the lateral view as the length 

the line from the anterior chest border to the rear 

diaphragmatic sulcus. 

and 

DV. 
l. 

The diaphragm volume is obtained as: 



DVt = E DVi 
i 
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Lastly, the blood and tissue volumes are determined. 

Based on previous work reported by Ebert, Borden, Wells, 

and Wilson (1949), intrathoracic blood volume was estimated 

as 19.5% of total blood volume. Barnhard et al. assumed 

15% of this was outside of the heart. Since total blood 

volume had been related to height by Gibson and Evans (1937), 

blood volume (BV) was assumed to be 15% of the total blood 

volume predicted from the patient's height in centimeters. 

Based on a number of considerations, Barnhand et al. assumed 

lung tissue volume. to be 130 ml for all subjects. The final 

TLC estimate, in mls, is obtained as: 

TLC= cvt - HV - DVt - BV - 130 

Barnhard et al. compared the correlation of nitrogen 

washout TLC measures with their ellipse method, with Kovach 

et al.'s paraboloid approach, and the planimeter method of 

Cobb et al. Four groups of patients were measured with the 

ellipse method, 21 healthy young subjects (22 to 37 years old), 

25 healthy old subjects (55 to 92 years old), 16 patients 

with emphysema (47 to 84 years old), and 12 patients with 

congestive heart failure. For three of the four groups, the 

results were encouraging. The mean difference between the 

washout and ellipse method TLCs was significant for only the 

emphysematous group. This is hardly surprising given the 
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discussion above about the difficulties of gas dilution and 

washout measures with emphysematous patients. The 

correlations for the healthy young subject, healthy old 

subject, and congestive heart failure groups were, 

respectively, .88, .88, and .85. In contrast, the correlation 

for the group of patients with emphysema was only .43. These 

results suggest that the ellipse method yields radiologic 

TLC measures which covary to a great extent with physiological 

TLC measures and agree in terms of the actual number obtained 

for all but those patients with emphysema. Evidence also 

indicated that the ellipse method was to be preferred to 

both the planimeter and paraboloid approaches. For the 

healthy young subjects, radiologic TLC was determined by all 

three methods. The ellipse method performed better than 

either of the other two. The correlations with nitrogen 

washout TLC were .88, .77, and .43 for the ellipse, 

planimeter and paraboloid methods respectively. 

A slight refinement of the method of Barnhard et al. 

was implemented by Loyd, String, and Dubois (1966). They 

altered the procedures for determining tissue and blood 

volumes. Tissue volume was estimated as 2.7 ml per pound of 

body weight and blood volume was found as 230 ml per square 

meter of body surface area. For each of 50 subjects, TLC 

was determined radiographically by the modified ellipse 

method, and physiologically by the more current body 



35 

plethysmograph method. The correlation between the two 

methods was .97, substantially higher than the original 

ellipse procedures or any of the RCV measurement schemes. 

Additionally, the mean difference between the body 

plethysmograph was only 63 ml for the modified approach. To 

check the reliability of the modified methods, 10 film sets 

were selected and remeasured several weeks after the 

original measurements were made. The differences between 

repeated measurements ranged from -277 ml to +119 ml, with 

an average of -112 ml. Thus, the ellipse method of 

Barnhard, with the modifications incorporated by Loyd et al. 

provided a radiographic TLC measurement which agreed very well 

with body plethysmograph measures which are considered to be 

the best of the physiological methods. 

The validity of the.ellipse method, both Barnhard's 

original approach and the modified method of Loyd et al., has 

been continually replicated throughout the past 15 years. 

Evidence for the accuracy of radiologic TLCs has been 

obtained with different patient. populations, alternative 

physiologic TLC determination methods, and age groups. 

Nicklaus, Watanabe, Mitchell, and Renzetti (1967) 

compared the original Barnhard radiological procedure to 

TLC determination by both helium dilution and the body 

plethysmograph. Two groups of subjects were used, 20 

normals, and 20 patients with emphysema. For the group of 

normal subjects, the correlation between radiologic TLC and 
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both physiological determinations was .86 and no significant 

differences were found among the mean TLCs determined by 

each method. The value of this correlation coefficient is 

almost identical to Barnhard et al.'s (1960) original 

results. For the emphysematous group the correlations were 

considerably larger than what Barnhard et al. had reported 

for their group of subjects with emphysema. The correlation 

values were .86 and .85 for the radiologic method with 

helium dilution and body plethysmograph respectively. In 

fact, the correlation between helium dilution and body 

plethysmograph measures was only .77. However, the mean 

radiologic and plethysmographic TLCs were close to identical, 

while they both differed significantly from the dilution 

TLC mean (7.51 L, 7.56 L, and 6.38 L for th~ radiologic, 

plethysmographic and dilution methods respectively). Thus, 

considering the esteem in which body plethysmograph 

measures are held, radiologic TLC measures are to be 

preferred to gas dilution measures for patients with 

emphysema. 

The strong agreement between the ellipse method and 

the body plethysmograph for both normal patients and a 

variety of symptomatic patients has also been found by 

O'Shea, Lapp, Russakoff, Reger, and Morgan (1970). 

Plethysmographic and radiologic TLC were determined for four 

groups of subjects, 26 coal miners (24 of which had simple 

pneumoconiosis), 12 normal subjects, 8 subjects with 
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miscellaneous chest diseases such as asthma and emphysema, 

and 19 subjects with chest diseases with infiltrate present. 

Mean TLCs for the two methods did not significantly differ 

in any of the groups. The correlations were .80 for the 

group with infiltrate diseases, .89 for the miscellaneous 

group, .91 for the coal miners, and .93 for the normal 

groups. Regression equations were calculated separately for 

each group and significance tests were performed testing the 

null hypothesis that the slope parameter was equal to 1. The 

hypothesis was rejected for only the infiltrate group. Thus, 

for three of the four groups, radiologic TLCs could be used 

interchangeably with plethysmograph values. Only the presence 

of infiltrate altered the relationship, thus caution should 

be used in employing radiologic TLC measures with these 

patients. This makes sense in that the presence of infiltrate 

expands the size of the lungs, and is thus mistaken as a gas 

volume increase by the radiologi~ methods. 

More recent evidence continues to find similar results. 

Harris, Pratt, and Kilburn (1971) obtained a correlation of 

.93 between radiologic and plethysmographic determinations of 

TLC for a group of 77 subjects consisting of both healthy 

and symptomatic patients. Miller and Offord (1980) replicated 

Nicklaus et al. 's finding that.radiologic TLCs are better 

than gas dilution TLCs for patients with emphysema. For 

groups of both symptomatic and normal subjects, radiographic, 



nitrogen washout and plethysmographic TLC measures were 

obtained. The mean differences between the ellipse and 

plethysmogrphic methods were not significant (.21 L). A 

significant difference was obtained, however, between 
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both plethysmographic and radiologic TLCs and those obtained 

by nitrogen washout technique (.94 L for plethysmograph 

and .65 L for radiologic). Again it was demonstrated that 

radiologic measures are more accurate than gas dilution 

methods when symptomatic patients are involved. 

Two additional studies have shown that the ellipse 

method is equally appropriate for younger patients. Shepard 

and Seliger (1969) compared the ellipse method with Loyd 

et al. 's modification to helium dilution estimates for 62 

children ages 10 through 12. They reported correlations of 

.81 for males and .77 for females. The authors note that the 

lower correlations compared to previous results are most 

likely due to a restricted range of TLCs. The validity of 

radiologic TLC for adolescent patients with cystic fibrosis 

was shown by Hiller and her coworkers (Hiller, Kirkpatrick, 

& Huang, 1971). They compared helium dilution TLCs with 

radiologic TLC obtained according to the method of Loyd et al. 

for both 11 normal adolescents and 25 with cystic fibrosis. 

For the normals, the correlation was .927 and the slope of 

the least squares regression line was 1.055. For subjects 

with cystic fibrosis, the correlation was .930 and the slope 
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was 1.053. In addition, they obtained some limited data on 

the reliability of the method. For eight pairs of films, 

repeat measurements were taken a few weeks later. The mean 

difference in these measurements was -17 ml. Two patients 

had a sec.and x-ray taken 6 weeks later. The mean difference 

between the measurements taken from separate x-rays was 

130 ml. 

Thus, to date, the validity of radiologic TLC 

measures has been amply demonstrated. They agree very well 

with body plethysmograph TLCs for patients other than those 

with infiltrates present in the lungs. For normal patients, 

the radiologic TLCs perform equally well with dilution and 

washout determinations. 

In contrast to the considerable evidence concerning 

the validity of radiologic TLC measures, entire studies 

devoted to determining the reproducibility or reliability of 

the Barnhard method are scarce. Given the magnitude of the 

correlations obtained between radiologic and physiologic TLC 

measures it would seem that the reproducibility must be 

reasonably good. There is, however, one study which does 

provide some direct reliability evidence on the manual 

version of the ellipse method. 

Reger and Jacobs (1970) examined the variability of 

radiologic TLC measures taken by different technicians, as 

well as repeat measurements taken by the same technician. 



Five people (a psychologist, 2 statisticians, a biologist, 

and an electrical engineer) measured each of a set of 

eleven films three times. An 11 (film sets) crossed with 3 

(replications) nested within 5 (technicians) random 

effects ANOVA was performed and the mean squares were 

used to estimate the variance components associated with 

each variance source generated by the design. This is 

analogous to the approach to determining reliability 

advocated by Cronbach, Gleser, Nanda, and Rajaratnam 

(1972). The variability due to films can be thought of as 

the true score variance of traditional test theory or what 

Cronbach et al. refer to as universe score variance. The 

sum of the remaining variance components constitute an 

error variance analogous to Lord and Novick's generic error 

variance (1968) or Cronbach et al.'s error variance of 

absolute decisions. The square root of this sum is a kind 

of standard error of measurement. 
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Reger and Jacobs report the standard error of 

measurement as 383 ml. In addition, the ratio of true score 

variance to the sum of true score plus error variance is a 

kind of reliability coefficient. Reger and Jacobs report a 

value of .94 as the reliability of a single measurement. If 

one had a single observer measure the film twice, the 

reliability of this mean determination is .95 and if one used 

two observers measuring a film once, the reliability is .97. 



Thus, as expected from the high validity obtained, the 

reliability appears quite good. It should be noted that 

Reger et al. used some nonmedical personnel in this study. 

This is the only study reviewed thus far in which the 

identity of the technicians is made explicit. Presumably, 

in most cases, it is one of the authors of the article. 
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From the studies discussed, it is apparent that 

radiologic TLC measures obtained manually by the ellipse 

method agree quite well with those obtained by physiological 

methods. In fact, for patients with obstructive diseases 

such as emphysema, the radiologic measures are closer to body 

plethysmograph measures than are the gas dilution and 

washout tech~iques. The limited reliability evidence is also 

positive. Thus, the ellipse method is a legitimate 

alternative to physiological approaches for the determination 

of TLC. This evidence, combined with the logistic feasibility 

of the radiologic measures, makes them particularly appealing. 

The feasibility of the radiologic measures was 

enhanced with the introduction of computer-assisted TLC 

measurement systems based on the ellipse method. The 

tracings, measurements, and calculations required by the 

manual ellipse method took about 15 to 20 minutes (Barnhard, 

1960). With the introduction of the computer-assisted systems, 

this time was reduced to under 5 minutes with no loss in 

accuracy (Barrett, Clayton, Lambson, & Morris, 1976). This 



made the radiologic method particularly appropriate to 

epidemiological work where TLC determinations from large 

numbers of survey participants might be required. 
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The computer assisted systems all employ a digitizing 

device, which is operated by a technician, working in 

cooperation with a main frame computer. The technician 

affixes the x-ray to some plane-like surface, typically a 

backlit viewbox, and traces the required structures in the 

radiograph with a digitizer. A digitizer is a system which 

provides to the computer a string of points, specified in 

terms of their cartesian coordinates in the plane defined by 

the viewbox surface, which correspond to a contour being 

traced. These coordinates can be used by the computer to 

determine all the size measurements necessary for the ellipse 

method as well as perform all required calculations. 

Digitizer technology was first introduced to the 

problem of determining quantitative information from x-rays 

by Jaffe (1972). He used a Hewlett-Packard digitizing system 

in conjunction with a programmable computer. The Hewlett

Packard system consists of an opaque fiber glass board, 

called a platen, in which parallel horizontal and vertical 

conducting strips are embedded, and a cursor with which the 

tracing is done. As the cursor is moved during the tracing 

process it emits an electromagnetic field which activates 

the conducting strips in the platen. The activated strips 
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specify the cartesian coordinates of the points being 

traversed by the cursor. Jaffe developed a program based 

on Simpson's rule that allowed him to trace the outline of a 

shape in an x-ray and determine its volume. X-rays of six 

phantom shapes of known volumes were taken and traced by 

Jaffe with the digitizer. The differences between the 

calculated and true volumes ranged from -8 to 16. 

Not long after this, Glen and Greene (1975) developed 

a computer-assisted TLC measurement system, using digitizer 

technology, based on the Loyd et al. modification of the 

ellipse method. Their system is typical of those reported 

by others in the literature and the one being used by the 

SCOR project. A digitizing system (an Atronix Theta-Phi 

transducer) was interfaced with a main frame computer (an 

Atronix PC-1200) and a standard CRT terminal (a Tektronix 

611). An interactive computer program was written which 

guided the technician through the measurement process. The 

technician both inputs the data about the patient's height 

and weight which is necessary for determining blood and 

tissue volumes and receives instructions through the CRT. 

The transducer was used to carry out the tracing tasks 

required by the ellipse method. On the lateral film, first 

the lung outline was traced from the rear diaphragmatic 

sulcus over the apex to the anterior sulcus, then the highest 

point of the diaphragms was sampled, and lastly, the front 
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and rear heart borders were sampled. On the PA view, first 

the lung margins were traced from the left diaphragmatic 

sulcus over the apex to the right sulcus, then the highest 

points of the diaphragmatic domes were sampled and, lastly, 

the heart measures described by Barnhard were made. After 

the tracings are performed the computer automatically 

derives the measurements required by the ellipse method 

with one difference. The computer system calculates chest 

volume as the sum of the volumes of 25 elliptical slices 

whereas in the manual method, the chest cavity is divided 

into only five slices. 

Glen and Greene compared the manual method and their 

computer-assisted system for a set of 160 subjects. Each 

x-ray was measured first by hand, then with the semi

automated system. The second set of measurements was 

performed without removing the markings made during the 

manual measurement phase. The computer-assisted system 

agreed quite well with the hand measurements. The correlation 

between the two methods was .99 and the standard error of 

estimate obtained from regressing the manual on the computer

assisted method was 156 ml. The mean percentage difference 

between manual and computer-assisted measurements was 2.65. 

A second set of 40 films was selected from the original 160 

and measured both manually and with the semi-automated system, 

this time, however, after removing the markings made during 



the manual measurement process. Each of the 40 film sets 

was measured by four different operators, 2 radiologists, 

a physician, and an x-ray technician. Again the results 

were quite good. The correlations between the manual 

and computer-assisted measures, calculated separately for 

each of the four technicians, ranged from .979 to .991 with 

an average of .985. The standard errors of estimate were 

between 200 and 323 ml with an average of 269 ml. To 

show the reproducibility of the measurements, one of the 

radiologists remeasured the set of 40 films with the 

computer-assisted system on a different day. The 

correlation between the two sets of computer-assisted 

measurements was .952 and the standard error of estimate 

was 156 ml. Thus, for both marked and unmarked films, the 

computer-assisted system accurately matched the 

measurements made with the manual method. In addition, 

repeat measures with the computer-assisted system agreed 

very closely. 

A similar computer-assisted system was developed 

by Herman, Sandor, Mann, and McFadden (1975), however, 

their system differed slightly from Glen and Greene's and 

their calculations were not quite identical to those of the 

Barnhard method. They used a Graf pen digitizing systems 

for the tracing of structures as described in Chapter 1, 

in conjunction with a PDP 11/20 main frame computer. The 
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outlines of the chest, heart, and diaphragm were traced in 

both views with the spark pen. The volume of each of these 

structures was determined with an integration routine which 

calculated the desired volumes as the sum of elliptical 

slices. This differed from the Barnhard approach in which 

linear measurements are made of the heart and diaphragms and 

an ellipsoid shape is assumed. As usual, TLC was obtained 

by subtracting the heart and diaphragm volumes from the total 

chest volume and correcting for blood and tissue volume 

according to the method of Loyd et al. (1967). For 53 

patients, TLC was determined by both the radiographic method 

and by helium dilution. Body plethysmograph measures were 

also obtained for 42 of the patients. Of the total group, 

17 were normal, 36 had obstructive diseases. For the normals 

the correlations were .94 and .92 for the radiographic method 

with the helium dilution and body plethysmograph methods 

respectively. These volumes are similar to those obtained 

in previous studies using a manual radiographic procedure. 

The corresponding values for the obstructives were .78 and 

.73. The correlation in obstructive patients between 

radiologic and plethysmographic methods is slightly lower 

than might be expected given previous results. The authors 

make no note of this and the finding remains somewhat 

anomolous. On balance, however, the results are consistent 

with the previous research using the manual method, 



indicating that computer-assisted systems are equally 

appropriate for the determination of radiologic TLC. 
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Barrett, Clayton, Lambson, and Morris (1976) provide 

further evidence for the validity of computer-assisted 

systems. Like Herman et al. (1975) they used a spark pen 

digitizing system, however, their tracing procedure is 

based directly on Barnhard's approach and is identical to 

the one reported by·Glen and Greene (1975). Their 

calculations differ from Glen and Green only with respect 

to the chest cavity which is calculated as the sum of the 

volumes of 500 elliptical slices. Radiographs from 35 

patients (15 normals and 20 with emphysema) were measured 

by each of 4 technicians. Two of the technicians were 

engineers, one was a pulmonary physician, and one was a 

pulmonary technician. Each technician measured each film 

five times. Intraobserver reproducibility was calculated 

separately for each technician in the following manner. 

First, the standard deviation of the five measurements made 

for each film was obtained. Next these standard deviations 

were averaged across the 35 film sets. Lastly, the average 

standard deviations were expressed in ratio to the mean TLC 

determination for each technician. For the normal films, 

intra-observer reproducibility ranged from 1.6 for the 

pulmonary physician to 3.3 for one of the engineers. The 

results were similar for the patients with emphysema where 

intra-observer reproducibility was lowest for the pulmonary 



technician (1.3) and highest for the same engineer (1.8). 

Separate validity coefficients were also obtained for each 

technician for each group of patients. Each patient's mean 

radiologic TLC was correlated with a body plethysmograph 

measure. The highest correlation obtained was .90 (by one 

of the engineers for the normal patients) and the lowest 
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was .78(by a different engineer for the emphysematous group). 

Lastly, each film's overall mean across the five technicians 

was correlated with the body plethysmograph measures. The 

overall correlations were .87 for normals and .85 for 

patients with emphysema. The results are thus comparable to 

the hand methods. 

It should be clear from the above review that 

radiologic based TLC measures are comparable to those 

obtained with more complicated and expensive techniques. 

Because of this, a computer-assisted radiologic TLC ·.11. 

measurement system, similar to those described above, has 

been developed and is being used in the epidemiological 

research now ongoing at the Specialized Center of Research 

(SCOR) at the Arizona Health Sciences Center Department of 

Respiratory Sciences. As mentioned in Chapter 1, the goal 

is to develop a system to be operated by nonrnedical 

personnel. 

An interactive computer program based on Loyd et al.'s 

modification of Barnhard's approach was developed to take in 

spark pen information and calculate chest volume, heart 



volume, diaphragm volume, and total lung capacity. As in 

several of the computer-assisted systems, data was taken by 

the operator using a Graf spark pen system interfaced to a 

Digital Equipment Corporation VAX 11/780 computer. 

Instructions, data taking, error corrections, and 

calculations were controlled by an interactive computer 

program. The system is very similar to Glenn and Greene's 

with one exception. Rather than trace the outline of the 

chest cavity, s small number of discrete points are sparked 

along the perimeter of the chest cavity in both PA and 

lateral views. The motivation for this change was based on 

two considerations. First, from a programming standpoint, 

it was easier to develop a system that would allow the 

operator to correct measurements which were erroneously 

obtained if discrete points were sparked. Second, those 

computer systems which used continuous tracing, were 

erroneously obtained if discrete points were sparked. 
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Second, those computer systems which used continuous tracing, 

thus allowing for chest cavity determination from summing a 

large number of slice volumes, did not provide higher 

correlations than the manual method which uses only five 

slices. Thus, it was felt that no decrement in accuracy 

would result in employing a discrete point method. The 

procedural details of the SCOR system are provided in 

Chapter 3. 
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Because of logistical considerations, the 

preliminary analysis of the SCOR system did not employ 

nonmedical personnel. While a few of the studies reviewed 

thus far do employ some such personnel, none of them 
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report a systematic comparison of the reliability and 

validity of radiologic TLC measures taken by operators with 

varying amounts of medical expertise. A major purpose of 

this dissertation was to conduct such a comparison. 

As discussed in Chapter 1, the reason such a 

comparison is warranted is that the level of perceptual skill 

necessary for the identi;ication of the radiologic shadows 

of the anatomical structures required for TLC determination 

is not known. Research on radiological diagnosis 

(Lesgold et al., 1981) has shown that the correct identifi

cation of certain pathological radiological signs is quite 

difficult even for medical personnel such as radiology 

residents and practicing radiologists. The model of skilled 

perception emerging from those investigations proposes that 

detailed anatomical knowledge and a great amount experience 

interpreting radiographs are necessary for the types of 

discriminations required in radiological diagnosis. More 

importantly, the research of cognitive psychologists on 

performance in a number of task domains indicates that, in 

general, perceptual skill is highly dependent on extensive 

knowledge of the domain acquired only with considerable 

experience. A review of this research follows. 
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Perceptual Skill and Domain Related Knowledge 

To a large extent, the recent interest among 

information processing psychologists in the nature and 

development of skilled perception can be traced to the work 

of deGrott (1965; 1966) on the psychological aspects of 

chess skill. The work, begun in Holland during the late 

1940s, studied the thought processes of chess players as 

they reasoned about selecting a move in a given position. 

DeGroot (1965) presented internationally ranked players of 

varying expertise levels (grandmasters, masters, experts, 

and weaker class players) with positions from real games and 

asked them to think aloud as they tried to choose their 

next move. From these think aloud protocols, he tabulated 

a number of descriptive statistics designed to characterize 

players' thought processes (e.g., the number of moves 

considered, the total amount of time used, and the maximum 

depth to which any variation was calculated, etc.). Players 

from different skill classes did differ in that the better 

ones were more apt to choose the winning or correct move 

for a given position. However, somewhat counterintuitively, 

deGroot found that, with respect to the types of numerical 

indices of thought processes obtained from the protocols, 

the master and weaker players did not differ. Apparently, 

players of varying strength thought in a similar manner about 
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the moves they considered. The master players, however, 

seemed to automatically focus on and consider the better 

moves. 

These results suggested that something other than 

simply general reasoning ability must be of central importance 

in playing chess at master levels. The suggestion made by 

deGroot was that the key to understanding the master's 

performance was in his initial perceptions of a position. 

The master must see something in a chess board, tha.t players 

of lesser ability do not, which directly triggers the 

consideration of the better moves. This perceptual skill, 

deGroot speculated, must be the result of a large amount of 

chess related knowledge obtained only through the extensive 

experience normally accumulated by the masters. 

The swift insight of the chessmaster into the 
possibilities of a newly shown position, his 
immediate 'seeing' of structural and dynamic 
essentials, of possible combinatorial gimmicks, 
and so forth, are only understandable, indeed, 
if we realize that as a result of his experience 
he quite literally 'sees' the position in a 
totally different (and much more adequate) way 
than a weaker player. The vast difference 
between the two in efficiency, particularly in 
the time required to find out what the core 
problem is ('what's cooking really') and to 
discover highly specific, adequate means of 
thought and board action, need not and must not 
be primarily ascribed to large differences in 
'natural' power for (means) abstraction. The 
difference is mainly due to differences in 
perception (1965, p. 306). 

In the same series of experiments, an attempt was 

made to demonstrate this putative difference in perceptual 
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skill. Four chess players, one grandmaster, one master, one 

expert, and one novice, were each shown a series of 16 

middle game positions taken from relatively obscure actual 

master games. The typical position had about 22 pieces 

present on the board and were what is referred to as quiet, 

a position in which there are no exchanges of pieces in 

progress. Each position was shown to the players for a 

prescribed short period of time (from 2 to 15 seconds 

depending on the position) and subsequently removed from 

view. The players were then given a separate chessboard and 

full set of pieces and asked to reconstruct the position 

from memory while thinking aloud. The results showed a 

considerable effect for chess expertise. For a series of 

14 positions (two of the original positions were eliminated 

for nonsubstantive technical reasons) the grandmaster was 

able to correctly place an average of 93.4% of the pieces 

and the master, an average of 91.4%. In contrast,the expert 

player correctly placed 69.6% on the average and the weaker 

player 52.5%. The high level of performance of the masters 

(in some cases as many as 23 pieces correctly placed) is 

particularly impressive in light of the generally acknowledged 

constraints on short-term memory (STM). Miller (1956), for 

example, argued from a variety of empirical data that human 

short term memory had a capacity of 7 +/-2 chunks and most 

information processing psychologists agree that this is as 

least a good approximation (Norman, 1983). 
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DeGroot attempted to reconcile his results with the 

hypothesized limitations of STM by advancing an.argument 

which was a variant of what would later be referred to as 

the "perceptual chunking hypothesis" (Chase & Simon, 1973). 

He reasoned that with a brief exposure to the position, 

the way that grandmaster and master players perceived 

the board enabled them to remember more than the players 

of lesser ability. Superior players must be able to 

encode the position in terms of a small number of 

meaningful chunks, each consisting of several pieces. If, 

for example, a master chess player encoded a position in 

terms of seven chunks of about three pieces each, the 

performance was well within normal STM limits. From~_an 

analysis of the think aloud protocols, deGroot speculated 

on the nature of these chunks. 

The position is perceived in large complexes, 
each of which hangs together as a genetic, 
functional, and/or dynamic unit. For the 
master these complexes are of a typical 
nature. Such a complex--a castled position, 
a pawn structure, a number of co-operating 
pieces ('functional complex'), an inter
related tangle of pieces as in Position VI •.. 
or Rooks on the seventh rank boxing in the 
King, etc. -- is to be considered as a unit of 
perception and significance (1965, p. 329-330). 

There were, however, at least two alternative and 

not implausible explanations for the memory results which 

did not require an appeal to differences in the nature of 

what was perceived. According to the first of these, there 



is no difference between master and novice in what is 

extracted from the perceptual givens during a short 

exposure. The chess master's memory performance is 
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better because he has acquired a general feel for what the 

normal middle game position will be like. Thus, he performs 

better in the memory task not because he remembers the 

location of more of the pieces than does a weaker player, 

but because he is a better guesser concerning the pieces 

whose location he has forgotten. 

Evidence against this hypothesis was obtained in a 

subsequent experiment by deGroot (1966). Five master 

subjects and five weaker players participated in each of 

two tasks. The first was similar to the task just 

described. Subjects were shown a middle game position for 

five seconds. This position was then removed from sight and 

the subjects were given pieces and a chess board and asked 

to reconstruct the position just viewed. When subjects 

indicated they were finished, the experimenter removed the 

pieces which were incorrectly placed and let the subject 

try again without re-exposing the board to be matched. 

This process was continued until either the board was 

perfectly reconstructed or 12 trials had been reached. In 

the second task, subjects were asked to blindly guess at the 

location of pieces without being exposed to the position. 

Again, after the subjects indicated they were finished, 



57 

incorrect pieces were removed and subjects were allowed to 

re-guess about their position. Thus, the second task was a 

kind of guessing analogue of the first. 

The results were consistent with deGroot's per

ceptual skill hypothesis. Only the masters appeared to 

benefit from the five second exposure. For the first trial 

of the memory task, masters correctly placed 91.4% of the 

pieces compared to 41.2% for the weaker players. This 

difference could not, however, be attributed to a general 

knowledge of middle game positions as on the first trial 

of the guessing task both groups performed similarly and 

at a level close to the weaker players performance in the 

memory task. Masters correctly guessed only 37.3% of the 

pieces and the weaker players guessed 34.5%. In addition, 

deGroot plotted the cumulative percentage correct against 

trials for both groups of players on both tasks. The curves 

for the weaker players in both tasks and the masters in the 

blind guessing task looked very similar. The percentage of 

correctly placed pieces began at about the same level and 

increased over trials at a similar rate. Only the curve 

for the masters in the memory task differed, showing a 

much higher initial performance and more rapid approach to 

its asymptote. Thus, the alternative hypothesis of superior 

guessing on the part of the master players was not 

supported by the evidence. 



The second alternative hypothesis asserts that 

chess experts have a greater STM capacity for visual 

information of all kinds rather than chess specific 

perceptual skill developed through extensive experience. 

This superior general capacity is one factor which 
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enables these people to develop into experts. The second 

hypothesis has also not been supported by subsequent 

empirical work. Chase and Simon (1973a) described some 

additional research done by deGroot and his associates in 

which chess masters were compared with weaker players in 

reconstructing a set of briefly exposed specially 

constructed middle game positions. Each position was 

created .by placing ·pieces on the board in random locations. 

For the random positions, masters performed no better than 

the weaker players suggesting that they suffer from the 

same short-term memory constraints. It is only with real 

chess positions that the superior memory performance of 

the chess masters is observed. 

In a series of papers, Chase and Simon (1973a; 

1973b) describe experiments designed to investigate the 

perceptual chunking hypothesis further. They were able to 

both replicate deGroot's results concerning the phenomena 

of superior memory for meaningful chess positions as well as 

empirically demonstrate the existence and nature of 

perceptual chunks. Three subjects participated in the 
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experiments, one was a master, one a class A player, and one 

a beginner. Each subject performed two types of tasks, a 

memory task and a perceptual task. The memory task was 

similar to deGroot's (1966) except that if the position 

was not correctly reproduced on a given trial, the subject 

was allowed to view the position for an additional five 

seconds before attempting further reconstruction. In the 

second task, a perception task, s-ubj ects were to simply 

copy a position which remained in full view throughout the 

process. For both tasks, two sets of positions were used. 

The first set consisted of 10 actual middle game (24 to 26 

pieces) and 10 endgame (12 to 15 pieces) positions. The 

second set consisted of eight random positions (4 middle 

game, 4 end game) which were created by taking actual 

positions and replacing the pieces randomly on the board. 

The results from the memory task experiment were 

similar to deGroot's in showing a strong effect for chess 

expertise. The percentage of pieces correctly placed 

on trial 1 was 62%, 34%, and 18% for the master, class A 

player, and beginner respectively. In contrast, all three 

players performed equally poorly on the random positions. 

While the same general pattern of results is observed, 

the absolute level of performance is somewhat less for 

Chase and Simon's subjects. This is most likely attrib

utable to differences in the type of positions used. 

DeGroot employed only quiet positions from master level 
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games ( 3:. e., those in which no exchanges of pieces were in. 

progress) whereas Chase and Simon used both quiet and 

dynamic positions some which were also of less than 

master caliber. In fact, subjects were subsequently 

tested on an independent series of nine quiet positions 

from only master games. The performances on this second 

series were closer to deGroot's (1966) results with the 

master recalling 85% of the pieces correctly, the class A 

player 49%, and the beginner 33%. 

Subjects' performances in both the perceptual and 

memory tasks were also videotaped to record the order in 

which pieces were recalled. For both tasks, the time taken 

and chess relationships (attack (A), defense (D), same 

color (C) , same type of piece (S) , and prox.imi ty (P) (i.e. , 

on adjacent squares)) between each pair of successfully 

recalled pieces were recorded. Each pair of pieces could 

have one or more of the specified chess relationships. 

For example, two pawns of the same color successively 

placed on adjacent diagonal squares could be coded as 

having the relationships of defense, proximity, same color, 

and same piece (DPCS) . · The codings of video-recordings 

were employed to deduce the nature of the perceptual chunks 

used by the subjects. 

For the perception task, Chase and Simon 

distinguished between two types of item pairs. Between 
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glance pairs were those pieces whose placement was 

separated by the subject glancing at the to-be-copied 

board. The within glance pairs were those which were 

placed without re-glancing. They adopted .the working 

hypothesis that subjects picked up a single perceptual 

chunk when glancing at the board. If this were so, the 

groups of pieces positioned on the chess board without 

glancing back to the to-be-copied board could be thought of 

as belonging to the same perceptual chunk. Those pairs of 

pieces separated by a glance back to the board were assumed 

to come from different chunks. 

Chase and Simon reasoned that if their working 

hypothesis was correct, the piece pairs within a chunk 

should be more highly related (i.e., coded in terms of a 

larger number of chess relations) than those pairs that 

crossed chunk boundaries. To investigate this, they first 

tabulated the relative proportion of each of the coding 

categories for within glance and between glance pairs. 

Next, they determined the a priori probability of each 

category (i.e., the probability of occurrence if 

successive pieces were selected randomly from those 

available). Lastly, the observed relative proportions were 

expressed as standardized deviations (i.e., z values) 

from their a priori probabilities. 
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Data were first analyzed separately for each 

subject. Because the results for all players were quite 

similar (product moment correlations between players of the 

relative proportions of the categories of .89 to .95) 

subsequent analyses were collapsed across subjects. The 

results they obtained were consistent with their working 

hypothesis. For the within glance pairs, the 

probabilities of pairs of pieces with several relations 

were consistently above the a priori values while the 

probability of those pairs with few relations were lower 

than chance. In some cases, the deviation was quite 

marked. For example, the z value for pairs with no 

relation was -30.1 while the z value for pairs sharing the 

relationships DPCS was 8.6. In contrast, the observed 

probabilities of the between glance pairs were much closer 

to chance levels and no consistent pattern could be 

observed for highly related and less related pairs. 

Further support for the within glance/between glance 

distinction was obtained by using the perceptual data to 

help segment the memory protocols into within and between 

chunk pairs. By examining the distribution of the 

latencies in the perception task of the within glance and 

between glance pairs, Chase and Simon found that most of 

the former were under two seconds while the bulk of the 

latter were greater than two seconds. This fact was used to 



categorize the pairs of pieces successively recalled in 

the memory task into two categories. Those whose 

latencies were less than two seconds were thought to be 

within chunk pairs and those with greater than two second 

latencies to come from different chunks 

If there was any validity to this segmentation of 

the memory protocols based on the perception task 
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latencies, the results for the less than the two second 

pairs from the memory task should look like the within 

glance pairs from the perception task. This was in fact the 

case. Pairs sharing a greater number of chess relationships 

occurred much higher than chance and those sharing few 

relationships were observed much less often than expected by 

chance. The results for the greater than two second pairs 

were very similar to the between glance pairs from the 

perception task with all categories occurring close to 

chance levels. 

Chase and Simon concluded from these analyses that 

those sequences of pieces placed within a glance during the 

perception task and within two seconds of each other in the 

memory task came from the same perceptual chunk. By 

analyzing these sets of pieces, then, it was possible to 

describe the nature of the perceptual chunks. For their 

master subject, over 75% of the chunks belonged to three 

types of chess board configurations, pawn chains, 



castled-King positions, or clusters of pieces of the same 

color with mutual defense relations. These configurations 

are not unlike what deGroot (1965) suggested. However, 

since the analyses of the recall order of the pieces were 

highly similar across subjects, it was reasonable to 

conclude that the chunks of the weaker players were of a 

similar nature. Wherein then did the master's advantage 

lie? Chase and Simon further analyzed both the number and 

size of the chunks recalled on the memory tasks. Master 

players recalled more chunks per trial for both middle 
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game (7.7 vs. 5.7 vs. 5.3) and endgame (7.6 vs. 6.4 vs. 4.2) 

positions. It should be noted that none of these averages 

exceeds the hypothetical capacity of STM (i.e., 7+/-2 

chunks). In addition, the average chunk size also 

increased with expertise (i.9 for the beginner, 2.1 for the 

class A player, and 2.5 for the expert) and this trend was 

particularly noticeable for the first couple of chunks 

recalled on a given trial. 

From all of this, Chase and Simon proposed an 

explanation of the superior memory performance of the 

chess master. In long term memory (LTM) are stored a 

large vocabulary of labeled patterns or chunks similar to 

the piece configurations identified in the chess 

perception studies. When the chess master is shown the 

position to be copied, actual configurations are perceived 
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as instances of these chunks and their labels are stored in 

a STM of normal capacity. These labels are subsequently 

used to reconstruct the position by enabling the subject 

to retrieve the pieces positions from LTM. Presumably, this 

vocabulary of chunks is built over time through large 

amounts of chess playing. A master has a much larger 

vocabulary than a class A player or a beginner and the 

chunks of the master are most likely larger in size. Thus, 

he is able to perceive the board differently, seeing more 

of it in terms of these chunks, and.this enables him to 

use the STM capacity he has more efficiently. The central 

tenets of this explanation were used by Simon and Gilmartin 

(1973) to construct a computer simulation of memory for 

chess positions which performed in a similar manner to a 

master chess player. 

Based on the results of the perception experiments, 

as well as other work on problem solving in chess (Newell & 

Simon, 1972), Simon and Chase (1973) propose a model of 

chess expertise in which perceptual skill plays the central 

role. The model is also consistent with deGroot's inability 

to find differences in the thought processes of chess 

players of different ability. Simon and Chase propose that 

particular effective strategies and sequences of 

appropriate moves are stored along with the perceptual 

chunks in LTM. When the chunks are recognized in actual 



play, they provide access to these moves and strategies 

allowing the chess master to consider the consequences of 

only these stronger lines of plays. Thus, according to 

this view, differences in the way the board is perceived 

are not to be viewed as peripheral phenomena important 

only to explaining the chess master's superior memory. 

Instead, they are to be viewed as a central aspect of the 

psychological mechanisms of chess expertise. 
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Further evidence concerning the nature of 

perceptual chunking in chess was obtained by Frey and 

Adesman (1976). Their research provided additional support 

for the correctness of the perceptual chunking hypothesis 

(at least as it pertains to memory phenomena) as well 

evidence for the validity of the chunks obtained in the 

Chase. and Simon experiments. Three groups of subjects (high, 

medium, and low chess skill) performed three variants of a 

chess memory task with quiet middle game positions. In the 

first of these, subjects viewed a series of six slides in 

which a chess position grew, in a chunk by chunk manner, in 

terms of the kind of chunks identified by Chase and Simon. 

For example, the first slide might contain a castled king 

position, the second would add a pawn chain to this position 

etc. The sixth '.slide displayed the entire board 

configuration. After the last slide was displayed, subjects 

were given two minutes to reconstruct the position. The 
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second variant of the task was identical to the first in all 

respects except that the position grew column by column 

instead of chunk by chunk. So, on the first slide, for 

example, subjects might see the first two left hand columns. 

The second slide would add the third column, etc. This 

presentation mode was designed to interfere with the normal 

chunking which occurs under ordinary circumstances. For 

the final variant, the subj~ct saw a sequence of six slides, 

all of which were the final board configuration. 

Players of higher skill were able to recall more 

pieces on the average. Out of 24 possible pieces, the high 

skill group recalled 15.73, the medium skill group recalled 

14.57, and the novice group recalled 6.88. More 

importantly, there was a statistically significant effect 

for mode of presentation. The total group performance 

did not differ for the trials in which the entire configura

tion was presented each time or where the configurations 

grew by chunk (12.77, and 13.72 pieces recalled). Perfor

mance was reduced, however, when positions grew column by 

column (10.69 pieces). The interaction between mode of 

presentation and skill level was not significant. 

Frey and Adesman interpret their results as 

consistent with the perceptual chunking hypothesis. In the 

entire board presentation and the chunk by chunk 

development, perception proceeded normally in terms of Chase 
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and Simon's meaningful chunks. Presenting the board column 

by column, however, interfered with players normal 

perceptual chunking resulting in a decrement in performance. 

The lack of an interaction is also consistent with Chase 

and Simon's results in that players of all ability levels 

perceptually chunk the material to be remembered and the 

chunks of masters and players of lesser ability were 

similar in nature. 

The work on perception in Chess, though interesting 

in of itself, is of major importance because the phenomena 

observed (superior memory performance with increased 

expertise) and the explanation of this phenomena 

(differential perception based on the acquisition of 

extensive domain specific knowledge) are not peculiar to 

chess. Similar memory phenomena are observed in a variety 

of problem solving domains. Many of these domains are games 

like chess, however, some bear little resemblance to chess 

other than having a strong perceptual component. In most 

cases, the psychological mechanisms postulated to account 

for these phenomena are those suggested by the perceptual 

chunking hypothesis. 

Reitman (1976), using methods very similar to those 

in the chess perception studies, has looked at skilled 

perception in Go. Go is an oriental game in which two 

players compete to surround maximum territory on a 19 by 19 



grid board with walls consisting of single pieces called 

stones. Two subjects, a Go beginner and a Go master, were 

videotaped performing two tasks which were identical to 

Chase and Simon's perception and memory tasks. In the 

perception task, positions from·actual Go games as well 
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as randomly generated positions were copied. In the memory 

task, positions were exposed briefly and the subjects were 

required to reconstruct the position just viewed. As in 

the studies of chess memory, expertise had a large effect 

on recall. The master player recalled 66% of the actual 

positions while the beginner could manage only 39%. This 

effect was not observed, however, for random positions. 

Both beginner and master recalled about 30% of the pieces. 

Moreover, Reitman analyzed the successive piece 

placements in the same manner as Chase and Simon (1973). 

First, the perception task placements were separated into 

within glance and between glance pairs. The latency of each 

pair was recorded as well as the Go relationships existing 

between pairs of pieces. The distribution of latencies 

for the within and between glance pairs in the perception 

task were used, as in the chess research, to segment the 

memory protocols into within and between chunk pairs. These 

pairs were then coded in terms of Go relationships 

existing between pieces. 



The perception task results were very much like 

those of Chase and Simon. Within glance pairs evidenced a 

different distribution of relationships than did between 

glance pairs. ~he within glance pairs were typically of 

the same color, next to each other, and formed defense 

or attack configurations. The between glance pairs were 

further apart and equally likely to be of the same color 
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as not. A similar pattern was obtained from the memory task 

results, although Reitman had a more difficult time 

partitioning the memory task data by response time. In 

sum, evidence for perceptual chunking was again obtained. 

Another game in which similar memory phenomena are 

observed is bridge. Engle and Bukstel (1978) had four 

subjects of varying bridge skill and experience (expert, 

lifemaster, average player, and novice) perform-each of· 

three tasks. The first, a tournament-simulation task, was 

designed along an incidental learning paradigm. The subject 

was required to play 10 duplicate bridge boards. After all 

10 boards had been played, the subject was asked to 

reconstruct all four hands in each of the 10 boards. 

Because of the time lag from viewing the boards to 

reconstructing them, this task seems to be more of a LTM 

task. It should be noted that while playing the hands 

subjects were unaware that a recall test would follow. 

Results showed the same type of expertise effects as the 



STM tasks of the chess experiments. The expert and 

lifemaster correctly recalled 98.5% and 97.0% of the honor 

cards and 95.0% and 92.5% of the distributions (i.e., the 

number of cards in each suit in each hand) for the 10 

boards. In contrast, the average player correctly 

recalled 65.5% of the honor cards and 62.5% of the 

distributions. The novice's numbers were 16.0% and 11.8%. 

Thus, memory effects are not limited to immediate recall 

situations. 
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The second task, a memory task, was a bridge analogue 

of the chess memory tasks in which subjects were required to 

recall deals which were presented for a brief period of 

time. Deals were affixed to flat cardboard sheets and 

organized into four hands with all cards· visible to the 

subject. In 10 of these deals, the structured deals, hands 

were arranged in the normal bridge manner with cards 

grouped according to suit. The structured hands correspond 

to the actual game positions in the chess memory experiments. 

In the remaining 10 boards, the unstructured deals, cards 

were arranged so that they had the same number of rows and 

columns as the normal bridge deals, however, card placement 

was random. These correspond to the random chess boards. 

Each of 20 bridge deals were shown to the subjects for a 

period of 20 seconds, after which they were to recall the 

locations of the cards in the four hands. The results 



displayed the, by now familiar, pattern of the chess 

results. For the structured deals, bridge expertise was 

associated with superior recall. The expert and lifemaster 

correctly recalled more honor cards (84.5% and 83.0%) and 

distributions (87.5% and 91.3%) than did the average player 

or the novice. The numbers for the latter two were 16.0% 

and 31.5% for honor cards and 50.6% and 21.8% for distri

butions. In contrast, all subjects performed similarly at 

a considerably reduced level for the unstructured boards. 

In descending order of expertise, the percentages of 

correctly recalled honor cards were 17.0%, 31.0%, 6.5% 

and 19.0%. The percentage of correctly recalled 

distributions were 20.0%, 13.7%, 21.8%, and 6.25%. 

The final task, a perception task, paralleled the 

chess perception tasks. Boards like those used in the 

memory task were to be copied by the subjects. The boards 

were initially placed face down in front of the subjects. 
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In copying these hands, subjects were to flip up and glance 

at the board, return it to the face down position, and then 

transcribe to a piece of paper the identity and location of 

the cards viewed in that glance. Evidence consistent with 

the perceptual chunking hypothesis was obtained for the most 

part. Apparently, the lifemaster misunderstood the 

instructions and attempted to reconstruct the boards in as 

few looks as possible. Thus, her data are somewhat 
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anomalous and are not discussed by Engle and Bukstel. For 

the structured boards, the results suggest that the chunks 

of bridge experts, like chess experts are larger than those 

of novices. While the expert reconstructed the board using 

a smaller number of looks than did the average player or 

the novice, each look contained a greater amount of 

information (honor card locations and distributions) for the 

expert (7.69 pieces) than for the average player or novice 

(6.76 pieces and 5.26 pieces respectively). Results for 

the unstructured boards are similar. Unlike the chess 

results, however, the expert's chunks were somewhat 

different in nature from the average and novice players. 

The expert reconstructed the board suit by suit while the 

average ana novice players went hand by hand. In sum, 

Engle and Bukstel's results are remarkably similar to the 

memory and perception results obtained with chess and Go 

positions. Experts evidence better performance on the 

memory task and the perception results suggest this 

phenomena is explained by differential perception of the 

material to be memorized. 

Charness (1979) has also obtained an effect for 

expertise in the recall of briefly presented bridge hands 

using a slightly different procedure than Engle and Bukstel. 

A group of 20 club bridge players was stratified into three 

skill level groups based on their tournament rankings. 



Subjects were presented slides of individual hands (not 

entire deals as in the Engle and Bukstel studies) for a 

period of five seconds and then asked to immediately 

reconstruct the hand. Subjects saw a total of 20 hands 

10 of which were arranged by suit, and 10 of which were 
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left as they were dealt. For the structured hands, the high 

skill group correctly recalled more cards (9.2) than did 

either the middle or lower groups (6.7 and 6.9). For the 

randomly arranged hands all groups performed similarly 

(5.3, 4.7, and 6.0 in increasing order of skill). The same 

was true for recall of distributions. These results 

replicate Engle and Bukstel's. 

The fact that experts have a superior memory for 

visually presented game specific material has been 

interpreted as suggesting that as one acquires knowledge and 

experience in a domain, one's perceptions of the material 

change. The establishment interpretation of the studies 

of perception in chess, Go, and bridge is that clusters of 

objects, between which certain relationships important to 

the game in question exist, are stored in LTM memory as 

single functional units. When presented with a real game 

position, subjects recognize the actual clusters of pieces 

as instances of these memory structures. That is to say, 

the board is perceived in terms of these structures. 

Because experts have more of these structures in memory and 



the structures are larger in size (i.e., they substend a 

larger number of elements), they see more of the board in 

terms of these structures. As one acquires expertise in a 

domain, and one's LTM vocabulary of perceptual chunks 
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changes, one's perceptions of game positions will change. 

However, all of the studies discussed thus far have used 

games as their task domains. Are the results of the studies 

specific to these kinds of tasks o~ do they suggest 

something about the general nature and mechanisms of 

skilled perception in all domains? Evidence from a variety 

of nongarnelike task domains suggest the latter to be the case. 

Egan and Schwartz (1979) conducted a series of 

studies in which skilled electricians are required to recall 

symbolic drawings of circuits. These drawings consist of a 

set of logic symbols in a particular spatial arrangement. 

The individual symbols can be combined to form a variety 

of functional entities (such as amplifiers, rectifiers, 

filters, etc.). The circuits, in turn, consist of 

particular organizations of these functional entities. 

The first experiment was designed to provide evidence 

that these drawings are perceived in terms of chunks. 

A skilled technician was given copies of 50 electronic 

circuit drawings and told to circle meaningful groups of 

symbols which, when taken together, serve a common function. 

Those symbols within a circle were hypothesized to form a 



chunk for that expert. Three months later, the same 

electrician participated in a recall task using a subset of 

36 of the original set of drawings. He was shown each 

drawing for 10 seconds and then asked to recall, on a blank 

answer sheet, the arrangement o_f individual logic symbols. 

The sequence of symbol placements and the time between 

placements were recorded for each drawing. 

The results provided three pieces of evidence 

which Egan and Schwartz interpret as indicating that the 

electrician recalled the drawings in terms of the chunks 

indicated three months prior to the experiment. First, 

consistent with previous results, the latencies for within 

chunk pairs of symbols were significantly faster than those 

pairs that crossed chunk boundaries (5.0 vs. 5.8 seconds). 

Two, the transitional error probability (i.e., the 

probability that piece n + 1 was incorrect given that piece 

n was correctly placed) was significantly less for within 

chunk symbols (.11 vs .. 21). Lastly, when the recall 

protocols were segmented into chunks by grouping those sets 

symbols separated by a between chunk transition, like in 

the chess and Go studies, the size of the chunks decreased 

through the recall period. Chunk size declined from 3.19 

for the first trial to 1.82 for the sixth. 

The second experiment attempted to extend these 

results to subjects who had not worked with this particular 
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set of drawings previously. It was also designed to 

determine if the same kinds of memory phenomena observed 

in the chess studies could be demonstrated. The subjects 

were six skilled electricians employed at Bell 
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Laboratories and six novice lab technicians. Two sets of 

drawings were used. One set was selected from the pool of 

-first experiment drawings. A second set was created by 

randomly repositioning the symbols from a meaningful 

drawing. Subjects participated in two types of tasks, a 

recall task and a construction task. In the recall task, 

half the subjects were shown the drawing for five seconds, 

half for 10 seconds, and then required to recall the 

drawings as in the first experiment. In the construction 

task, subjects were simply given a pool of symbols and asked 

to guess at the correct placement of symbols without being 

shown the drawing. 

The results parallel the chess memory results in a 

number of ways. First, the important skill level by task 

interaction was obtained. In the recall task, electricians 

correctly placed significantly more symbols only for the 

meaningful circuit drawings. Performance did not differ 

for the random drawings. However, unlike the chess results, 

electricians are somewhat better guessers, evidenced by the 

fact that they performed significantly better in the 

construction task. As in the first experiment, within chunk 
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pairs were placed faster than between chunk pairs. This 

was true for both groups suggesting that, as is the case in 

the chess studies, expert and novice chunks are similar 

in nature. Lastly, again consistent with the chess 

results, the size of the experts' first two chunks are 

significantly larger than those of the novices. 

Additional evidence for the generality of the 

chess results was. found by McKeithan, Reitman, Reuter, and 

Hirtle (1981). They have shown a memory advantage for 

expert versus novice computer programmers. Their subjects 

came from three different skill levels. Twenty-four were 

beginners enrolled in their first computer programming 

course, 23, called intermediates, had completed a single 

programming course, and 6, called experts, taught 

programming courses. Each subject viewed either a normal or 

scrambled version of a 31 line ALGOL program. The normal 

version was in executable order. The scrambled version was 

a random ordering of the 31 lines. On each of the five 

trials, subjects viewed the program for two minutes and 

were then asked to write as much of it as they could 

remember on a blank recall sheet. For the normal version 

of the program, experts correctly recalled more lines than 

did intermediates who correctly recalled more than the 

beginners. The differences between skill levels increased 



over trials. For the scrambled version, however, no 

significant differences were found. 

Another set of tasks in which knowledge has been 

shown to influence perception is in the solution of word 

problems in what Bhaskar and Simon (1977) refer to as 

semantically rich domains. Semantically rich domains are 

those in which problem solution requires a considerable 

knowledge of the facts and principles of the domain in 

addition to generally effective domain free reasoning 

heuristics. 
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In these domains, knowledge related differences in 

problem perception have again been demonstrated and 

perceptual processes have been shown to play an important 

role in problem solution. It appears that initial problem 

perception is a key mechanism by which the relevant 

information in memory is accessed and brought to bear during 

the solution process. The general picture emerging from 

research in these areas is that an important aspect of 

problem solving expertise is the ability to perceive a 

specific word problem as an instance of a more general class 

of problems about which subjects have acquired and stored 

a considerable amount of knowledge concerning the principles 

and solution methods to apply. 

Preliminary evidence for the view that problem 

tokens are perceived as instances of a more general type was 



obtained in a series of studies by Hinsley, Hayes, and 

Simon (1977) involving the solution of algebra word 

problems. In the first of these, each of 14 subjects were 

asked to sort a set of 76 word problems taken from a high 

school algebra text into piles according to problem type. 

After the sorting task, they were asked to describe the 

properties of the problems in each category. For all 

possible pairs of problems, the number of subjects who 

assigned both to the same category was tabulated. 
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Hinsley et al. referred to this number as the similarity 

index which could range from Oto 14. A problem cluster 

was defined as a set of problems such that the average 

similarity index for all pairs of problems in the cluster 

is equal to or greater than 10. Following this definition, 

16 pro~lem clusters were identified which included 50 of 

the 76 problems. 

In Hinsley et al.'s second experiment, eight 

problems representing clusters defined in the first 

experiment were read, one part at a time, to six subjects 

familiar with algebra. The problem parts were in some cases 

very small, consisting of as little as a single clause. The 

subjects were asked, after each text segment, to attempt to 

categorize the problem. After the entire procedure, 

subjects were asked to define the problem types they 

mentioned. Half of the subjects were able to correctly 



categorize the problems after hearing less than one fifth 

of the text. This result indicates it is possible that 

categorization can occur prior to the problems formulation 

for solution. 

The results of these two experiments suggest that, 
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in a fashion somewhat analogous to the perception results 

cited above, subjects quickly perceive actual problems as 

instances of a more general type. This categorization 

process occurs rapidly enough so that it is not implausible 

to suggest that it is the central mechanism by which relevant 

knowledge about the domain and methods for problem solution 

are accessed. What is not clear from this work, however, is 

how and whether perceptions of word problems change syste

matically with the acquisition of knowledge about the domain. 

Do experts and novices differ in their problem perceptions. 

Expert - novice differences in this regard are 

evidenced in the research on problem solving with physics 

word problems. Larkin et al. (1980a) performed an 

analysis of the think-aloud protocols of subjects of 

various skill levels solving problems in kinematics and 

dynamics. They maintain that a major difference in the 

solution strategies of expert and novice solvers is the 

former's ability to perceive and use patterns of 

information in the problem statement which provide access 

to relevant knowledge. This difference has been embodied 



in two simulation models of physics problem solving which 

simulate the major characteristics of expert and novice 

protocols. 

Both expert and notice models contain in LTM the 

principles needed to solve problems in these areas. The 

principles are represented as equations in which a 

quantity commonly of interest in kinematics or dynamics 

problems is expressed in terms of several other such 

quantities (e.g., F (force) = m (mass) x a (acceleration)). 

The models differ, however, in the strategic knowledge 

attributed to solvers of varying skill. The strategies 

employed use the information given in the problem in 

different manners. 
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The novice model operates in a top-down goal driven 

manner using means - ends analysis as its major strategic 

component. It begins with the desired quantity and searches 

LTM for an equation which includes that quantity. Since to 

solve this equation, the values of all other quantities must 

be known, the model next determines which values of all 

other quantities must be known. Next, the model determines 

which of these values are not given by the problem statement 

and sets out to find another equation in LTM which will 

enable these values to be solved for. The process proceeds 

working backward in this recursive fashion, until the values 

of all quantities from the original equation save the 

original desired quantity, have been determined. 
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In contrast, the expert model uses what Larkin 

et al. call a knowledge development strategy. Its heuristic 

problem solving strategy is perceptual in nature and the 

model operates in much more of a bottom-up manner. The 

model recognizes patterns of variables whose values are 

given in the problem and which constitute the entire set of 

independent variables for one of the equations in LTM. 

This process is reminiscent of the perceptual encoding of 

chess positions in terms of clusters of pieces which have 

functional significance in that domain. These variables 

are then used to obtain the value of the dependent variable 

of that equation. The addition of this dependent variable 

to the list of known values makes it possible for the model 

to recognize additional patterns. Thus, the model continues 

to iteratively search for patterns and solve equations until 

the quantity necessary for problem solution is obtained. 

The Hinsley et al. (1977) results and the Larkin 

et al. (1980a) results and simulation suggest a model for 

expertise in solving word problems in semantically rich 

domains which is not unlike Simon and Chase's (1973) 

hypotheses concerning chess expertise. Experts perceive 

clusters of information in actual problems as instances 

of patterns they have stored in LTM. These patterns 

·provide access to other information in LTM which is used 

in obtaining a solution to the problem. Because the number 
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and perhaps kinds of patterns increases with experience and 

the accumulation of knowledge within a domain, problems 

will be perceived differently by experts and novices 

solvers. 

Further evidence of knowledge related differences 

in the perception of word problems was found by Chi, 

Feltovich, and Glaser (1981). They had 16 subjects, eight 

Ph.D. physics students and eight undergraduates, categorize 

24 problems selected from an introductory physics text. 

Like Hinsley et al. (1977), their subjects partitioned these 

into a comparatively small number of categories. The four 

largest categories produced by each subject contained the 

majority of the problems (80% for the experts, 74% for the 

novices). However, from an analysis of subjects' descrip

tions of their categories as well as a cluster analysis, 

Chi et al. found that experts and novices differed in 

terms of the basis of their categorizations. The novices 

grouped problems according to features of the problems such 

as the presence of similar keywords or the presence of 

similar objects. Chi et al. refer to these features as 

making up the surface structure of the problem. The 

experts, on the other hand, classify the problems in terms 

of what Chi et al. refer to as the deep structure, the major 

physics principles which will be required to solve the 

problems. It appears then, that the expert with her 



larger store of physics knowledge and problem solving 

experience, does perceive the problems differently than 

does a novice. 

This switch from surface structure to deep 

structure in the perception of word problems was verified 

by Schoenfeld and Herrmann (1982). Their results also 

highlight the role of experience in changing perceptions. 

Each of 19 college students, all of whom had had one to 
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three semesters of college math previously, and a group of 

nine math professors (experts) were asked to sort 32 

mathematics problems into categories. Each of these problems 

had been categorized by the authors in terms of 

their surface structures and deep structures. Surface 

structure categories consisted of those problems which had 

the same prominent mathematical entities (e.g., polynomials, 

functions, whole numbers, triangles). Deep structure 

categories consisted of problems which could be solved by 

the same methods (e.g., proof by contradiction, proof by 

induction, etc.). After this initial categorization task, 

11 of the subjects participated in a course on techniques 

in mathematical problem solving while the remaining 

subjects took a course in structured programming. After 

the courses were completed, students performed the problem 

sorting task for a second time. 



A cluster analysis of the categorizations yielded 

results consistent with Chi et al. 's. The experts' 

categories were based primarily on the deep structure of 
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the problems. Both groups of students' first categoriza

tions were based on surface structures. After participating 

in the course, however, the student groups did not 

categorize problems in the same manner. Those who had 

attended the structured programming class still classified 

problems on the basis of surface structure but the 

students attending the problem solving class now classified, 

like the experts, on the basis of the deep structure of 

the problem. 

The research discussed thus far clearly demonstrates 

the effect of domain-related knowledge on perception. 

Experts in fields as diverse as chess, Go, electronics, 

computer programming, algebra, physics, and general 

mathematics all perceive problems in their field differently 

than do novices. This skilled perception may be a central 

part of what we mean when we say that someone has expertise 

in a particular area. Larkin et al. (1980b) are probably 

correct in asserting, "Expertness probably has much the 

same foundations wherever encountered. As in genetics, we 

learn much about all organisms by studying a few 

intensively. Chess, algebra, and physics are serving as 

the Drosophila, Neurospora, and Escheirichia coli of 

research on human cognitive skills" (p. 1336). 



Most importantly, from the point of view of this 

dissertation, perceptual skill in radiology is being shown 

to be extremely dependent on domain-specific knowledge. 

As discussed in Chapter 1, Lesgold, Feltovich, Glaser, and 

Wang (1981; 1982) have found·that experienced radiologists 

see radiographs in a manner that is extremely different 

from novice radiologists .. They have studied expert and 

resident radiologists' performances in a variety of 

diagnostic simulations. Their results indicate that the 

perception of anatomy in a radiograph is a perceptual 

skill which takes considerable time to acquire. 
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In a first set of studies (Lesgold et al., 1981), 

five expert radiologists (each with at least 10 years of 

experience) and 18 radiology residents (years 1 to 4) 

performed a modified x-ray reading task. Subjects first 

looked at each of a set of five actual PA chest x-rays for 2 

seconds and reported any abnormalities they noticed. Next, 

the subjects were again shown the x-ray with no time limit 

and asked to dictate a formal case report while thinking 

aloud. After this first report, the subjects were given 

clinical data about the patient and asked for a second 

analysis and report. 

A major finding, of import to the present work, was 

that, in many cases, the residents are equally likely to 

detect that an aspect of a film represents an abnormality. 
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The difference was in terms of the experts' ability to 

perceive the abnormality in terms of the correct aspect of 

anatomy. This is best illustrated by example. One of the 

films used was of a patient whose middle lobe of the right 

lung had collapsed. The collapsed lung (atelectasis) 

manifests itself as a sail shaped density at the lower right 

border of the heart. While all but two subjects detected 

and reported the shadow as abnormal within the first two 

second exposure, there was a large expertise effect for 

correctly identifying the anatomical structure which gave 

rise to it. Among the experts, 85% of the anatomical 

localizations mentioned lung. In contrast, the corresponding 

numbers were 35%, for the first and second year residents, 

and 38%, for the third and fourth year residents. The 

point is that both experts and novices perceive the sail 

shaped density, but the experts are more likely to correctly 

see it as a collapsed lung. 

This was further illustrated in a later study 

(Lesgold et al., 1982), in which Lesgold et al. had subjects 

defend their film interpretations by tracing the particular 

anatomy they were seeing. With the same atelectasis film, 

4 of 8 residents traced from 25% to 60% of the region as 

being the pulmonary artery. Thus, the remaining abnormal 

area was smaller and not interpreted as collapsed lung. Only 

two of the experts traced the pulmonary artery in the same 



area and in both cases it correctly occupied about 5% of 

the area. 

A second film provides an additional example of 

this phenomenon. The patient in the film had a small 

tumor present in the right suprahilar region of the chest. 

Because the tumor was small, there was a slight expertise 

effect in the detection of this abnormality. Only two 

thirds of the first and second year students reported 

abnormality in the region while all of the advanced 
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residents and experts did so. Of those that did note 

abnormality, only 28% of the residents correctly identified 

it as a tumor while 60% of the experts were able to do so. 

An analysis of the think-aloud protocols for this film 

provided some insight into the reasons for this phenomena. 

All five of the experts gave specific anatomical descriptions 

of the abnormality while only 1 of the 7 beginning residents 

and 3 of 7 advanced residents did so. The remaining 

residents tended to describe gross regions of the film as 

opposed to aspects of the patient's anatomy. 

A second finding of import to the present work 

pertains to what Lesgold et al. call constraint posting. 

It provides a good illustration of the experts' knowledge 

base influencing the perception of film features. The 

protocols indicate that the expert is more likely to use 

background knowledge of a disease process, suggested by 



abnormality features in the film to constrain the 

interpretation of otherwise ambiguous features. Again, 
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a good example concerns the atelectasis film discussed 

above. Because the sail shaped density sits on the right 

hand border of the heart, it is possible that a portion of 

it could be erroneously attributed to an enlarged heart 

However, the patient in this film also shows signs of COPD. 

The experts were able to use their knowledge of the physio

logical dynamics of COPD to constrain their anatomical 

interpretation of the density and avoid localization errors. 

This is illustrated in the following excerpt from an expert 

protocol, "The heart is so hypoplastic in appearance that 

it doesn't really project beyond the right side of the 

spine. And this is the type of heart you see in chronic 

obstructive pulmonary disease" (Lesgold et al., 1981, 

p. 53) • 

The work being done on the acquisition of perceptual 

skill in radiology is in agreement with work on skilled 

perception from a variety of domains. The experience 

and knowledge of the expert results in differences in the 

way experts and novices perceive problems in their domain. 

These perceptual differences manifest themselves in a 

variety of phenomenon, superior memory for briefly presented 

material, differences in categorizing problems, and 

differences in the ability to correctly identify anatomy in 
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radiographs. These results, especially those obtained 

by Lesgold et al., raise important concerns for the 

enterprise of using nonmedical personnel in the 

determination of TLC. It would be surprising if there were 

not considerable differences in the way radiologists and 

other medical personnel "see" chest radiographs. If, 

among these differences is a disparity in the perception 

of the major anatomical landmarks necessary for TLC 

measurement, the measures by nonmedical personnel may not 

be comparable. 

The bulk of the evidence for the reliability and 

validity of radiologic TLC measures has used radiologists 

or skilled technicians to take these measures. 

Radiologists are skilled perceivers, however, who have 

acquired a large amount of knowledge about anatomy, medicine, 

and the process of taking x-rays. In contrast, nonmedical 

personnel will, in the great majority of cases, have none 

of this knowledge. Thus, measures of radiologic TLC 

obtained by nonmedical personnel cannot be assumed to be 

equally accurate or reproducible. These facts must be 

demonstrated. Thus, one purpose of this dissertation was 

the comparison of the validity and reliability of TLC 

measures obtained from operators with various amounts of 

expertise. 



For the measures obtained with nonmedical 

personnel to be comparable to those obtained with skilled 

personnel, one of two things must be true. Either there 

are no differences in the way medical versus nonmedical 

personnel perceive the structures whose identification is 

required in TLC measurement or these differences are 

irrelevant to accurate TLC measurement. There was no 

direct empirical evidence on possible differences in the 

perception of the major anatomical structures necessary 

for accurate TLC measurement. Thus, a second goal of 

this dissertation was to obtain such evidence. 
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CHAPTER J 

METHOD 

General Procedural Overview 

Subjects from each of four groups, differing in 

the amount of formal instruction in anatomy and medicine 

they had received, and/or experience in interpreting 

x-rays, performed two tasks, 1) the SCOR radiologic TLC 

measurement procedure,and 2) an anatomy tracing task. Each 

subject participated in four sessions, each of which was 

between one and two hours in length. Two of the sessions 

were training sessions and two were experimental sessions. 

The first three sessions were devoted to the TLC 

measurement task. In the first session, each group met 

separately with the experimenter who discussed and 

demonstrated the task. The second session was a practice 

session in which each subject met individually with the 

experimenter and measured a set of 10 training film sets 

(a set corresponds to a PA and lateral for a single 

patient) to familiarize himself with the measurement 

procedure. The third session was an experimental session 

in which each subject measured the radiologic TLC for 

20 film sets. 
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The last session was devoted to the anatomy 

tracing task. Each subject met individually with the 

experimenter and was first shown how to perform the task. 

The anatomy tracing task required the subjects to trace 

the outline of the structures that must be measured in the 

radiologic determination of TLC. Subsequently, each 

subject performed the anatomy tracing task for each of 

10 film sets. 

Subjects 

Twelve subjects participated, three from each of 

four expertise levels. Group 1 was made up of undergraduate 

students at The University of Arizona who had had no formal 

training in human anatomy, nor any experience in x-ray 

interpretation. Group II consisted of nursing or 

pre-nursing students who had had at least one course in 

anatomy but no formal training in x-ray interpretation. 

Group III consisted of fourth year medical students about 

to begin their residencies. Each of these students had 

completed at least one course in anatomy as well as 

having had the course offered at The University of Arizona 

Medical School in radiology. Group IV consisted of 

radiologists currently employed at the Arizona Health 

Sciences Center. 
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Materials 

For the TLC measurement task, measurements were 

taken by the subjects using a GRAF spark pen system 

interfaced to a Digital Equipment Corporation (DEC) VAX 

11/780 main frame computer. The GRAF pen system consists 

of two parts, the pen apparatus itself and a specially 

modified backlit viewbox. The viewbox has along its top 

border and left hand side a row of microphones spaced at 

.02mm intervals. The pen apparatus is such that when the 

tip of the pen is depressed by bringing it into contact 

with the surface of the viewbox, a spark and small click 

is emitted. The system computes the cartesian coordinates, 

in the plane defined by the surface of the viewbox, of 

the point at which the pen was depressed. The computation 

of coordinates is based on which of the top and side 

microphones first detects the click. The TLC measurement 

procedure was controlled by an interactive computer 

program which presented instructions to subjects on a DEC 

VT 52 CRT terminal. 

A special transparency was employed in the TLC 

measurement task (subsequently referred to as an underlay) 

and is shown in Figure 3.1. It was made of clear 

acetate and measured 45.72cm by 60.96cm. Located 5.08cm 

from the top margin and 21.59cm from the left margin was a 

circle, 2.54cm in diameter, with a cross inside the 



96 

1 1 

2 2 
3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 10 

11 11 

12 12 

13 13 

14 14 

15 15 

16 16 

Figure 3.1. TLC measurement task. 
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circle. Running down the right and left hand sides of 

the underlay were 16 black line segments. The horizontal 

line of the cross and the first segment, and the second 

and third segments were separated by 1.27cm. The 

remaining segments were 2.54cm apart. The use of this 

underlay in the TLC measurement procedure is detailed 

in the procedure section of this chapter. A second 

type of transparency was used for the. anatomy tracing 

task and is subsequently referred to as an overlay. It 

was made of clear acetate and measured 50.80cm 60.96cm. 

Lastly, markings were made during both the TLC 

measurement task and anatomy tracing task with a grease 

pencil. 

··The experimental and training stimuli consisted 

of 30 specially selected chest x-ray sets from the SCOR 

study. The x-rays were selected to represent difficult 

cases because a worse case estimate of the performance 

of the various groups was desired. The x-rays selected 

met the following criteria: 

1. A plethysmographic measure of TLC was available 

for that patient~ 

2. The x-ray had one or more features which made 

structural identification difficult. Examples 

of the kinds of features are: (a) the patient 

was rotated in one or another direction when the 
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x-ray was taken, (b) the patient had a 

postural or structural anomoly (such as kyphosis 

of the spine), which affected organ and structure 

positions, and (c) the film was over- or under

exposed. 

Selection of films was done by the experimenter with 

assistance· from a fellow research associate familiar with 

both radiographic interpretation and the TLC measurement 

task. 

Of the 30 films selected, 10 were randomly 

assigned to a training set and the remaining films were 

used during the actual measurement session. Of the 20 

experimental film sets, the 10 which showed the highest 

standard deviations within the radiologist group during 

the TLC measurement task were identified and used in the 

anatomy tracing task. These films were modified for that 

task by making two orientation marks with a black grease 

pencil to be used in insuring correct alignment during 

the tracing task. 

The Tasks 

TLC Measurement Task 

When the subject arrived for the TLC measurement 

task, the transparent underlay was already taped to the 

viewbox. All equipment was turned on and the programs 

made ready to proceed. The instructions for the task 



were presented to the subject on the DEC VT52 CRT. 

The program began by indicating the ID number of the 

x-ray set to be measured. After the subject obtained 

this x-ray set he was instructed to tape the PA view 
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of the set to the lightbox in a position such that th~ 

horizontal line of the reference mark on the underlay 

was in the midline of the patient's body at the height 

of the apices of the patient's lungs. This is indicated 

by A in Figure 3.2a. The subject then was required to 

make a mark with a grease pencil at the highest _point of 

the higher of the hemidiaphragms (shown as an "X" in 

Figure 3. 2a) . 

Next, the subject was instructed to take a 

variety of measurements from several anatomical structures 

visible in the radiograph by making a spark at specified 

points with the GRAF pen. The points, organized by 

structure, are listed below and are also indicated (by 

corresponding number in Figure 3.2a): 

1. at the center of the crosshairs mark on the 

underlay 

2. Diaphragm 

(a) the highest point of the left diaphragmatic 

dome 

(b) the highest point of the right diaphragmatic 

dome 

(c) the sulcus of the right costophrenic angle 
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Figure 3.2a. PA view of the set to the lightbox position. 



1or 
3. Chest cavity 

(a) the intersection of the inner borders of 

the left ribs and the numbered lines on the 

underlay, stopping 1 line above the 

diaphragmatic sulcus. 

(b) the intersection of the inner borders of the 

right ribs and the numbered lines on the 

underlay, stopping 1 line above the 

diaphragmatic sulcus. 

4. Heart 

(a) the intersection of the right heart border and 

the right diaphragmatic dome. 

(b) the end point of an imaginary line rising at 

a 45 degree angle from the point in (a) to 

the left heart border. 

(c) the intersection of the left heart border 

with the left diaphragmatic dome. 

(d) the end point of an imaginary line rising 

45 degrees from the point in (c) to the 

right heart border. 

The computer programs offered several opportunities 

throughout the process to respark any points the subjects 

felt had been erroneously placed. 

Upon completion of this process, the subject was 

instructed to remove the PA film and obtain the lateral 
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view. The lateral view was taped to the screen so that 

the "X" made in grease pencil on the underlay was aligned 

with the highest point of the higher of the 2 

hemidiaphragms visible in the lateral view, and the film 

was horizontally centered beneath the underlay. Next, 

the following sparkings were made (indicated by the 

corresponding number in Figure 3.2b): 

1. at the center of the crosshairs mark on the 

underlay. 

2. Diaphragm 

(a) the posterior diaphragmatic sulcus 

(b) the anterior diaphragmatic sulcus 

3. Chest cavity 

(a) the intersection of the posterior rib margins 

and the numbered lines on the underlay, 

stopping 1 line above the diaphragmatic 

sulcus, or if the patient was rotated and two 

separate posterior rib borders were visible, 

the intersection of the numbered lines and 

the contour midway between these two borders. 

(b) the intersection of the anterior border of the 

chest cavity and the numbered lines on the 

underlay, stopping 1 line above the 

diaphragmatic sulcus. If the anterior chest 

border can be seen all the way to the 

anterior sulcus, a straight line from the 



4. Heart 
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the lowest point visible to the line above the 

sulcus was used in lieu of the missing 

portion of the anterior chest border. 

(a) the end point, at the anterior border, of the 

line segment which traversed the heart at its 

sidest point and was perpendicular to the 

heart's longest vertical diameter. 

(b) the end point at the posterior border of the 

heart for the line segment defined in a. 

If any of the landmarks mentioned could not be clearly seen, 

the subject was instructed to make his or her best guess 

as to its location. 

Upon completion of the measuring process, the TLC 

for the x-ray was displayed. Remeasurement of the entire 

x-ray set, or the lateral only, was permitted if the 

subject felt an error had been made~ 

Anatomy Tracing Task 

The anatomy tracing task was designed to determine 

exactly what portion of the x-ray the subject saw as being 

a particular piece of anatomy. Tracing was accomplished in 

the following manner. The PA x-ray view was affixed to the 

viewbox in the normal manner. Subjects taped a clear plastic 

overlay on top of the x-ray. Two marks were made on the 
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overlay directly on top of .the orientation marks (described 

above) that appeared on the x-ray. Subjects were then 

given the following set of instructions: 

1. Trace the upper contour of each of the patient's 

hemidiaphragms beginning at the costophrenic 

angle and continuing in toward the middle of the 

patient's body until the contour can no longer 

be seen. 

2. Trace the outline of the left side of the 

cardiac shadow from where you begin the heart 

measurements down to where they intersect the 

patient's hemidiaphragms. Please include any 

cardiac fat pads as part of this shadow. 

Do the same for the right side. 

3. Trace the outline of each of the lung fields 

from the costophrenic angle up over the apex 

of the lung and terminating at the spinal column. 

Follow the outline you would spark in the TLC 

measurement task. 

Before proceeding to the lateral view, subjects were 

allowed to make any corrections they wished. 

The same procedure was followed for the lateral 

x-ray view with instructions as follows: 

1. Trace the upper contour of each of the patient's 

hemidiaphragms from their lowest visible posterior 



point to the furtherest anterior point you can 

see. 

2. Trace the anterior and posterior borders of the 

cardiac shadow from the lowest point you can 
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see to the main pulmonary artery. When possible, 

connect these contours at the pulmonary artery. 

Include all fat pads. 

3. Trace the outline of the chest cavity from the 

lowest anterior point you can see, up over the 

apex of the lung fields down to the lowest 

posterior point you can see. Follow the contours 

you would spark during the TLC measurement 

procedure. If the outline of the chest cativity 

cannot be seen near the apices of the lung fields, 

make your best guess about its location. 

All tracings of the structures were made with a 

red grease pencil marker. No feedback was provided to 

the subject concerning the accuracy of the tracings. 

Procedure 

Presession Handout 

Prior to attending the first session, each subject 

was given a handout and was instructed to read it before 

their first training session. The handout is given in 

Appendix One. It describes what radiologic TLC 



measurement is, defines terms such as PA and lateral 

view x-ray, and mentions the structures that must be 

identified in the TLC measurement process. Included in 

the handout was a schematic sketch of a PA and lateral 

chest radiograph with example structures outlined and 

labeled. These sketches are omitted from Appendix A 
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due to copyright reasons. The purpose of the handout was 

to orient subjects to the task and allow the first 

training session to be devoted to the demonstration of 

the measurement task. 

Training for the TLC Measurement Task 

Each of the groups were given a separate group 

training session. In each of these sessions, the 

experimenter met with all the subjects from a particular 

group. In the first part of the session, the experimenter 

briefly reviewed the handout. Next, the experimenter 

demonstrated the TLC measurement task for a single film. 

During this process, he pointed out the outline of the 

structures that required measurement as well as 

demonstrating the actual use of the system. In the next 

phase of the group training procedure, each subject 

measured a single film. The experimenter provided help 

where necessary and corrected mistakes in the 

identification of structures. 
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Practice Using the TLC Measurement Task 

Each subject attended an individual training 

session to practice the TLC measurement task. The 

subjects performed the TLC task for 10 x-ray sets. 

Throughout the session, the experimenter provided 

assistance and feedback on both the measurement process 

and the correct identification of anatomical structures, 

as well as answering as many questions as possible. 

Subjects were instructed to remeasure films when the 

experimenter felt the technique employed was incorrect. 

TLC Measurement Task 

In session three, the subject performed the TLC 

measurement task for each of the 20 experimental film 

sets as described above. A single order, in which the films 

were measured was determined randomly and held constant 

across subjects. The experimenter answered only those 

questions pertaining to procedure. No feedback was 

provided about either the correctness of measurements or 

anatomic~l structure location. 

Anatomy Tracing Task 

In session four, the experimenter first 

demonstrated the anatomy tracing task for a single film 

which had been used during training. The subject then 

performed the anatomy tracing task for the randomly 
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selected set of 10 films from the original experimental 

set. A single random ordering of these films was 

determined and each subject performed the anatomy tracing 

task in that sequence. Subjects were permitted to make 

any corrections they wished throughout the session. 

Answers were provided to only those questions concerning 

procedural aspects of performing the task. No corrective 

feedback was provided about the tracing of anatomical 

structures indicated by the subject. 

. . 



CHAPTER 4 

RESULTS 

The results of the data analyses reported in this 

chapter are organized by task. The TLC measurement 

task results are discussed first. As regards this section, 

the analyses pertaining to the reliability of the measures 

are reported first, the validity results second. The 

results of the anatomy tracing task are reported in the 

final section. 

TLC Measurement ·Task 

Group Differences in the Reliability 
of TLC Measures 

Group differences in reliability were investigated 

within the framework of Generalizability theory, 

henceforth G theory (Brennan, 1983i Cronbach, Gleser, Nanda, 

& Rajaratnam, 1972). In G theory, a measurement process 

is modeled using restricted random effects linear models, 

often referred to as variance components models, of the 

type developed in Cornfield and Tukey (1956). The mean 

square terms from an analysis of. variance· CANOVA) are 

used to estimate the parameters of the. variance components 

models and these parameter estimates are used, in turn, 
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to obtain estimators of one or more indices of 

reliability. 

In the present study, a multivariate linear 

statistical model of the measurement procedure, analogous 

to the models presented in Brennan (1983) and Jarjoura 

and Brennan (1982, 1983), was employed. The model 

assumes four fixed strata corresponding to the four 

experience levels used. Within each of these strata, it 
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is assumed there exists an infinite universe of technicians, 

three of whom were randomly chosen to participate in the 

experiment at hand. Additionally, the sampling of 

technicians is assumed to be independent across experience 

strata. There also is assumed to exist a population of 

objects to be measured, in this case film sets whose TLC 

is to be determined. 

Let Xft:i be a random variable representing a TLC 

measure of film set f by technician t who is sampled from 

the experience strata i (henceforth denoted (t:i). A 

linear structural model for this variable can be stated 

as follows: 

( 1) 

where 

e. = /;ft xft:i (2) l 

Tfi = st xft:i - 8. 
l 

(3) 

nt:i = l;f xft:i - 8i (4) 

0ft:i = xft:1 - 8. - Tfi - nt:i (5) 
l 
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The symbol ~j Xk indicates the expectation of variable X 

with respect to the set of indices ink which are also in j. 

The effect defined in (3) can be interpreted as a 

film set's true score when measured by technicians drawn 

from experience strata i. It corresponds to the true score 

concept in classical test theory. The oft:i effects can be 

interpreted as the errors of measurement defined in the 

classical test theory model. The nt . effects are all 
:1 

assumed equal in the classical test theory models which 

assume parallel forms or T equivalence. Lastly, thee. 
1 

effects have no counterpoint in traditional true score 

theories as these are unvariate as opposed to multivariate 

models. 

The variance components model associated with (1) 

specifies the following matrices of parameters: 

Ef =asymmetric variance-covariance matrix with 
typical diagonal element cr 2 f. signifying the 
variability of the Tf. effects measured by 
experience strata i. 1These diagonal parameters 
assume the role played by true score variance in 
the classical test models. The off-diagonal 
elements are represented as .. crf and signify the 
covariance between the true §~ores from different 
experience strat& 

(6) 

E = a diagonal matrix with typical element cr 2 ii 
slgnifying the error variability due to techni~1an 
bias for experience strata i (i.e., the 
variability of the nt.· effects). These variances 
are assumed equal to z~ro in the classical model 
but are permitted to vary freely in G theory 
models. 

(7) 



Eft = a diagonal matrix with typical element cr 2 ft·· 
signifying the random variability due to .i 
measurement error for experience strata i (i.e., 
the variability of the of.· effects). This 
parameter corresponds to ~rfor variance from 
classical true score theory. (8) 

Throughout, matrices will be indicated by an 

upper case sigma. The presence of a carat over a 

matrix signifies a matrix consisting of estimates of its 
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elements while a carat over a parameter indicates a sample 

estimator of the parameter. 

As described in Brennan (1983), unbiased estimates 

of the diagonal elements of Ef Et anq· Eft were obtained by 

performing separate 20 film sets crossed with 3 technicians 

random effects ANOVAs for each experience strata and 

algebraically manipulating the resulting mean squares to 

ob~ain estimates of the variance components due to film 

sets (f), technicians (t), and residual variability (ft). 

The ANOVA source tables for the undergraduates, nursing 

students, medical students, and radiologists are given in 

Appendix Bas Tables Bl, B2, B3, and B4 respectively. 

Table BS shows the estimation formulas used to obtain the 

component estimates. Unbiased estimates of the off-diagonal 

elements of Ef were obtained by calculating the 

covariance between the mean film set TLCs for any two 

groups of interest (Brennan, 1983, p. 115). 
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The point estimates of the model parameters in 

(6) through (8) are given in Table 4.1. For these, and 

all subsequent matrices, rows from top to bottom (or 

columns from left to right) correspond to undergraduates, 

nursing students, medical students, and radiologists 

respectively unless specified otherwise. It should be 

noted that the estimate of cr 2 t . for the radiologists is 
:1 

followed by an asterisk. This is to signify that the 

algebraic manipulation of mean squares according to the 

formula in Table B.5 actually yielded a negative value. 

It is not uncommon in G theory analyses to obtain sample 

estimates for model components which are less than zero 

when the parameter values are close to zero (Brennan, 

1983; Cronbach et al., 1972). While variances, and 

therefore, model parameters must be greater than zero, 

this is not true of their estimators. When a negative 

estimate is obtained, it is a typical approach to set the 

value of the estimator equal to zero. When this has 

occurred in the present study, a zero is listed, followed 

by an asterisk. 

From these variance estimates, estimates of two 

reliability indices were obtained for each experience 

level. The first of these indices cr 2
~., is the variance 

1 

of errors of measurement and is the sum of the technician 

and residual variances for the i'th experience strata. 



Table 4.1 Point estimates of model parameters for TLC 
measures. 

A 

i:f = 1.197 

1.112 

1.263 

1.366 

A 

i:t = .020 

A 

I:ft = .358 

.976 

1.171 

1.221 

. 053 

.243 

1. 359 

1.488 1.577 

.047 

• 0 * 

.307 

.182 
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The square root of this sum would be the standard error of 

measurement for that strata. The second index p 2 ., is the 
1 

ratio of film variance to the sum of all three of the 

variance components (i.e., 

2 2 
a fi' + a t·.1· 2 

+ a ft:i 

Point estimates of both indices are given, by group, in 

the matrices in Table 4.2. 



Table 4.2. Point estimates of error variances and 
reliability indices. 

rp2 = .760 

.767 

.793 

.895 

r~ = .378 

.296 

.354 

.182 

The radiologists' variance estimates are lower and their 

reliability coefficients are higher than those of the 

remaining groups. 

115 

The statistical significance of group differences 

for each of the variance components in the model, and 

the error variances (i.e. cr 2
~.) were assessed, indirectly, 

1 

by forming 95% confidence intervals around the estimates 

in Table 4.1 and the lower matrix in Table 4.2. To do 

this it was necessary to estimate the standard errors of 

the sampling distributions of the estimators using the 

formulas in Brennan (1983, pp. 101-102). Separate 

matrices, for each experience strata, of those sampling 

variance estimates and their covariances (denoted as 

rcr 2 [cr 2 ] are shown in Table BG in Appendix B. In each 
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matrix, from left to right, the diagonal elements of these 

matrices are the estimates of the sampling variances for 

the estimators of the parameters cr 2 fi'cr 2 t:i' and cr 2 ft:i" 

The square root of these values are the corresponding 

standard errors. The off-diagonal elements are estimates 

of the covariances among the estimators. 

Using these sampling variance estimates, 

confidence intervals can be formed by one of two methods, 

both described in Brennan (1983, pp. 103-104). For the 

first of these methods, the ratio of the estimator to its 

standard error is formed and this value is used to find 

two constants. The estimator is then multiplied by 

the first of these constants to obtain the lower bound of 

the interval, and multiplied by the second to find the 

upper bound~ This first method, known as Satterwaithe's 

procedure, is the correct and preferred method. It is 

not appropriate, however when either zero estimates of 

a variance component have been obtained or when the 

ratio of an estimator to its standard error is less 

than 2. As discussed above, zero estimates are not 

uncommon in G theory analyses. In addition, with the 

small number of levels of technicians sampled in a given 

experience level, it is also not uncommon to obtain 

estimator to standard error ratios of less than 2 for the 

estimates of technician variability. In these cases, 

confidence intervals were formed by assuming a normal 
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distribution for the variance component estimator and 

forming confidence intervals by adding and subtracting the 

product of 1.96 times the standard error of the estimator. 

This latter method provides only coarse approximations of 

the intervals of interest, thus conclusions based on these 

intervals are highly speculative. 

Confidence intervals for each of estimators are 

~hown, by group, in Table 4.3. When method 2 was used, 

the intervals reported are followed by asterisks. All of 

the intervals for each of the effects overlap, thus the 

technically correct conclusion is that the observed 

differences in the variance component estimates are due 

to sampling variability, not differences in the parameters 

being estimai.ted. However, given the approximate nature 

of several of the intervals as well as the small number of 

levels sampled in estimating technician effects, this 

technically correct conclusion may be suspect. 

As described in Chapter 2, the TLC measurement 

procedure which was employed generates measures of 

diaphragm, heart, and chest volumes in the process of 

estimating TLC. These intermediary volumes were also 

analyzed using the same measurement models employed with 

the TLC measures. Tables 4.4 through 4.6 shows the point 

estimates for cr 2 ~. and p 2
. for the diaphragm, heart and 

J. J. 

chest volumes respectively. Confidence interval estimates for 



Table 4.3. 95% confidence interval estimates for the 
effects in the variance components model 
for TLC measurement. 

Effect Group Lower Limit Upper Limit 

" 
cr 2 fi Undergrads .658 2.819 

Nursing students .541 2.262 

Medical Students .759 3.101 

Radiologists .883 3.453 

" cr 2 t:i Undergrads -.054 .094 1 

Nursing Students -.074 .180 1 

Medical Students -.076 .170 1 

Radiologists -.014 .002 1 

" 
cr 2 ft: i Undergrads .239 .595 

Nursing Students .163 • 401 

Medical Students .206 .506 

Radiologists .122 .302 

" 
0

2 6. i Undergrads .252 .623 

Nursing Students .182 .564 

Medical Students .226 .633 

Radiologists .124 .294 

1 Confidence interval formed by the normal approximation 
method. 
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Table 4.4 Point estimates for error variances and 
reliability indices of diaphragm volumes. 

"' Epz = .331 

.594 

.401 

.398 

u.l = .361 

.160 

.221 

.283 

Table 4.5. Point estimates of error variances and 
reliability indices for heart volumes. 

"' Ep2 = .491 

.494 

.691 

.789 

El:::. = .017 

.016 

.010 

.007 
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Table 4.6. Point estimates of error variances and 
reliability indices for chest volume measures. 

A 

~p2 = .939 

~963 

.947 

.965 
A 

~~ = .137 

.085 

.143 

.103 

cr 2 ~iare shown in Table 4.7. The matrices of point 

estimators of the model parameters are given in Tables B.7, 

B.8, and B.9, for the diaphragm, heart, and chest volumes 

respectively. Confidence interval estimates for these are 

given in Table B.10. 

It should be noted that the reliability 

coefficients are larger for the chest volumes than 

either the diaphragm or heart volumes suggesting these 

latter volumes as the major source of measurement error. 

Greater reliability coefficients and smaller error 

variances are once again evidenced by the radiologists 

for the heart volumes. Again, however, these differences 



Table 4.7. Confidence interval estimates of cr 2 ~i for 
secondary volumes. 

Volume Group Lower Limit Upper Limit 

Chest Undergrads .071 

Nursing Students .044 

Medical Students .092 

Radiologists .059 

Heart Undergrads -.006 

Nursing Students -.003 

Medical Students -.003 

Radiologists -.00 

Dia:ehragm Undergrads .242 

Nursing. Students .109 

Medical Students .127 

Radiologists .182 

1 Interval estimates were formed using the normal 
approximation. 

.364 

.226 

.256 

.232 

.041 1 

.036 1 

.024 1 

.017 1 

.595 

.258 

.478 

.500 
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are not statistically significant. For the diaphragm 

volumes, the nursing students performed best with 

respect to both reliability indices and all groups 

performed about equally well in determining chest 

volumes. These differences in parameter estimates for 

both the diaphragm and chest volumes were not 

statistically significant. 

Group Differences in the Accuracy of 
TLC Measures 

Group differences in the accuracy of radiologic 
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TLC measures were assessed through two ANOVAs. First, for 

each of the 20 x-ray sets, the mean TLC was obtained 

separately for each group. From these mean TLC measures, 

two dependent measures were created. The first, the 

signed deviation, was obtained by subtracting the TLC 

obtained by body plethysmograph for a patient from the 

group mean radiologic TLC. The second, the absolute 

deviation, was the absolute value of this signed 

deviation. Each of these dependent measures was analyzed 

separately in a 4 experience levels crossed with 20 x-ray 

sets ANOVA. The first factor was treated as fixed, the 

second as random. 

The ANOVA source table for the signed deviations 

is given in Table 4.8. The effect of experience level was 

statistically significant with the group means showing a 



Table 4.8. ANOVA source table for signed differences 
between radiologic and plethysomographic TLC. 

123 

Source Sum of 
Squares 

DF Mean F prob. 

Experience 

Film Sets 

Residual 

2.0317 

33.2669 

5.3034 

3 

19 

57 

Square 

.677217 7.28 .0003 

1.750891 

.093042 

monotonic increase with group experience level. The 

undergraduates had the smallest signed deviation (.429L). 

They were followed by the nursing students (.584L), 

medical students (.785L) and the radiologists (.824L). 

Thus, the trend was in the opposite direction from what 

might have been expected with less experienced subjects 

showing the smaller deviations. Post hoc testing with the 

Tukey HSD procedure (Glass & Stanley, 1970) showed the 

undergraduates versus medical students and undergraduates 

versus radiologists contrasts to be significant at the 

.OS level. 

The ANOVA source table for the absolute deviations 

is given in Table 4.9. None of the effects is significant, 

however, the same general trend is observed in the 

absolute difference means as was found with the signed 

deviations. 



Table 4.9. ANOVA source table for absolute differences 
between radiologic and plethysmographic TLC. 

Source Sum of DF Mean F prob. 
Squares Square 

Experience 0.49123 3 0.163745 2.15 .1040 

Film Sets 23.98107 19 1.262162 

Residual 4.34227 57 •. 076180 
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In addition, the Pearson product moment correlations 

between the mean radiologic and the plethysmographic 

TLC's were obtained, separately for each group. The 

correlations were .765 for the undergraduates, .784 for 

the nursing students, .832 for the medical students, and 

.813 for the radiologists. Pairwise comparisons of these 

correlation coefficeints were performed using Fisher's Z 

transformation (Glass & Stanley, 1970, p. 311). It should 

be noted that this pairwise procedure is a rather 

liberal test for differences, as the probability of a 

Type I error for the set of contrasts is greater than the 

.05 probability for a single comparison. Despite the 

liberality, no significant differences were found at the 

.05 level for any of these comparisons. 



Group Differences in Agreement 
In Anatomy Tracing Task 
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Group agreement in tracing anatomic structures was 

measured with the help of a FORTRAN program designed 

specifically for this purpose. For a given structure, 

the experimenter used the spark pen to trace the 

orientation marks at the top of each subject's drawing, 

and each subject's tracing of that structure. For each 

subject and each film set, seven of the traced structures 

were retraced by the experimenter with the spark pen. The 

seven structures were the PA chest cavity, the PA heart 

shadow, the PA left diaphragm, the PA right diaphragm, the 

lateral chest cavity, the lateral heart shadow, and the 

contour corresponding to that lateral diaphragm which 

obtained the highest peak. All tracing was done in a 

clockwise direction, beginning at the leftmost and 

lowest point of the tracings. 

This retracing of a subject's drawing resulted in 

a string of points with known cartesian coordinates which 

defined the outline traced. These coordinates were then 

scaled to and mapped into a 512 by 512 coordinate space in 

a standard orientation. Next, the tracings were 

automatically turned into closed figures by the computer 

program. This was accomplished by connecting the first 

and last points in a standard manner. A straight vertical 



line was dropped from either the first or last point 

(depending on which was higher with respect to they 
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axis) and a horizontal line was generated from first to 

last or last to first point depending on which was greater 

with respect to the x axis. 

· Measures of agreement, for a given structure, were 

obtained by simultaneously projecting .all three of the 

tracings of that structure, made by subjects from the same 

experience strata, into the same coordinate space, in the 

same orientation and scale. The measures of agreement were 

then calculated. The first measure was defined as the 

number of points in the space which were contained within 

all three subjects' tracings. This measure is appropriate 

for within structure comparisons of the various experience 

strata, however, across structure comparisons are not 

possible since the absolute sizes of the structures differed 

markedly. Thus, a second measure was created. It was 

defined as the ratio of the first measure to the number of 

points which appear in any of the tracings. This measure 

is hereafter referred to as the proportion of overlap. 

Expressing agreement in terms of a proportion removes 

the confound of structural size differences and allows 

for cross structure co~parisons. 

The statistical significance of group differences in 

the proportion of overlap was tested with a 4 experience 
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level crossed with 10 film set crossed with 7 structures 

ANOVA. The experience levels and the structures were 

considered fixed effects. The films were random effects. 

Because the dependent measures were proportions, and 

the variance of a proportion is dependent on the size of 

that proportion, the ANOVA assumption of homgeneity of 

variance was not appropriate. Thus, the· raw proportions were 

first transformed using the ~rcsine transformation (Winer, 

1971), which removed this dependency. 

The ANOVA source table for this analysis is shown 

in Table 4.10 .. A significant main effect was found for 

both anatomical structure and experience strata. These 

are, however, superceded by a significant experience 

strata by anatomical structure interaction. The cell 

means, expressed as proportions, are shown in Table 4.10. 

The critical question for the present study is for what 

structures are their experience related effects. Post hoc 

testing indicated that it is only with respect to the PA 

heart tracings that significant pairwise contrasts are 

obtained. Expressed as proportions, the mean overlaps 

were .531, .630, .723, and .783 for the nursing students, 

radiologists, medical students, and undergraduates 

respectively. Only the undergraduates versus nursing 

student contrast is significant. Note the undergraduates 

were higher, that is showed the most overlap. 



Table 4.10. ANOVA source table for proportion overlap 
measures. 
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Source Sum of DF Mean F Prob 
Squares Square 

Exper. .47946 3 .159819 3.45 .0300 

Anatomy 24.87530 6 4.145884 36.86 .0000 

e x a 2.63829 18 .146572 3.35 .000 

films 2.04029 9 .226699 

e X f 1. 24552 27 .046130 

a X f 6.07396 54 .112481 

Res id 7.08433 162 .043730 

. . 
A second way to look at this interaction, howeve~, is 

to examine the relative difficulty of the structures for 

each of the experience strata. For the undergraduates, 

the rank order, from high to low, is PA chest cavity, 

lateral chest cavity, PA heart, PA left diaphragm, 

lateral heart, PA right diaphragm and lateral diaphragm. 

For the nursing students, the rank order is PA chest 

cavity, lateral chest cavity, lateral heart, PA left 

diaphragm, PA ri~ht diaphragm, PA heart, lateral 

diaphragm. For the medical students, the order was PA 

chest cavity, lateral chest cavity, PA left diaphragm, 

PA heart, lateral heart, PA right diaphragm, and lateral 



diaphragm. Lastly, for the radiologists, the order is 

PA chest cavity, lateral chest cavity, lateral heart, PA 

left diaphragm, PA heart, lateral diaphragm, PA right 

diaphragm. The significant co_ntrasts are shown in 

Figure 1. The number of the structures corresponds to 

the numbers used in Table 4.11. Those numbers connected 

by a line represent nonsignificant contrasts. 

An identical analysis was performed using the raw 

counts as a measure of overlap and the ANOVA source 

table is shown in Table 4.12. Once again, a significant 

experience strata by anatomical structure interaction 

effect is observed. In addition, Post Hoc testing 

reveals that the experience level effect is 

limited to a single anatomical structure. However, the 

structure is the lateral chest cavity and the ordering 

of means is not the same as is found with the 
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proportion overlap as a measure. In terms of raw counts, 

the radiologists show the highest agreement (99922.8), 

followed by the undergraduates (96027.2), the medical 

students (91843.5), and the nursing students (91068.5). 

The radiologists differ significantly from both the 

medical students and nursing students. None of the 

remaining contrasts are significant. 

An additional question concerning agreement as to 

the tracing of structures is whether the closer 



Table 4.11. Cell means, expressed as proportions, for 
the experience strata by structure 
interaction. 
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Structure Undergr. Nursing Medical Radiologist 

1. PA chest cavity .929 .931 .939 

2. PA heart .783 .531 .723 

3. PA 1ft. diap. .708 .703 .751 

4. PA rt. diap. .585 .575 .659 

5. lat. chest. .870 .845 .821 

6. lat. heart .688 . 774 .689 

7. lat. diap. .560 .458 .600 

Table 4.12. ANOVA source table for raw point total 
measures. 

.930 

.630 

.668 

.619 

.868 

.755 

.625 

Source Sum of Squares DF Mean Square F prob. 

exper. .68600 X 10 8 3 .22867 X 10 8 2.33 .0970 

Anatomy .72805 X 10 12 6 .12134 X 10 12 295.62 .0000 

e x a .78674 X 10 9 18 .43708 X 10 8 4.84 .0000 

films .10059 X 1011 9 .11177 X 10 10 

e X f .26529 X 10 9 27 .98254 X 10 7 

a X f .22165 X 1011 54 .41046 X 10 9 

resid. .14640 X 1010 162 .90368 X 10 7 



Undergraduates 1 5 2 3 6 4 7 

Nursing students 1 5 6 3 4 2 7 

Medical students 1 5 3 2 6 4 7 

Radiologists 1 5 6 3 2 7 4 

Figure 4.1 1 ' 2 • Rank ordering of structures in terms of 
proportion overlap by experience strata. 

1Numbers correspond to structures in Table 4.10 

2 Numbers connected by a line represent nonsignificant 
contrasts. 
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subjects are in experience level, the more they agree in 

tracing a structure. This question was addressed 

separately for each structure using multidimensional 

scaling (MOS) procedures. MOS is a way of representing 

the relative positions of a set of objects on a number 

of scales simultaneously. MOS procedures take, as input, 

measures of the distance between the pairs of points to 

be scaled and output the multidimensional coordinate space, 

within which the points are located, that best reproduces 

the original distances. If subjects within experience 

strata agree more with respect to the tracings of the 

structures, the points representing these subjects should 

form clusters when plotted in a multidimensional scaling 

space. 

For all possible pairings of subjects, the average 

~roportion of overlap was obtained for each structure. For 

example, the average proportion of overlap on the heart in 

the PA view for subject 1 (an undergraduate) and subject 12 

(a radiologist) was calculated as follows. For each of 

the 10 films, the proportion of overlap between subject 1 

was subject 12's tracings was obtained using the computer 

program described above. The average of these proportions 

was then calculated and used as the measure of distance 

for subjects 1 and 12 PA heart tracings. 



A 12 x 12 matrix for each structure was 

constructed with each entry corresponding to the average 

proportion of overlap between the subject pair indicated 

by the row and column of the matrix. These matrices 
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were then subjected to a multidimensional scaling solution 

using Kruskal's MDSCAL program (Kruskal & Carmone, 1969). 

Only 1 and 2 dimensional solutions were considered. There 

were two reasons for limiting the dimensionality of the 

solutions. First, in a nanner analogous to factor 

analysis, MDS extracts dimensions in an order corresponding 

to the amount of distances between points they account for. 

It was felt that if experience strata was in any way a 

meaningful effect it should have become evident in the 

first two dimensions of the solution. Second, as in 

factor analysis, one must strike a balance between data 

reduction and interpretability of results. Since 

interpreting solutions beyond two dimensions is difficult 

at best, requiring inspection of a series of all possible 

pairwise presentations of dimensions, and solutions of more 

than three dimensions are not providing much in the way of 

data reduction, given there are only 12 points to be 

scaled, it seems that two dimensions is the proper limit 

to impose. 

In addition to limiting the dimensionality of the 

solutions, it was also decided that only those structures 
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whose solutions provided an acceptable fit would be 

considered. The typical metric employed to assess the fit 

of an MOS solution is termed l'stress." Briefly, stress is 

obtained from determining a monotone regression of 

distance, as generated by the MOS solution, on the 

observed distances. The residual variances of this 

regression, suitably normalized, is what is meant by 

stress. Stress can. vary between O and 1.00. Using 

Kruskal's guidelines, a stress of between .10 and .20 

would be considered evidence of good to fair fit for a 

scaling solution. Thus, an acceptable fit for a solution 

was taken to be those with a stress of .20 or less. 

Three structures obtained two dimensional solutions 

with an acceptable stress measure. They were the PA heart 

tracing (stress=.1297), the· lateral chest tracing (stress= 

.1443), and the lateral heart tracing (stress=.1685). The 

two dimensional solutions are shown in Figures 4.2, 4.3, and 

4.4. Points 1, 2, and 3 in each figure correspond to the 

B undergraduates, 4, 5, and 6 to the nursing students, 

7, 8, and 9 to the medical students, and A, B, and C to 

the radiologists. In all three pilots, no clustering by 

experience strata is evidenced. That is to say, for a 

given point, the distances between points from the same 

experience strata do not appear to be smaller than the 

distances between pairs of points from different experience 
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strata. Nor does it seem to be the case that radiologists 

and medical students, considered as a single group, are 

scaled as being closer than the subjects from the lesser 

experience groups. This is not surprising considering 

the proportion overlap analyses reported previously 

which indicate that little difference is observed, by 

group, in the agreement with respect to the location of 

structures. 



CHAPTER 5 

DISCUSSION 

The primary impetus of the research reported herein 

was a concern about possible differences in the quality 

of TLC measures obtained by operators with dit'fering 

amounts of anatomical knowledge and radiologic 

experience. This concern arose as a result of the wealth 

of research by cognitive psychologists demonstrating 

knowledge and experience related perceptual differences 

across a large number of content domains. Of particular 

concern was the work of Lesgold et al. (1981, 1982) 

demonstrating such differences among residents and 

professional radiologists in the interpretation of 

radiographs. Lesgold et al. 's work characterizes the 

necessary perceptual skill as a constructive process 

requiring considerable knowledge of human anatomy and 

developing slowly through extensive experience in reading 

x-rays. Since nonmedical personnel could be expected to 

have neither of these prerequisites, they might not 

demonstrate the level of ability to reliably determine 

the outlines of the anatomical landmarks which are 

necessary for TLC measurement. 
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Two separate tasks were employed whose results, 

it was hoped, would address both the issue of the 

comparability of radiologic TLC measures taken by 

operators with varying amounts of knowledge and experience, 

and the issue of knowledge related differences in the 

perception of the required anatomical landmarks. In one 

task, subjects from one of four levels of knowledge and 

experience measured TLC for a set of 20 chest x-ray 

sets. In the second task, 10 of these films were 

selected and subjects traced the outlines of the 

anatomical landmarks whose identification is required by 

the TLC measurement task. 

The data and analyses reported in the previous 

chapter show few, if any, statistically reliable group 

differences in either the quality of TLC measures, or in 

the ability to reliably trace anatomical landmarks. 

In light of the large body of literature discussed in 

Chapter 2, this lack of differences is somewhat of a 

surprise. The purpose of this chapter is to discuss why 

such surprising results were obtained. 

The chapter is organized, by task, beginning with 

the TLC measurement results. Some cross referencing 

statements do, however, necessarily appear. The 

discussion deals primarily with the integration of the 

present results with those of similar work, some caveats 



about the validity of the statistical conclusions, 

methodological criticisms of the present work, and 

suggestions for future research. 

The TLC Measurement Task 
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A major portion of the analyses performed on the 

TLC measurement results were directed toward determining 

the reliability of the measures. The determination of the 

relative amount of error in any measuring instrument is 

important as this error attentuates the relationship 

between the measures in question and other variables 

(Lord & Novick, 1968). 

Although reliability studies of radiologic TLC 

measures are somewhat scarce in the literature, a 

comparison of what is avai·lable with the present work 

suggests that the amount of measurement error found here 

was somewhat higher than is usually reported. This was 

true for all four of the experience groups. For example, 

as discussed in Chapter 2, Reger and Jacobs (1970) used 

a similar variance components approach to estimate the 

reliability of the manual version of the Barnhard method 

and achieved better results. Their reliability estimate 

was .94 and their estimate of a 2
~ was .147, both of 

which represent better performance than any of the 

groups obtained in the present research. Earlier pilot 



work with the SCOR measurement system (Seeley et al., 

1984) obtained results comparable to Reger and Jacobs. 

The reason for the larger amount of measurement 

error in the present work is most likely attributable to 

the selection of the film sets to be measured. In the 

Reger and Jacobs study and the earlie~ work by 

Seeley et al., the film sets were randomly chosen. In 
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the present research, the x-ray sets were selected to 

provide cases for which TLC measurement would be difficult. 

Thus the results of the present study are not really 

comparable to the previous work. In fact, the poorer 

performance of the groups in this study suggests the 

film sets were, in fact, more difficult film sets to 

measure. 

A major issue addressed by this research is 

whether the operators from different experience and skill 

levels provide differentially reliable measures. The 

data relating to this question are complicated and 

somewhat ambiguous. On the one hand, the variance component 

estimates for each of the effects in the measurement 

model did not differ statistically across groups. Neither, 

for that matter, did the estimates of the error variances. 

Thus, the orthodox statistical conclusion is that the 

statistical analyses failed to detect any group 

differences in reliability. 



With this in mind, it is probably wise not to 

make too much of the differences in the point estimates 

of a 2 ft . and a 2 t .. In the case of the former, the 
:1 :1 

confidence intervals are quite large and the amount of 

overlap is great. In the case of the latter, the method 

of forming confidence intervals is at best a coarse 

approximation and, given the small magnitude of the 

differences in the point estimators, it is reasonable to 

assume these observed differences could be due to 

sampling. There are a number of reasons, however, to 

suspect that the statistically orthodox conclusion of no 

differences between groups in the overall reliability of 

TLC measures may be in error. 
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First, as will be discussed in mere detail below, 

the radiologists obtained the highest p 2 i estimates for 

two of the three subsidiary volumes generated during the 

TLC measurement process. More importantly however, there 

are disquieting trends in the TLC error variances and p 2 i 

estimates which suggest that a lack of statistical power 

may be masking some true group differences in the 

reliability of TLC measurement. The radiologists' 

error variance is noticeably smaller than the other three 

groups. In fact compared to the radiologists, the 

estimate for the undergraduates is about 2.1 times as 

large, the medical students about 1.9 times as large, 
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and the nursing students about 1.6 times as large. In 

addition, the upper bound of the radiologists' confidence 

level falls below the point estimators of error variance 

of each of the three remaining groups. The same trend is 

evident in the TLC reliability coefficients with 

radiologists performing better than the three remaining 

groups. While the indices of the lower three groups are 

within .033 of each other, the radiologists' coefficients, 

by contrast, are over a full tenth of a point higher. 

While G theory measurement models have distinct 

advantages which make them the appropriate choice in the 

present context, they do have some weaknesses. One of 

these weaknesses concerns the sampling variability of the 

estimators of model parameters. Estimators of variance 

components typically have large sampling variances. Large 

sampling variances result in wide confidence interval 

estimates which in turn make the detection of true group 

differences a difficult process. This is a particular 

problem when small sample sizes must be employed in the 

estimation process as was the case in the present study. 

As Shavelson and Webb (1982, p. 138) have written, 

"Estimated variance components are the basis for 

indexing the relative contribution of each source of 

error and the undependability of a measurement. Yet 

Cronbach et al. (1972) warn that the estimates of these 
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variance components are unstable with usual sample 

sizes." 

It is possible that the lack of power inherent 

in G theory analyses coupled with the small sample 

sizes used in the present research are preventing small, 

but real, differences from being detected. Of course, 

from the present work alone, it is impossible to know 

whether this is the case. Additional reliability 

studies need to be done in which each of the effects in 

the model is estimated with a large enough sample of 

levels to allow narrower confidence interval estimates 

to be obtained. 

The reliability analyses of the secondary volumes 

which are generated in obtaining TLC clearly indicate where 

measurement error is introduced. Looking at the p 2 i 

values, intragroup agreement was quite high for the volume 

of the chest cavity with all estimates falling between 

.939 and .965, a quite narrow range. This is in stark 

contrast to the poor and variable performance, across 

groups, in determining heart and diphragm volumes, though 

heart volumes did seem to pose less of a problem than did 

the diaphragm volumes. 

Of course, it could be argued that part of the 

differences between p 2• values for the chest volumes and 
1 

those for the heart and diaphragm volumes is due to 



there being less true variability for the latter 

volumes. After all, it is the case that the estimates 

of cr 2 fi are much smaller for the heart and diaphragm 

volumes than they are for the chest volume. Thus, even 

if the error variability were the same for all three 

structures, the Pi value would be affected to a much 

greater extent because its numerator is much smaller in 

the case of the diaphragm and heart volumes. 

This line of argumentation is true, to some 

extent, in the case of the heart volumes. The error 

variances (cr 2 ~i)are clearly smaller than those of the 

chest volumes. But the anatomy tracing tasks also 

indicates less agreement in tracing the heart shadows 

so at least part of the reliability differences is 

probably due to the heart being a more difficult 

anatomical landmark to correctly identify. 

The same line of argumentation is clearly 

questionable, however, with respect to diaphragm 
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volumes. The cr 2 ~i estimates for the diaphragm volumes are 

larger than those for chest volumes. Diaphragm volumes 

appear to be the archilles heel of the TLC measurement 

process, presenting a much more difficult measurement 

task than do the remaining structures. While it is 

possible that the film sets selected for the present 

study were differentially difficult with respect to 
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diaphragms, it is not likely. Seeley et al .. (1984) found 

diaphragm measurement to have the poorest inter-rater 

agreement and the anatomy tracing results indicate all 

groups find these structures comparatively difficult to 

trace. Thus, future efforts to improve the reliability 

of radiologic TLC measures should probably focus on 

alternate ways of estimating this volume. 

Whether there exist systematic experience strata 

differences in determining diaphragm and heart volumes 

is, as was the case with TLC, somewhat ambiguous. For 

the heart volumes, the p~ values are low and almost 
1 

identical for the undergraduates and the nursing students. 

They increase quite dramatically for the medical students 

and are markedly higher for the radiologists. In 

addition, the upper bound of the confidence interval for 

the cr 2 ft:i estimate in the radiologist group coincides with 

the lower bound of the nursing students interval. Thus, 

if one were inclined to be liberal, one could make a case 

for rejecting the hypothesis of no differences between 

groups for this particular contrast. But as was the case 

with the TLC values, confidence interval estimates of 

variance components, for the most part, show a great 

amount of overlap, and with the number of confidence 

interval comparisons being performed, the presence of one 

almost non-overlapping interval is not that unexpected. 



It is quite possible the observed differences are due to 

sampling variability alone. 
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For the diaphragm volumes, the nursing students 

have a singularly larger PI estimate and smaller estimate 

of cr 2 ~i· In fact, the upper limit of the nurses confidence 

interval estimate of cr 2 ~i is below t'l,TO of the three 

remaining groups' point estimates and only slightly above 

the third group's. But again this evidence of group 

differences is not very convincing since interval overlap 

does occur. More importantly, this finding is not at 

all corroborated by the results of the anatomy tracing 

task where the nurses showed rather poor agreement in 

tracing the diaphragmatic domes. Compared to the remaining 

experience strata, they were the worst group on the PA 

right dome and lateral diaphragm, and second poorest on 

the PA left diaphragm. It is probably safest to conclude 

that the anomalous performance of the nursing students in 

determining diaphragm. volumes is the result of sampling 

variability. 

The accuracy of the radiologic TLC measures was 

assessed by comparing each film set's within group mean 

radiologic TLC with the corresponding plethysmograph 

values. The plethysmograph values were subtracted from 

the radiologic TLC values and this difference, both 

signed and absolute, served as a dependent measure. 
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For the signed values, all group mean differences 

were positive, indicating a tendency on the part of all 

groups to generate larger radiologic TLC values than 

those obtained with plethysmograph measures. A set of 

secondary t-tests were performed to check which, if any, 

of the signed deviations differed significantly from zero. 

The numerators of the t ratios were the group mean 

deviations. The denominator of these tests was obtained 

by dividing the corresponding ANOVA residual mean square 

by 20, the number of films on which each mean was based, 

and taking the square root of this value. These t ratios 

were then compared to the 97.5 percentile level of at 

distribution with 57 degrees of freedom and all exceeded 

the tabled values. Thus, the overestimation is 

statistically significant. 

This finding is at variance with the findings of 

several of the studies discussed in Chapter 2 which 

compared radiologic and plethysmographic values in 

normal subjects. Loyd et al. (1966) found a difference, 

in liters, of only .183, Nicklaus et al. (1967) a 

difference of only .OS liters, O'Shea et al. (1970) a 

difference of .226 liters, Miller and Offord (1980) found 

a .210 discrepancy, and lastly, Barrett et al. (1976) a 

difference of .06 liters. None of these differences were 

statistically significant and all of them are, more 
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importantly, in the opposite direction with plethysmograph 

values being larger. 

There are at least two possible reasons for the 

disagreement between previous work and the present 

results. First, it is possible that the plethysmograph 

values provided by the SCOR project were in error. There 

is, however, no evidence from other work done by the SCOR 

project that this is the case. A second, and more likely, 

possibility has to do with the particular types of film 

sets selected in the present study. As stated above, in 

order to maximize the possibility of detecting possible 

experience strata differences, films were selected on the 

basis of having one or more characteristics which made 

TLC determination difficult. A commonly encountered 

characteristic was underpenetration of the chest cavity 

by the x-ray beam. The principal difficulty introduced 

by underpenetration is that the upper portions of the 

chest field in the lateral view cannot be distinguished 

and, consequently, the operator must guess as to the 

exact location of the lateral chest cavity outline. It 

may be that all the operators' guesses consistently 

overestimate the correct chest cavity outline. This would 

account for the systematically high radiologic TLC values. 

With respect to group differences in the accuracy 

of radiologic TLC measures, the same trend is observed in 
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both measures with the size of the differences increasing 

with an increase in experience levels. For the absolute 

value measures, the group differences are not statistically 

significant. There are, however, significant contrasts 

in the group means when the signed deviations are 

considered. The undergraduates' mean differences is 

smaller than those of the medical students and the 

radiologists. 

Why this should be so is unclear. One reason may 

have to do with the lateral chest cavity tracing problem 

described above. Perhaps radiologists and medical 

students share a common tendency to guess more liberally 

when the chest cavity outline is ambiguous than do the 

undergraduates and nursing students. This is not born 

ou~, however, by a· secondary analysis. A 3 subject nested 

within 4 experience levels crossed with 10 film sets 

crossed with 7 structures ANOVA was performed on the raw 

point counts of the individual structure tracings. 

Neither the experience level effect, nor the experience 

level by structure effect was significant. Thus, in this 

latter task, the radiologists and medical students did 

not show a tendency to generate larger tracings than the 

nursing students or undergraduates. 
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An alternative explanation is that the particular 

instructions used in the present study affect the 

accuracy of TLC measurement. Barnhard et al.'s (1960) 

paper makes use of much technical anatomical terminology 

in explaining how to perform the method. Because the 

present study included at least two groups who would not 

be familiar with that terminology, instructions were 

modififed to eliminate, where possible, the technical 

terms to make the procedure accessible to these groups. 

So as not to introduce confounds into the experience 

level contrasts, all groups were trained using these 

modified instructions. For the radiologists and the 

medical students, these modified instructions may in fact 

be more confusing and less precise 
0

than the technical 

instructions would have been, resulting in the 

mismeasurement of one or more of the relevant anatomical 

structures. Further research needs to be done in which 

the measures taken by radiologists given a technical 

instruction set are compared to those with a modified 

instruction set. 

Despite the group differences in the actual values 

of radiologic and plethysmographic TLC measures, no 

differences were observed in the correlation coefficients. 

Thus whatever mismeasurement is occurring on the part of the 

radiologists and medical students, it must be systematic 



as it does not seem to attenuate the linear relationship 

between the radiologic and plethysmographic TLC values. 
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The magnitude of all of the correlation 

coefficients are, however, slightly lower than those 

previously reported in the literature. While the present 

values ranged from .765 to .832, previosuly reported 

values ranged from .86 {Nicklaus et al., 1967) to .97 

(Loyd et al., 1967). This discrepancy is most likely 

due to the increase in measurement error introduced by 

selecting difficult cases to be measured in the present 

study. The correlations of the present study were 

partially corrected for attenuation using the formula in 

Lord and Novick (1968, p. 67) and the appropriate P2 i 

estimates. The corrected values, . 88, . 89, . 93, and . 86 

for the undergraduates, nursing students, medical students, 

and radiologists respectively, are all within the range 

reported in the literature. 

The Anatomy Tracing Task 

As mentioned in Chapter 1, the principal ski.11 in 

perfo~ming TLC measurement is the ability to locate the 

radiologic projections of those aspects of thoracic 

anatomy required by the task. The literature on skilled 

perception, reviewed in Chapter 2, raised some concerns 

about the possibility of group related differences in this 

necessary skill. The anatomy structure tracing task was 



designed to isolate possible group differences in this 

identification ability because even if the radiologic 
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TLC measures showed differential reliability across groups, 

those differences could have arisen from some other 

aspect of the procedure. 

Despite expectations to the contrary, the analysis 

of the results of the anatomy tracing task using the 

proportion overlap measures,. as described in Chapter 4, 

indicates little in the way of group differences. There 

was a significant skill level by anatomic structure 

interaction, but the only significant group contrast 

involves the undergraduates and the nursing students with 

respect to the PA heart tracing. This is not very 

interesting and is in the opposite direction from what 

might have been expected. The undergraduates had the 

highest proportion overlap means. There is no ready 

explanation for this difference. 

A second way to look at this interaction is in 

terms of the relative order of difficulty of the structures 

for each experience strata. Approached from this point of 

view, there is a suggestion of possible group differences. 

While all of the groups agreed most of the chest cavity 

tracings, a subtle pattern of group differences seem to 

emerge, in the remaining five structures. For the 

radiologists and the medical students, these structures all 
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appear to be of equal difficulty. None of the contrasts 

are statistically significant. The ranges for the group 

means for these structures, expressed in proportions, is 

.136 for the radiologists and .152 for the medical 

students. For the two low experience groups, significant 

contrasts do exist among these structures. In addition, 

the ranges of group means are higher (for the undergraduates 

.223, and for the medical students .316). Thus, it could 

be that the knowledge and skill level of the radiologists 

and medical students manifests itself in a tendency to 

agree more with respect to tracing the more difficult 

structures. The differences are, however, small and not 

statistically significant. It is probably wise not to 

make too much of them. 

It is interesting to speculate on why, despite the 

overwhelming evidence in the literature to the contrary, 

this study failed to show expertise related differences 

in perceptual skill. One reason, mentioned in Chapter 1, 

is that perhaps the tasks used here are trivial for all 

the groups. That is to say, maybe there is a sort of 

ceiling effect occurring in that the task is too easy and 

does not allow the radiologists and medical students to 

demonstrate differences. The absolute level of 

performance of all groups, however, argues against this. 
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Only the tracings of the PA chest cavities show proportions 

of overlap greater than .9. In fact, most of the 

remaining structures have proportion overlap measures in 

the .65 to .75 range. 

Perhaps a better reason concerns the nature of 

what radiologists and medical students learn to do with 

respect to reading radiographs. It may be the case that 

diagnosing accurately from radiographs does not require 

the complete and unambiguous discrimination of the entire 

outline. For example, a common radiologic sign found in 

the x-rays of patients with chronic obstructive lung 

disease is the presence of what are referred to as 

flattened hemidiaphragms. A judgment as to the presence 

of this sign can be made despite the fact that the exact 

.location of the costophrenic angles of the diaphragm 

cannot be seen or the fact that the radiologist is unsure 

of the upper contour of the diaphragm near the spinal 

column. 

In contrast, correctly tracing the diaphragm in 

the present study involved determining the outline from 

costophrenic angle to the most medical aspect of the dome. 

In other words, the anatomy tracing task was measuring 

the ability to make anatomical discriminations which are 

not crucial to diagnostic accuracy. With respect to such 
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a task, all of the groups in question could be 

considered novices to some extent. It is not surprising 

then that the usual expert/novice perceptual differences 

were not detected. In future work in the area of 

understanding the nature of radiological expertise, 

investigators must be careful that the task they employ 

really do tap abilities relevant to radiological 

diagnosis. 

This lack of validity, if you will, of the 

anatomical tracing tas~ is most likely one of the reasons 

for the failure of the multidimensional scalings to yield 

any clustering with respect to experience strata. These 

analyses were singularly uninformative. An additional 

reason may have to do with the nature of the group 

differences in drawings and the particular quantitative 

measure of the sameness of subjects' tracings used in the 

present study. Perhaps there is some aspect of the 

shape of the drawings of certain structures in which 

tracings made by subjects within an experience strata are 

more alike than those of subjects from different strata. 

This qualitative aspect is most likely missed by the 

quantification scheme used herein. Additional work by 

investigators addressing similar questions should probably 

employ a measure of sameness based on pairwise ratings 
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of tracings by some set of independent observers. This 

type of approach, quite common in studies employing MDS 

procedures, may have a better change of capturing the 

more qualitative differences. 

In summary, the prospects for using nonmedical 

personnel as operators of a system for the radiologic 

determination of TLC appear good. The reliability of 

TLC measures obtained by operators from varying 

expertise groups do not differ statistically. There are 

some trends which suggest that small but true differences 

might exist but are being masked by a lack of statistical 

power. Even if they do exist, however, these differences 

may not be crucial in large scale survey work. The 

presence of measurement error on the order of magnitude 

found in the present work will most likely not affect the 

ability of epidemiologists to estimate indidence rates, 

detect etiological factors,and chart the normal course 

of development of obstructive lung disease, given the 

large number of patients typically found in such surveys. 

Caution is advised, however, in using relatively 

unskilled operators in obtaining measures from individual 

patients for clinical purposes. For both the sake of the 

patient and in the interest of avoiding malpractice suits, 

measures with the maximum amount of precision should be 

used. Even though statistically nonsignificant, the 
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evidence for the superiority of radiologic TLC measures 

obtained by radiologists should be taken quite seriously. 

There were some group differences in the extent to 

which radiologic TLC measures agree with plethysmo~raph 

values. The medical students' and radiologists' measures 

seem to consistently overestimate plethysmograph values 

to a greater degree than do the undergraduates. These 

differences, however, are most likely attributable to 

instruction set effects and should not present a problem 

in using the measurement system with radiologists and 

medical students, provided a set of technical instructions 

are used. 

Lastly, no expertise related differences were found 

in the tracings of anatomical structures. While this lack 

of effect may be due to their really being no skill 

related perceptual differences, a possible alternative is 

that the anatomy tracing task was not suited to detecting 

the kind of differences which may in fact exist. 

Because of the statistical and methodological 

limitations of the present work there are a number of 

issues which should be addressed by subsequent research. 

First, an effort needs to be made to estimate more 

precisely the variance components of the measurement model 

used herein. The evidence presented suggests that 

differences, if they exist, are small. In order to 
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detect such differences, large numbers of operators 

from each of the experience levels need to be included in 

a study. This will present a difficult logistical 

problem because, due to their already excessive time 

commitments, it is hard to obtain the cooperation of 

large numbers of medical students and radiologists in 

such an enterprise. However, until such an effort is 

made, no definitive resolution of the question of .possible 

group differences will be forthcoming. Second, the effect 

of instruction set on the TLC measurement procedure 

should be systematically investigated. The particular 

instructions should be tailored with the expertise of the 

likely operator in mind. The simplified instructions 

provided to naive operators may make the TLC task 

unnecessarily ambiguous to those operators with a medical 

background. 

A final caveat is in order to those psychological 

researchers involved in the study of the perceptual and 

cognitive aspects of decision making in medicine. In 

investigating the nature of a given performance, it is 

necessary to use tasks which have as much ecological 

validity as possible. Because of a failure do to so in 

the present work, the absence of knowledge related 

perceptual differences remains an ambiguous finding. Thus, 

an issue for future expert-novice research in the field 
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of medical diagnosis in general, and radiological 

expertise in particular, is to choose tasks which do not 

neutralize the expert's expertise. The judicious 

selection of tasks will enable educational psychologists 

to better understand the cognitive requirements of a 

performance of interest and determine an effective agenda 

for the provision of those requirements to prospective 

practioners of that performance. 
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The total lung capacity (TLC) is the amount of air 

present in the lungs after a patient has inhaled with a 

maximum effort. You will be learning how to operate a 

system for obtaining a measure of the TLC from chest 

x-rays. The system you will learn to use will require that 

you take certain measurements from the x-ray with a special 

tracing device, called a spark pen. The main requirement 

on your part will be to learn to recognize several aspects 

of chest anatomy as they appear in standard chest x-rays. 

The purpose of this handout is to provide you with 

a brief introduction to x-rays and the anatomical 

structures you will be learning to recognize, as well as 

to provide you with a description of the system you will 

be using. This handout is to be read prior to your 

attending the first training session. Questions concerning 

aspects of the procedure described herein will be 

answered during the training session. 

Obtaining X-rays Images 

X-rays, or radiographs, are made by having a 

person stand in front of a 14 inch by 17 inch filmholder 

while an x-ray beam ~s directed at the film from a point 

72 inches behind the person {see Figure 1). When an 

x-ray beam passes through radiotransparent material such 

as air, it strikes the film and produces areas that are 

black after the film is developed. Other types of 
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material such as tissue and bone absorb or refract 

different amounts of the x-ray beam. This results in 

fewer x-rays striking the film and such areas will appear 

clear or grey after development. Thus, the resulting 

x-ray image can be used to identify the shapes and 

locations of various skeletal, organ, and tissue 

structures in a patient's body. 

Measuring TLC requires a set of chest x-rays. 

Such a set consists of two views. The first, called a 

posterior-anterior (PA) view (Figure la), is obtained by 

having the person stand with their chest flush against 

the filmholder. The x-ray beam passes through the back 

of the patient, out the front, and then makes contact 

with the film. The view it provides is one in which the 

patient appears to be facing directly at the viewer. The 

second view is called a lateral view (Figure lb). It is 

obtained by having the patient stand at a right angle to 

the filmholder with the right side of the patientis body 

in contact with it. The x-ray beam enters the left side 

of the patient's body and exit? out the right side, 

ultimately striking the film. The view it provides is 

one in which the patient appears to be standing with 

his or her left shoulder facing directly to the viewer. 
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Chest Anatomy in X-ray Images 

For the measurement of TLC, you will be required 

to identify the outline of three anatomical structures 

of the chest. These structures are visible in both the 

PA and lateral views of the chest. The first of these 

is the heart. It's outlined in red Figures la and lb, 

and 2a and 2b. The second structure you will have to 

learn to recognize is the diaphragm. The diaphragm is 

segmented into two hemidiaphragms which are dome like in 

appearance. The outlines of the two hemidiaphragms are 

outlined in yellow in Figures la and lb, and 2a and 2b. 

The last aspect of anatomy you will be required to 

recognize is the boundary of the rib cage. It is 

indicated by a blue line in each of Figures la and lb, 

and 2a and 2b. 

The TLC Measurement System 

The system you will learn to operate consists of 

three parts. The first of these is a specially 

constructed backlit viewbox. An x-ray is taped to this 

viewbox in order to be measured. A light source in the 

box illuminates the x-ray from behind allowing for 

effective viewing. Along the top of the viewbox and down 

its left hand side is a set of high sensitivity 

microphones. The second component of the system is the 

spark pen. It is constructed so that when the tip of 
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the pen is depressed on a surface such as the viewbox, 

a small spark occurs and a click is emitted. The 

measurements you will be taking during the TLC 

measurement procedure will be performed by depressing the 

pen at various locations in each of the two x-ray views. 

The last component of the system is a standard computer 

terminal, or CRT, which you may already be familiar with. 

It consists of a typewriter like keyboard and a television 

screen. You will receive instructions about the 

measurement process on the screen and will be required to 

enter some information about the patient you are 

measuring via the keyboard. 

Conclusion 

This is it for now. The actual operation of the 

system will be demonstrated for you at the first 

training session. During that session, you will be 

taught to identify the required aspects of anatomy, to 

take the required measurements, and to operate the system. 

At that time, any questions you have will be answered. 

Thank you for your participation and effort. 
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Table B.1. ANOVA source table for undergraduate 
reliability study - TLC measures. 

Source 

Films 

Techs 

Resid. 

ss 

75.009 

1. 503 

13.616 

DF 

19 

2 

38 

MS 

3.948 

0.752 

0.358 

Table B.2. ANOVA source table for nursing students 
reliability study - TLC measures. 

Source 

Films 

Tech 

Resid. 

ss 

60.279 

2.589 

9.251 

DF 

19 

2 

38 

MS 

3.173 

1. 295 

0.243 
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Table B.3. ANOVA source table for medical students 
reliability study - TLC measures. 

Source 

Films 

Techs 

Resid. 

ss 

83.318 

2.506 

11. 668 

DF 

19 

2 

38 

Table B4. ANOVA source table for radiologists 
reliability study - TLC measures. 

Source 

Films 

Techs 

Resid. 

ss 

92.182 

0.115 

6.917 

DF 

19 

2 

38 
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MS 

4.385 

1. 253 

0.307 

MS 

4.852 

0.058 

0.182 



Table B.S. Estimation formulas for point estimates of 
model parameters. 

Parameter Estimation Formula 

cr2 t 

2 
a ft 

170 



Table B.6. Variance-Covariance matrices of standard 
errors of model estimators. 

Undergraduates 

.183036 
~cr2[cr2] = .000113 .001429 

-.002253 -.000338 .006758 

Nursing Students 

.225459 

fcr 2 [cr 2 ] = .000083 .003937 
-.001654 -.000248 .004962 

Medical Students 

~cr2 [cr2] 
.118070 

= .00005i .003937 
-.001040 -.000156 .003119 

Radiologists 

icr2 [0-2] 
.275503 

= .000029 .000604 
-.000581 -.0000~37 .001744 
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Table B.7. Point estimates of model parameters for heart 
volumes • 

A 

Lf 

A 

Lft 

= 

= 

= 

• 017 
.018 
.020 
.022 

.012 

.005 

.016 

.020 

.021 

.010 

.007 

.023 

.026 

.006 

.004 

.028 

.005 

.003 



Table B.8. Point estimates of model parameters for 
chest volume measurements. 

2.098 
A 2.120 2.207 
~f = 2.280 2.360 2.543 

2.390 2.480 2.660 2.847 

.046 

.029 
A 

~t = .019 

.027 

.091 

.056 
A 

~ft = .124 

.076 
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Table B.9.' Point estimates of model parameters for 
diaphragm volumes • 

• 179 

~f 
.196 .234 

= .158 .163 .148 '-' 

.200 .201 .188 .187 

.013 

O* 

i:t = .055 

.036 

.348 

.160 

"' .166 }:ft = 
.247 
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Table B.10. 95% confidence interval estimates for model 
parameters for each of the secondary volumes. 

Effect Group Lower Limit Upper Limit 

Chest 

cr 2 f Undergraduates 1.291 4.604 

Nursing Students 1.270 4.767 

Medical Students 1.463 5.493 

Radiologists 1.638 6.149 

cr 2 t Undergraduates -.054 .1461 

Nursing s ·tudents -.033 • 0921 

Medical Students -.030 . 0681 

Radiologists -.034 • 0881 

0
2 ft Undergraduates .061 .151 

Nursing Students .037 .094 

Medical Students .083 .205 

Radiologists .051 .124 

1 Confidence interval formed using the normal approximation. 
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