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ABSTRACT 

Cervical cancer is one of the major cancers in women living in low- and middle-income countries 

(LMICs). The resources needed to conduct the gold standard histopathological diagnosis, such as 

a trained personnel and lab equipment, are scarce in LMICs. Hence, low-cost approaches such as 

visual inspection with acetic acid (VIA) are used to diagnose cervical cancer. VIA and other low-

cost approaches, however, often lead to overdiagnosis and overtreatment of the patient due to their 

low specificity. There is an unmet need for a low-cost tool that can provide both high sensitivity 

and specificity. 

This dissertation discusses the design and development of a chromatic confocal endomicroscope 

(CCE) that can examine the cervical tissue in vivo with a goal of aiding the diagnosis of cervical 

malignancy. The novelty of this device is to use longitudinal chromatic aberration to acquire cross-

sectional images of the tissue without any scanning mechanisms. A custom hyperchromatic 

objective lens was optimally designed to focus different wavelengths of the illumination light into 

different depths: 500-700 nm was focused over a depth range of 110 µm. Slit apertures were used 

for illumination and detection, which eliminated the need for beam scanning along the slit length 

direction and enabled cross-sectional, two-dimensional imaging without any mechanical scanners. 

A custom miniature spectrometer was used to analyze the spectrum of light scattered back from 

the tissue and generate confocal images. The manufactured CCE device had a small form factor 

with an overall device diameter and length of 9 mm and 70 mm, respectively. The material cost 

was less than $1,500. The measured lateral and axial resolution was 2 µm  and 4 µm over an axial 

depth of 100 µm . The CCE device was able to visualize cellular structures of human tissue, in 

vivo at different axial depths. Cellular nuclei of the lower lip epithelium were clearly visualized 

from the CCE images, which might indicate that other epithelial tissues such as the cervical 
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epithelium can also be visualized with CCE. This might merit clinical evaluation of CCE for the 

diagnosis of cervical malignancy. 
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1 INTRODUCTION 

1.1 Cervical cancer 

Cervical cancer remains one of the major cancers in low- and middle-income countries (LMICs).  

In 2018, the global burden of cervical cancer was estimated to be 570,000 new cases and 311,000 

deaths, which corresponds to an incidence rate 13.1 and a mortality rate of 6.9 per 100,000 women 

[1]. Figure 1.1 shows the world statistics for different cancers in women [2]. Cervical cancer stands 

fourth in the most common cancers in women. It is also the fourth leading cause of cancer-related 

death in women (Figure 1.1 B). Over 85% of the new cervical cancer cases are from LMICs [3]. 

 

Figure 1.1 Incidence and mortality charts for various cancers in women [2] 

1.1.1 Anatomy of cervical cancer 

Figure 1.2 shows the anatomy of the female reproductive system. Cervix consists of two layers, 

endocervix and exocervix. Endocervix is the inner part of the cervix made of columnar epithelium. 
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Exocervix is the outer lining composed of squamous epithelium. The junction between the two is 

called the transformation zone, where malignant cells mainly arise from [4].  

 

Figure 1.2 Anatomy of female reproductive system [5] 

Cervical epithelial cells associated with malignant conditions are known to exhibit abnormal 

cytonuclear changes. These changes include an increased nuclei diameter, increased nuclear to 

cytoplasm ratio, increased nuclear density, irregular nuclear contours, and binucleation [6]. These 

abnormal changes typically occur at the transformation zone. As cancer develops, the cytonuclear 

changes spread across the entire cervix.  

Figure 1.3 shows the development of cervical malignancies. Clinicians often use terms such as 

cervical intraepithelial neoplasia (CIN) and dysplasia to describe precancerous changes. These 

abnormal changes are graded between numbers 1 to 3 to grade the severity. CIN 1 represents a 

mild grade of precancer. CIN1 shows minimal or no abnormality in nuclear morphology and does 

not require immediate treatment, whereas CIN2 and CIN3 show substantial changes in the nuclear 

morphology and require treatment.  
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Figure 1.3 Cellular nuclear morphologic changes associated with cervical malignancies [7]. 

The primary cause of cervical malignancy is an infection with the human papillomavirus (HPV) 

[8]. Out of more than 100 types of HPV, at least 14 are associated with the cervical cancer. Some 

factors that can increase the risk of having cervical cancer can be a family history of cervical cancer 

[9], age [10], sexual and reproductive history [11], socioeconomic reasons [12,13], and HIV 

infection [14,15]. In its initial stage, cervical cancer does not show any symptoms. However, 

symptoms such as irregular vaginal bleeding, unexplained back/pelvic pains, and blood spots on 

the cervix are noticed at later stages of the disease.  

1.1.2 Diagnosis and treatment of cervical cancer 

1.1.2.1 Screening and diagnosis in developed countries 

The standard methods for screening cervical malignancy in developed countries are the pap-smear 

test and HPV DNA test. The pap-smear test collects the cervical cells and looks for the changes in 

cellular morphology. During the pap-smear procedure, the clinician opens the vaginal canal with 

a speculum and scrapes cells from the cervix. These cells are stained with dyes such as 

Papanicolaou stain and visualized under a microscope to examine cytonuclear changes. On the 

other hand, the HPV DNA test looks for the presence of HPV from the cells collected from the 
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cervix. The same sample collected for the pap-smear procedure can be used for the HPV DNA 

test.  

If a screening test finds suspected cervical malignancy, a further cervical examination is conducted 

to establish the diagnosis. The standard of care procedure for cervical cancer diagnosis in 

developed countries is colposcopy-guided biopsy. During the colposcopic examination, the cervix 

is examined with a stereomicroscope with a high magnification, adjustable from 6X to 40X [16]. 

Cervical biopsy is performed while looking at the magnified image of the cervix.  

 

Figure 1.4 Pictorial representation cervical biopsy [17] 

Figure 1.4  shows the procedure for cervical biopsy. Suspicious cervical tissues are removed using 

biopsy forceps. Biopsied tissues are then sent to a pathology lab for histopathological analysis. 

Histopathology of the excised tissue follows a standard protocol: thin sections of the tissue are 

generated from the fixed and embedded biopsy sample; the tissue sections are placed on a glass 

slide and stained; and the slide is examined under a microscope for cellular changes. 

Histopathological analysis is the gold standard for cervical malignancy diagnosis in developed 

countries.   
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1.1.2.2 Screening and Diagnosis in developing countries 

Histopathological analysis requires resources such as well-equipped lab facilities and trained 

personnel. In LMICs, these resources are often limited. Even when the histopathological analysis 

is feasible in LMICs, the diagnosis can take several weeks due to the tissue transportation between 

local clinics and the few central hospitals that can provide histopathologic analysis. This can cause 

delays in initiating adequate treatments, especially when the patients in rural areas need to make 

multiple visits to the hospital in an urban area. Hence, low-cost diagnostic approaches such as 

visual inspection with acetic acid (VIA) [18], and  HPV DNA test [19,20] have been implemented 

in LMICs for early diagnosis and treatment of cervical malignancies. 

In visual inspection with acetic acid (VIA), 5% acetic acid solution is applied on the surface of the 

cervix. The acetic acid coagulates the nuclear proteins [21]. Since abnormal tissues have an 

increased density of nuclear proteins, they temporarily appear white when exposed to acetic acid. 

This makes the distinction between normal and abnormal tissues visible with naked eyes.  The 

sensitivity and specificity for VIA is around 89% and 44% respectively [22].  

In an HPV DNA test, cells are scraped from the cervix and sent to the laboratory to check for the 

genetic material of the HPV virus. The test is used to identify the presence of high-risk type HPV 

virus. This procedure has demonstrated a sensitivity and specificity of 88% and 79% respectively 

[23].  

Compared to the gold standard of cervical diagnosis, the specificity of these techniques is low, 

which often leads to overdiagnosis or overtreatment of the patient. Hence, there is an unmet need 

for a low-cost tool that can provide both high sensitivity and specificity. 
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1.1.3 Wide-field optical imaging approaches for cervical malignancy diagnosis in 

LMICs 

Studies have shown that a broad range of changes in the optical properties of tissues occurs with 

cervical cancer [24–26]. Wide-field optical imaging technologies have been shown promising in 

examining these changes in optical properties associated with cervical malignancy [27–32]. The 

development of such optical technologies at a low cost could improve the cervical malignancy 

diagnosis in LMICs.  

Several groups have developed mobile colposcopes to reduce the cost associated with traditional 

colposcopes. MobileODT, an Israeli startup company, has developed a smartphone-based 

colposcope to lower the cost and complexity. Initial clinical validations have been successful and 

have demonstrated an increase in specificity when used in conjunction with pap smear testing [33]. 

Point of Care Tampon-based digital (POCKet) colposcope is another low-cost approach developed 

by researchers from Duke University [34]. The POCKet colposcope can be used with an insertion 

device smaller than the conventional speculum, thereby reducing discomfort [35]. In a small study, 

the interpretations of cervical images from POCKet and standard colposcope had a fair agreement 

[34]. Recently, an artificial intelligence-based smartphone application has been developed to detect 

cervical cancer automatically from features extracted from videos taken during VIA [36]. Though 

this method is promising, its specificity will be on par with the VIA specificity, which might likely 

face a similar challenge of overtreatments.  

While promising, none of the aforementioned technologies can examine cytonuclear changes, 

which are used during the standard histopathologic diagnosis of cervical malignancy. Therefore, a 
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low-cost, highly accurate diagnostic tool that can examine cytonuclear changes in the cervix 

remains an unmet need.  

1.2 Introduction to optical microscopy 

Optical microscopy has been the primary tool for examining the details of an object. The oldest 

compound microscope design dated to the 17th century [37] and was used to examine bacteria. 

Modern microscopes consist of multiple lenses to provide high-quality images of an object with a 

high magnification.  

Optical microscopes have been particularly useful in biomedical applications, including disease 

diagnosis and study of biological systems in basic life science research. Various optical 

microscopy techniques have been developed to acquire different information from the specimen, 

including polarization microscopy [38,39], bright-field microscopy, dark-field microscopy, 

fluorescence microscopy [40,41], confocal microscopy [42], multiphoton microscopy [43,44], 

light-sheet microscopy [45,46], differential interference contrast microscopy [47,48], and phase-

contrast microscopy [49,50]. In this dissertation, confocal microscopy is discussed primarily 

because of its capability of optical sectioning. The optical sectioning capability allows confocal 

microscopes to visualize cellular morphologic details in a highly scattering medium, which leads 

to its usage for various biomedical applications.  

This section summarizes the working of optical microscopy and provides an overview on the key 

performance parameters of an optical microscopy. Furthermore, this section also summarizes 

about the working principle of the confocal microscope.  
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1.2.1 Basics of optical microscopy 

Figure 1.5  shows the optical layout of a compound microscope with an infinity-corrected objective 

lens. A compound microscope typically consists of an eyepiece, a tube lens, and an objective lens.  

The object is at the front focal plane of the objective lens. The infinity-corrected objective lens 

collimates the light from the object. The stop is placed at the rear focal length of the objective lens 

to make it telecentric in the object space. The tube lens focuses the collimated beam to form an 

intermediate image on the rear focal plane of the tube lens. An eyepiece can be used to examine 

the specimen with naked eye. An eyepiece is positioned such that the intermediate image plane is 

at the front focal plane of the eyepiece. The exit pupil of the eyepiece coincides with the pupil of 

the eye. When images are captured by an imaging sensor, an additional imaging optics is used to 

image the intermediate image plane onto the imaging sensor.  

Figure 1.5 Schematic layout of an infinitely corrected compound microscope 

Key parameters that control the performance of microscopes are the numerical aperture and 

magnification. A numerical aperture is a dimensionless quantity calculated by the product of 

refractive index n and the sine of the half acceptance angle θ, as shown in Equation 1.1.  The 

numerical aperture is directly related to the resolution and the light collection efficiency of the 

system. 

                                         𝑁𝑁𝑁𝑁 = 𝑛𝑛 𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠              1.1 

The magnification of the objective lens Mobj given by Equation 1.2, 
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𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑓𝑓𝑜𝑜𝑡𝑡𝑜𝑜

        1.2 

where 𝑓𝑓𝑡𝑡𝑡𝑡𝑜𝑜𝑡𝑡  is the focal length of the tube lens and 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜  is the focal length of the objective lens. The 

magnifying power of the eyepiece, 𝑀𝑀𝑡𝑡𝑒𝑒𝑡𝑡 is obtained by Equation 1.3,  

𝑀𝑀𝑡𝑡𝑒𝑒𝑡𝑡 = 250𝑚𝑚𝑚𝑚
𝑓𝑓𝑡𝑡𝑒𝑒𝑡𝑡

         1.3 

where 𝑓𝑓𝑡𝑡𝑒𝑒𝑡𝑡  is the focal length of the eyepiece.  The overall magnification of the compound 

microscope, 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑚𝑚𝑡𝑡 is given by the product of the objective lens magnification (𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜) and 

magnifying power of the eyepiece (𝑀𝑀𝑡𝑡𝑒𝑒𝑡𝑡), as shown in Equation 1.4,                      

                                           𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑚𝑚𝑡𝑡 = 𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀𝑡𝑡𝑒𝑒𝑡𝑡 = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑓𝑓𝑜𝑜𝑡𝑡𝑜𝑜

250𝑚𝑚𝑚𝑚
𝑓𝑓𝑡𝑡𝑒𝑒𝑡𝑡

       1.4 

1.2.1.1 Resolving power 

The Point Spread Function (PSF) is commonly used to evaluate the performance of imaging 

systems. For a uniform plane illumination in the pupil plane, the PSF of an aberration-free optical 

system is given by Equation 1.5 

     ℎ(𝑢𝑢, 𝑣𝑣) = −𝑗𝑗 2𝜋𝜋
𝜆𝜆
𝑁𝑁𝑁𝑁2

𝑛𝑛
𝑁𝑁𝑒𝑒

𝑜𝑜𝑛𝑛2

𝑁𝑁𝑁𝑁2
𝑡𝑡 ∫ 𝐽𝐽0(𝑣𝑣𝑣𝑣)𝑒𝑒

−𝑜𝑜𝑗𝑗𝑡𝑡2

2 𝑣𝑣𝜌𝜌𝑣𝑣1
0         1.5 

where 𝜆𝜆 is the wavelength of the beam, NA is the numerical aperture, n is the refractive index of 

the immersion medium, A is the amplitude of the incident plane wave, and ρ is the normalized 

radial pupil coordinate centered on the optical axis [51]. The normalized optical coordinates u and 

v relate to the axial direction parallel to the optical axis (z)  and transverse direction in the object 

plane (r) by Equation 1.6, 

                       𝑢𝑢 = 2𝜋𝜋
𝜆𝜆
𝑁𝑁𝑁𝑁2

𝑛𝑛
𝑧𝑧;  𝑣𝑣 = 2𝜋𝜋𝑚𝑚

𝜆𝜆
𝑁𝑁𝑁𝑁                       1.6 

Equation 1-6 is for calculating the coherent PSF. Incoherent PSF is used to obtain the irradiance 

of the PSF and is given by Equation 1.7. 
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                   𝐼𝐼(𝑢𝑢, 𝑣𝑣) = |ℎ(𝑢𝑢, 𝑣𝑣)|2 = 𝐼𝐼𝑜𝑜 �∫ 𝐽𝐽0(𝑣𝑣𝑣𝑣)𝑒𝑒
−𝑜𝑜𝑗𝑗𝑡𝑡2

2 𝑣𝑣𝜌𝜌𝑣𝑣1
0 �

2

              1.7 

where 𝐼𝐼𝑜𝑜 = �2𝜋𝜋
𝜆𝜆
𝑁𝑁𝑁𝑁2

𝑛𝑛
𝑁𝑁�

2
. 

Applying the relation ∫ 𝑥𝑥′𝐽𝐽0(𝑥𝑥′)𝜌𝜌𝑥𝑥′ = 𝑥𝑥𝑥𝑥
0 ′𝐽𝐽1(𝑥𝑥) into equation 1.8, the irradiance (normalized by 

Io) of the PSF along the lateral (0, 𝑣𝑣) and axial direction (𝑢𝑢, 0) is given by  

                   𝐼𝐼𝑚𝑚𝑜𝑜𝑛𝑛𝑐𝑐(0,𝑣𝑣) = �2𝐽𝐽1(𝑐𝑐)
(𝑐𝑐)

�
2

;   𝐼𝐼𝑚𝑚𝑜𝑜𝑛𝑛𝑐𝑐(𝑢𝑢, 0) = �
sin�𝑡𝑡4�

𝑡𝑡
4

�
2

  1.8 

Subscript conv represents the conventional microscope. 𝐼𝐼𝑚𝑚𝑜𝑜𝑛𝑛𝑐𝑐(0,𝑣𝑣) represent the focused spot of 

light made by an ideal lens with a circular aperture. This spot pattern is called the Airy disk. 

Example intensity plots along the lateral and axial directions are shown in Figure 1.6.  

 

Figure 1.6 Cross-sections of an example PSF along the lateral (left) and axial (right) directions. 

The Rayleigh criterion determines the smallest distinguishable separation between two objects. In 

the Rayleigh criterion, the smallest distance is defined as the radius of the Airy disk, where the 

Airy disk radius corresponds to the distance between the first zero and the peak. The Airy disk hits 

zero intensity when  

𝐽𝐽1(𝑣𝑣) = 0. 
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                          𝐽𝐽1 �
2𝜋𝜋
𝜆𝜆
𝑁𝑁𝑁𝑁 ∗ 𝑟𝑟  �=0     1.9 

which corresponds to 

                                        2𝜋𝜋
𝜆𝜆
𝑁𝑁𝑁𝑁 ∗ 𝑟𝑟 = 3.83.        1.10 

Rewriting Equation 1.11, the lateral resolution is given by 

         𝑟𝑟 = 0.61𝜆𝜆
𝑁𝑁𝑁𝑁

             1.11 

The two-dimensional plot and irradiance profile plot of an image of two objects that are separated 

by the Rayleigh Criterion is shown in Figure 1.7. 

 

Figure 1.7 An image and intensity plot of two objects that meet the Rayleigh Criterion [52] 

1.2.2 Confocal microscopy 

When light is illuminated on a tissue, some portion of the light is scattered. Conventional 

microscopes collect scattered light from both the focal and out-of-focus planes, which decreases 

the contrast and image quality when imaging a thick tissue. Minsky invented confocal microscopy 

in 1957 [42]. In this invention, a pinhole was placed right before the detector to block most of the 

out-of-focus light, which improved the image contrast and quality when imaging a thick tissue.  
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1.2.2.1 Working principle 

Figure 1.8 shows the schematic layout of a confocal microscope. Light from a light source is 

filtered by an illumination pinhole Pi and reflected by a beam splitter. The reflected light from the 

beam splitter is focused to a spot O on the tissue plane D0. The backscattered light and/or 

fluorescent light from different planes of the tissue, e.g., D0, D1, D2, is collected by the objective 

lens and focused on the detection pinhole Pd. The detection pinhole Pd is conjugate to the 

illumination pinhole Pi and the illumination spot O on the tissue. As a result, most light originating 

from out-of-focus planes in the object, e.g., D1 and D2, is blocked by the pinhole Pd., whereas 

most ofthe light from point O of the imaging plane D0 reaches the detector. The pinhole also rejects 

the light from off-axial points within the imaging plane D0. As a result, the contrast and lateral 

resolution of the image are improved. In a reflectance confocal microscope, a beam splitter reflects 

the light towards the tissue and transmits the scattered light from the tissue towards the detector. 

In a fluorescence confocal microscope, the excited and emitted wavelength are separated by a 

dichroic mirror. 

Unlike conventional microscopes that image the entire FOV onto a two-dimensional imaging 

sensor, confocal microscopes image a single point at a time. Scanning mechanisms are used to 

scan the focused point across the tissue to obtain two-dimensional confocal images. 

1.2.2.2 Lateral and axial resolution 

The resolution of confocal microscopes can be derived by 1) calculating the illumination intensity 

when a point light source is used, 2) calculating the light signal from the object, and 3) calculating 

intensity distribution on the detector plane.  
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Figure 1.8 Schematic layout of the confocal microscope 

The intensity 𝐼𝐼𝑜𝑜 of light field incident on the object plane at point r1 is given by Equation 1.12 

𝐼𝐼𝑜𝑜(𝒓𝒓𝟏𝟏) = �∫ 𝛿𝛿(𝑟𝑟0)exp [𝑖𝑖𝑖𝑖(𝑧𝑧0 − 𝑧𝑧1)]ℎ1(𝒓𝒓𝟎𝟎 + 𝑀𝑀1𝒓𝒓𝟏𝟏)𝑑𝑑𝒓𝒓𝟎𝟎
∞
−∞ �

2
   1.12 

where 𝑀𝑀1 is the magnification of the illumination path, 𝒓𝒓𝟎𝟎 and 𝒓𝒓𝟏𝟏 are the position vectors in the 

source and object spaces, respectively, ℎ1(𝒓𝒓) is the 3D amplitude point spread function for the 

objective lens. 

If the object function (either reflectivity or fluorescence efficiency of the object) is given by 𝑂𝑂(𝒓𝒓), 

the total signal emitted from the object due to illumination 𝐼𝐼𝑜𝑜(𝒓𝒓𝟏𝟏) is given by Equation 1.13. 
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𝐼𝐼1(𝒓𝒓𝟏𝟏) = |ℎ1(𝑀𝑀1𝒓𝒓𝟏𝟏)|2𝑂𝑂(𝒓𝒓𝒔𝒔 − 𝒓𝒓𝟏𝟏)        1.13 

where scan position 𝒓𝒓𝒔𝒔 is introduced to account for the scanning movement of the object. For a 

point object located at 𝒓𝒓𝟏𝟏, the intensity at 𝒓𝒓𝟐𝟐 in the detector space is given by Equation 1.14. 

𝐼𝐼2(𝒓𝒓𝟏𝟏, 𝒓𝒓𝟐𝟐) = |ℎ2(𝒓𝒓𝟏𝟏 + 𝑀𝑀2𝒓𝒓𝟐𝟐)|2    1.14 

where ℎ2(𝒓𝒓) is the 3D amplitude point spread function of the objective lens and 𝑀𝑀2 is the 

magnification on the detection arm. The total intensity at 𝒓𝒓𝟐𝟐 due to object O is the integration of 

intensity contributed from all the points in the object O, given by  

𝐼𝐼(𝒓𝒓𝟐𝟐, 𝒓𝒓𝒔𝒔) = ∫ |ℎ1(𝑀𝑀1𝒓𝒓𝟏𝟏)|2𝑂𝑂(𝒓𝒓𝒔𝒔 − 𝒓𝒓𝟏𝟏)|ℎ2(𝒓𝒓𝟏𝟏 + 𝑀𝑀2𝒓𝒓𝟐𝟐)|2𝑑𝑑𝒓𝒓𝟏𝟏
∞
−∞   1.15 

If a finite-sized detector with a transmissivity of 𝐷𝐷(𝒓𝒓𝟐𝟐) is used, the final measured intensity from 

the sample is given by the integral sum of Equation 1.16 over the detector aperture. 

𝐼𝐼(𝒓𝒓𝒔𝒔) = ∫ �∫ |ℎ1(𝑀𝑀1𝒓𝒓𝟏𝟏)|2𝑂𝑂(𝒓𝒓𝒔𝒔 − 𝒓𝒓𝟏𝟏)|ℎ2(𝒓𝒓𝟏𝟏 + 𝑀𝑀2𝒓𝒓𝟐𝟐)|2𝑑𝑑𝒓𝒓𝟏𝟏
∞
−∞ �∞

−∞ 𝐷𝐷(𝒓𝒓𝟐𝟐)𝑑𝑑𝒓𝒓𝟐𝟐          1.16 

Equation 1.16 can be rewritten as 3D convolution operator and is given by  

𝐼𝐼(𝒓𝒓𝒔𝒔) = ℎ𝑖𝑖(𝒓𝒓𝒔𝒔) ⊗3 𝑂𝑂(𝒓𝒓𝒔𝒔)         1.17 

where ⊗3 represents 3-D convolution operator and ℎ𝑖𝑖(𝑟𝑟𝑠𝑠) is given by 

ℎ𝑖𝑖(𝒓𝒓𝒔𝒔) = |ℎ1(𝑀𝑀1𝒓𝒓)|2 ∫ |ℎ2(𝒓𝒓 + 𝑀𝑀2𝒓𝒓𝟐𝟐)|2𝐷𝐷(𝒓𝒓𝟐𝟐)𝑑𝑑𝒓𝒓𝟐𝟐
∞
−∞   1.18 

ℎ𝑖𝑖(𝒓𝒓𝒔𝒔) provides the PSF of the overall system. If the detector is considered as a point detector, 

Equation 1.18 is reduced to  

ℎ𝑖𝑖(𝒓𝒓𝒔𝒔) = |ℎ1(𝑀𝑀1𝒓𝒓)|2|ℎ2(𝑀𝑀2𝒓𝒓)|2              1.19 
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Since |ℎ1(𝑀𝑀1𝒓𝒓)|2 represent the illumination incoherent PSF (𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖) and |ℎ2(𝑀𝑀2𝒓𝒓)|2 represent the 

detection incoherent PSF (𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑), the confocal PSF or confocal irradiance (𝐼𝐼𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐) can be obtained 

by multiplying illumination PSF (𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖) and detection PSF (𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑). 

      𝐼𝐼𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 = 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 × 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑           1.20 

Since the lateral profiles of the illumination PSF and the detection PSF are proportional to 

�2𝐽𝐽1(𝑣𝑣)
(𝑣𝑣)

�
2
from Equation 1.8, confocal PSF can be written as 

    𝐼𝐼𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝑣𝑣) = �2𝐽𝐽1(𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖)
(𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖)

�
2

× �2𝐽𝐽1(𝑣𝑣𝑑𝑑𝑒𝑒𝑡𝑡)
(𝑣𝑣𝑑𝑑𝑒𝑒𝑡𝑡)

�
2
                1.21 

where 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑   are the optical coordinates along the transverse direction of the object for 

illumination and detection. For a reflectance type confocal microscope where 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑  are the 

same, the final confocal PSF is given by 

𝐼𝐼𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝑣𝑣) = �2𝐽𝐽1(𝑣𝑣)
(𝑣𝑣)

�
4
                   1.22 

Figure 1.9 shows the lateral PSFs of a conventional and confocal microscope. The zero-crossing 

points of the two PSFs are the same, but the lateral full-width-half maximum (FWHM) of the 

confocal microscope PSF is narrower than that of the conventional microscope. The lateral 

resolution of a confocal microscope is given by 

𝑟𝑟𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑖𝑖 = 0.37∗𝜆𝜆
𝑁𝑁𝑁𝑁

           1.23 
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Figure 1.9 Comparison of the lateral PSFs of a conventional microscope and confocal microscope 

Similarly, the irradiance of the individual PSF along the axial direction is given by Equation 1.8. 

Since the illumination irradiance and the detection irradiance are proportional to �𝑠𝑠𝑖𝑖𝑐𝑐(𝑢𝑢/4)
𝑢𝑢/4

�
2
, the 

confocal microscope axial PSF becomes 

𝐼𝐼𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝑢𝑢) = �𝑠𝑠𝑖𝑖𝑐𝑐(𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖/4)
𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖/4

�
2
∗ �𝑠𝑠𝑖𝑖𝑐𝑐(𝑢𝑢𝑑𝑑𝑒𝑒𝑡𝑡/4)

𝑢𝑢𝑑𝑑𝑒𝑒𝑡𝑡/4
�
2
         1.24 

For a reflectance type confocal microscope where vill and vdet are the same, the total PSF 

(irradiance) is given by 

𝐼𝐼𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝑣𝑣) = �𝑠𝑠𝑖𝑖𝑐𝑐(𝑢𝑢/4)
𝑢𝑢/4

�
4
               1.25 

Figure 1.10 shows the PSF (irradiance) comparison for a conventional microscope and the 

confocal microscope. The zeros for the two PSFs are the same, but the full-width-half maximum 

(FWHM) of the confocal microscope is narrower compared to that of a conventional microscope. 

The axial FWHM of the PSF of a confocal microscope is given by [53], 

∆𝑧𝑧𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑖𝑖 = 1.52∗𝑐𝑐𝜆𝜆
𝑁𝑁𝑁𝑁2

                  1.26 
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Figure 1.10 Comparison of the axial PSFs of a conventional microscope and confocal microscope 

This discussion so far assumed that the pinhole was infinitely small. When the size of the pinhole 

increases, the resolution degrades. There is a trade-off in selecting the pinhole size. As the pinhole 

size increases, the signal reaching the detector also increases, but the axial resolution decreases.  

Figure 1.11 shows the effects of the pinhole radius, vp on the lateral resolution, axial resolution, 

and signal. When the normalized pinhole radius is smaller than vp of 4, the lateral resolution 

improves as the pinhole radius decreases. However, the lateral resolution remains constant for an 

increase of the pinhole radius, when the pinhole radius is larger than vp of 4. 

With the increase in the pinhole radius, the axial resolution degrades but the signal on the detector 

increases. Therefore, a trade-off needs to be made between the signal and axial resolution. In many 

confocal microscopes, a pinhole radius of 1 Airy Unit (A.U.) is used. One A.U. is the Airy radius.  
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Figure 1.11 Effect of A) Lateral FWHM, B) Axial FWHM, and C) Signal with respect to the pinhole 
radius, vp [54] 

1.3 Confocal microscopy for diagnosing cervical malignancy 

1.3.1 Introduction 

Over the past few decades, several optical imaging techniques have been developed to directly 

image the cervix. Technologies such as fluorescent imaging [55], optical coherence tomography 

[56], multispectral imaging [57], and Muller polarimetry [58] have been developed to detect 

cervical malignancies. Confocal microscopy has been promising among the optical imaging 

techniques as it provides cellular and sub-cellular resolution equivalent to that used during 
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histopathologic analysis. This section reviews various confocal microscope technologies 

developed for imaging the cervix. 

1.3.2 Diagnostic accuracy of confocal microscopy in diagnosing cervical malignancy 

1.3.2.1 Reflectance confocal microscopy 

Collier et al. developed a benchtop confocal microscope to examine cervical tissues ex vivo using 

the scattering contrast [59]. Figure 1.12(A) shows the optical layout of this microscope. The 

confocal microscope used an 810 nm laser as the light source, and a pair of galvanometers was 

used to scan the beam. The beam was focused on the tissue using a 0.8 NA water immersion 

objective. The backscattered light from the tissue was collected by the objective lens and focused 

onto a 10 µm pinhole. The avalanche photodiode (APD) detected the backscattered light after the 

pinhole. The measured lateral and axial resolution was 0.8 and 2-3 µm, respectively. 

28 biopsy samples of the cervical tissue were obtained from different patients and were imaged ex 

vivo using this microscope. 5% acetic acid solution was added to the cervical biopsies to increase 

the nuclear contrast. Cell nuclei were visualized as white dots over the dark cytoplasm (Figure 

1.12(B)), due to the scattering of light by the nuclei. The increase in the nuclear density was 

observed for abnormal tissues compared to normal tissues. The nuclear to cytoplasmic (N/C) ratio 

was used to determine the CIN grade. The confocal images were compared with the 

histopathological diagnosis to determine the sensitivity and specificity. Both the sensitivity and 

specificity of the reflectance confocal microscope for detecting cervical malignancy were 100% 

[60].   
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Figure 1.12 A) Layout of the reflectance-based confocal microscope and B) ex vivo confocal image of the 
cervical tissue [59] 

1.3.2.2 Fluorescent confocal microscopy 

Sheikhzadeh et al. studied the cellular morphology of cervical tissues using a fluorescence 

confocal microscope [61]. Biopsies were stained with acriflavine to highlight the nuclei in the 

cervical tissue. The biopsies were imaged with a Carl Zeiss Axio microscope with a custom laser 

scanning confocal attachment. The light source was a 488 nm laser, and a 25x/0.8 NA water 

immersion objective lens was used. En face images were taken every 5 µm axial depth from 0 µm 

to 80 µm. The lateral resolution of the benchtop microscope was 0.87 µm. 46 cervical tissues were 

imaged in this study. 

Four parameters, nuclear area, cell density, nuclear to cytoplasmic ratio, and distance between the 

nuclei, were studied from the confocal images. The above parameters were used to determine the 

severity of cervical malignancy. In addition, confocal images at multiple depths were compared to 

study changes in cellular morphology with depth. Sensitivity and specificity were evaluated with 

the histological findings as the gold standard. This microscope provided a sensitivity and 

specificity of 93% and 96%, respectively, for detecting cervical precancer.  
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1.3.3 In vivo confocal endomicroscopy 

Based on the promising accuracy of bench confocal microscopes for diagnosing cervical 

malignancy, confocal endomicroscopes were developed to image the cervix in vivo. 

1.3.3.1 Reflectance confocal endomicroscopy 

Sung et al. developed a fiber-based confocal reflectance microscope (FCRM) [62]. Figure 1.13(A) 

shows the schematic layout of FCRM. Light from a Nd-YAG laser (wavelength = 1064 nm) was 

spatially filtered by a pinhole and collimated by a lens. The unpolarized collimated light was 

transmitted through a polarizing beam splitter and polarized to a linear polarization state. The 

polarized beam was then focused on the proximal end of the fiber bundle using a scan lens. A 

single fiber core was illuminated at a time. The fiber bundle consisted of 30,000 fiber cores with 

an average core diameter of 4 µm and center to center spacing of 7 µm with an effective NA of 

0.3.  An objective lens was placed at the distal end of the fiber bundle to illuminate the sample. 

Each fiber core served as the illumination and detection pinhole. The depolarized backscattered 

light from the tissue was collected by the objective lens and delivered through the fiber bundle to 

the beam splitter. The beam was reflected by the PBS towards the detector, which resulted in 

polarization of beam to an orthogonal linear polarization.  

Two galvo scanning mirrors were used to scan the tissue laterally and produce en face confocal 

images. A hydraulic system was used to conduct axial scanning of the focal plane. Water was 

pumped between the tissue and the objective lens to axially translate the focal plane with respect 

to the tissue. 

Some portion of the polarized light incident on the fiber bundle was specularly reflected. Since the 

specular reflected light does not change the polarization orientation upon reflection, the specularly 
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reflected light was transmitted back through the PBS and prevented from being detected by the 

detector. The image contrast was improved by the better rejection of the specular reflection 

background [62,63].  

 

Figure 1.13 A) Schematic layout and B) photograph of the new version FCRM [62] 

The lateral resolution of the system was limited by the spatial sampling of the fiber cores in the 

fiber bundle and was equivalent to 1.6 µm. The axial resolution was measured to be around 3.1 

µm. Images were acquired at 15 frames/second. The field of view ranged from 160-250 µm.  

Figure 1.14 shown the FCRM image of the cervical epithelium. FCRM visualized the cervical 

epithelial cell nuclei with their respective cell boundaries. The measured morphological features 

such as N/C ratio and nuclear diameter agreed well with those found from the histopathological 

analysis. FCRM was the first non-invasive reflectance confocal microscope to image the cervical 

epithelium with a sub-cellular resolution. 
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Figure 1.14 FCRM image of cervical epithelium [62] 

1.3.3.2 Fluorescent confocal endomicroscopy 

Schlosser et al. developed a handheld fluorescent confocal endomicroscope for cellular imaging 

of the cervix [64]. The schematic layout of the fluorescent confocal endomicroscope is shown in 

Figure 1.15A. A  445 nm beam was collimated and focused on a fiber bundle (30,000 cores) using 

a 20X/ 0.75NA-oil immersion objective lens.  A resonance scanner and a galvanometer were used 

to scan the spot across the imaging guide. Light propagated through the fiber bundle and 

illuminated the tissue with another objective lens (magnification 3X, NA = 1.05 on tissue). A 

fluorescent dye, acriflavine, was applied to the cervical tissue to provide the fluorescence contrast 

against the dark cytoplasm background.  

The fluorescent light emerging from the tissue was collected by the distal objective and propagated 

through the imaging guide. The fluorescent light was collected by the objective lens and focused 

on a 50 µm pinhole. The light after the pinhole was detected by an APD. Multiple tissue depths 

were imaged by translating the fiber bundle relative to the distal objective lens using a piezo 

actuator. A linear encoder (LE) was used to track the imaging depth. The linear encoder, piezo 

actuator, and the distal objective lens were placed in a handheld wand, as shown in Figure 1.15B. 
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The lateral resolution of the system was limited by the spatial sampling of the fiber cores in the 

fiber bundle and was equal to 1.3 µm. The axial resolution was 10 µm, and the FOV was 240 µm.  

 

Figure 1.15 A) Schematic layout and B) handheld probe of fluorescent confocal endomicroscope [64]  

This device could visualize cellular nuclei of the cervix and could distinguish normal tissues from 

malignant tissues. Images from different cervical tissues squamous, columnar, and stromal cervical 

tissues were gathered from over 60 patients. Variation in the endomicroscopic appearance of 

different cervical tissue types with development of cancer, were studied. One limitation of this 

device was the limited penetration depth of the fluorophore, which limited confocal imaging to the 

uppermost layers of the cervix only.  

The in vivo confocal endomicroscopy devices discussed above were successful in visualizing 

cellular structures with a sub-cellular resolution. However, these confocal endomicroscopy devices 

used expensive optomechanical and data acquisition components, which would likely increase the 

complexity and cost of the device. Therefore, these devices have not been used in low-resource 

settings yet. 
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1.3.3.3 Other endomicroscopic devices 

Confocal endomicroscopy can directly visualize cellular morphologic features from the intact 

human tissue without biopsy and histopathology. Previously, various confocal endomicroscopy 

devices have been developed and successfully evaluated for imaging a wide range of human 

tissues, including oral mucosa [65–67], ovarian tissue [68], colonic mucosa [69], esophageal tissue 

[70], and glioma tissue [71].  

1.3.4 High-resolution micro endoscope (HRME) 

A low-cost endomicroscopy approach termed high-resolution microendoscopy (HRME) has been 

developed to tackle the cost and complexity challenges in confocal endomicroscopy devices. In 

HRME, a coherent fiber bundle was used to perform widefield fluorescent microscopy. Muldoon 

et al. developed an HRME prototype, which has been evaluated for imaging human tissues in vivo 

at a sub-cellular resolution in low-resource settings.  

The schematic of HRME proposed by Muldoon et al. is shown in Figure 1.16 [72]. The key 

components used were an LED, lenses, dichroic mirror, 10X objective lens, coherent fiber bundle, 

and a CCD camera. The LED (central wavelength = 455 nm; FWHM=20 nm) was collimated using 

a positive lens, reflected by the dichroic mirror, and focused on the proximal end of the fiber bundle 

using an objective lens. Excitation light illuminating the proximal end of the fiber bundle was 

transferred to the distal end to illuminate the tissue. The tissue was stained with a fluroscent dye, 

proflavine, which binds to the nuclei of the cell. Fluorescent signal from the tissue was collected 

by the fiber bundle, transmitted through the dichroic mirror, and finally imaged on the CCD.  
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Figure 1.16 Schematic layout of HRME [72] 

The lateral resolution was solely dependent on the distance between two adjacent fiber cores, 

around 4 µm. The field of view on the tissue was dependent of the fiber bundle diameter and was 

equal to 720 µm. High-resolution images were acquired, and the overall cost of the device was 

around $2,500. 

 

Figure 1.17 HRME images for A) Normal tissue and B) Neoplastic tissue 

Figure 1.17 shows cellular images of the cervical tissue obtained using the HRME. The normal 

tissue could be characterized by small white nuclei uniformly distributed across the FOV (Figure 
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1.17 A). Large, crowded pleomorphic nuclei characterize the neoplastic tissue (Figure 1.17 B). 

The HRME images were qualitatively analyzed and compared with the histological diagnosis to 

compute the sensitivity and specificity. HRME had a sensitivity of 86% and specificity of 87%, 

which was better than the colposcopic diagnosis [73].  

While most of HRME devices used bare fiber bundle without any objective lens on the tissue side, 

a GRIN lens was added on the fiber bundle on one of the HRME devices to improvise the lateral 

resolution [74]. Figure 1.18 shows the comparison of the tissue images obtained by HRME devices 

with and without GRIN lens. The grin lens generated a magnified image of the tissue on the distal 

end of the fiber bundle with a magnification of 2.5. However, the use of GRIN lens added optical 

aberrations.  

 

Figure 1.18 Tissue images imaged from HRME a) without and b) with GRIN lens [74] 

HRME imaging studies showed a promising result in cervical cancer diagnosis in low-resource 

settings. However, the HRME devices did not have the optical sectioning capability, which could 

potentially increase the background noise and pose problems when imaging tissues with higher 

nuclear density [75–78]. 
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1.3.5 Confocal HRME 

Tang et al. developed a confocal HRME device with optical sectioning capability [78]. Figure 1.19 

shows the optical layout of the confocal HRME.  

 

Figure 1.19 Schematic layout of the confocal HRME [78] 

Similar to previous HRME devices, the fiber bundle had around 30,000 fiber cores with a core 

diameter of 4 µm and a spacing of 7 µm. The overall diameter of the fiber was 720 µm. The LED 

used in the confocal HRME had a central wavelength of 448 nm. In confocal HRME, a row of 

DMD pixels was set to ON state to create a line illumination on the proximal fiber bundle. A 

condenser collimated the light reflected from the ON pixels of DLP. The collimated light was 

reflected towards the objective lens by a dichroic mirror. The collimated light was focused on the 

proximal end of the fiber using an objective lens. The light propagated through the fiber bundle to 

create a line illumination on the tissue.  

Fluorescent signal from the tissue was collected by the fiber bundle. The fluorescent light was 

transmitted through a dichroic mirror and was imaged onto a CMOS sensor. The CMOS used a 

rolling shutter, which activated a finite number of lines of the CMOS sensor at a given time. The 

effective detection line of the CMOS sensor was conjugate to the illumination line, which enabled 
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confocal optical sectioning without any physical aperture. The illumination line and detection line 

were scanned synchronously to acquire two-dimensional confocal images. The confocal HRME 

achieved moderate axial resolution, half-width-half-maximum of 70 µm.  

Confocal HRME was evaluated for in vivo imaging of cervical precancerous lesions in a mobile 

clinic setting. At every imaging region of interest, widefield and confocal images were captured 

and compared with the gold standard histopathologic analysis results. As the disease progressed 

towards neoplasia, confocal images showed an increase in the nuclear density. Confocal HRME 

also demonstrated better rejection of the background noise and better visualization of nuclear 

structures. The changes in the nuclear morphology were used to distinguish benign from 

malignant, and these images were confirmed as malignant or benign based on their respective 

histopathological analysis.  

Though the cost of the portable confocal HRME was potentially low compared to previous 

confocal endomicroscopes, the axial resolution was not as high, HWHM of 70 µm, as those of the 

previous confocal microscopes or endomicroscopes, FWHM of 2-5 µm [63,79].   

1.3.6 Low-cost, smartphone-based confocal microscope 

Freeman et al. reported the development of a smartphone-based confocal microscope and 

demonstrated its utility in a low-resource setting [80]. This device had a lateral resolution of 2 µm 

and axial resolution of 5 µm, comparable with the commercially available confocal microscope. 

The schematic layout of the smartphone-based confocal microscope is shown in Figure 1.20. 

Light from an LED (central wavelength = 595 nm; FWHM = 80 nm) was filtered by an 

illumination slit and was collimated by a collimation lens. The collimated light was dispersed into 
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multiple wavelengths by a grating and incident on the half pupil of the water-immersion objective 

(NA = 0.8).   

 

Figure 1.20 Smartphone-based confocal microscope [80] 

Each wavelength was focused as a line at a distinct lateral location on the tissue. The backscattered 

light from the tissue was collimated by the other half pupil of the objective lens. The collimated 

light was diffracted to a single beam by a grating and focused on a detection slit using a focusing 

lens. Light after the detection slit was collimated by a collimator and diffracted by another grating. 

A camera lens focused the diffracted light into an intermediate confocal image. The intermediate 

confocal image was relayed to the smartphone CMOS sensor. The relay optics consisted of two 

identical smartphone camera lenses; one in the smartphone and one placed in front of the 

smartphone. This device was used for imaging human skin in vivo in a low-resource setting.  

Smartphone-based confocal microscope eliminated the use of expensive scanning mechanisms and 

related electronics and achieved resolution comparable with the commercial confocal microscope. 

However, this device faces two challenges in imaging the cervix. The device needs to be adapted 

as an endoscope to image the cervix. The smartphone-based confocal microscope generated an en 
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face image, i.e., a single axial depth was imaged at a time. For tissues such as the cervix, the 

morphology of the epithelium changes as a function of depth. Therefore, images at different depths 

might need to be acquired. This can be achieved by using a mechanical scanner to axially translate 

the focal point. However, implementing an axial scanning mechanism in a low-cost device can be 

challenging as 1) it potentially increases the cost and the complexity of the device, and 2) the 

patient motion during axial scanning can pose challenges in accurate registration of the image. 

1.3.7 Chromatic confocal microscope 

Chromatic confocal microscopy can image multiple tissue depths without any axial scanning 

mechanisms. In this technique, different wavelengths of broadband light are focused at different 

axial depths of the tissue by using longitudinal chromatic aberrations. The reflected light from 

different axial depths is collected and detected by a spectrometer to generate a cross-sectional 

confocal image with multiple depths imaged in a single frame.  

Olsovsky et al. developed a bench confocal microscope capable of volumetric imaging of epithelial 

cells [81]. Figure 1.21 shows the schematic of the chromatic confocal microscope. A Ti: Sapphire 

laser illuminated a photonic crystal fiber to generate a supercontinuum spectrum. The 

supercontinuum light from the photonic crystal fiber was collimated by a collimator. The 

collimated beam was reflected by a pellicle beam splitter towards the tissue. The collimated beam 

was passed through two sets of relay lenses to 1) induce chromatic aberrations and 2) increase the 

diameter of the beam to fill the entrance pupil of the objective lens fully. The chromatic light from 

the relay lens was focused by a water immersion objective lens (40X, 0.8NA) to different tissue 

depths. Since the objective lens was well corrected, it did not induce additional aberration. The 

reflected light from different axial depths was combined to a single collimated beam and 

transmitted through the beam splitter. With the aid of a focusing lens, the collimated light was 



 
 

48 
 

focused onto a single-mode fiber (SMF). The SMF acts as a detection pinhole. A commercial 

spectrometer was used to capture the detection signal from the SMF, which corresponds to the 

cross-sectional profile of the tissue at a single transverse point. The tissue, placed on the XY 

translation stage, was translated laterally to acquire a 3D volumetric image.  

 

Figure 1.21 Schematic layout of chromatic confocal microscope [81] 

The bandwidth of 590-775 nm was mapped to the axial FOV of 157 µm. Over the entire 

wavelength range, the average axial resolution was 3.1 µm, and the average lateral resolution was 

0.7 µm. Porcine buccal mucosa was used for preliminary tissue ex vivo imaging. The confocal 

images demonstrated the ability to resolve the nuclear structures of the epithelial cells at different 

depths with good resolution. However, using an expensive light source and large objective lenses 

can pose challenges in translating this microscope into an endoscope for in vivo imaging.  
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Figure 1.22 Chromatic confocal micro endoscope [82] 

Lane et al. developed a chromatic confocal microendoscope [82]. Figure 1.22 shows the schematic 

diagram of the chromatic confocal microendoscope. A DMD was used to illuminate individual 

fiber core of the fiber bundle. A filter wheel with 10 nm bandpass filters centered at 600 nm, 633 

nm, and 690 nm was placed in front of a Xe lamp. Light from the DMD was collimated and focused 

on the fiber bundle using a 20X/0.75NA water immersion objective lens. A GRIN lens was placed 

at the distal end of the fiber bundle to focus light on the tissue while inducing chromatic 

aberrations.  

The small diameter of the GRIN lens, 1 mm, made this device suitable for cervical imaging. 

However, the axial FOV was relatively small, 40 µm; the axial resolution was moderate, 13-21 

µm; and cellular imaging was not demonstrated.  
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1.4 Outline for the dissertation 

This dissertation discusses the development of the chromatic confocal endomicroscope (CCE). 

The novelty of the CCE device lies in imaging multiple depths of the tissue without any axial 

scanning mechanisms. Unlike previously developed chromatic confocal microscopes that use 

multiple lens elements, Fresnel lens, or GRIN lens to induce chromatic aberrations, a custom 

objective lens is designed to optimally induce chromatic aberrations up to a sufficiently large 

imaging depth while achieving high resolution. A miniature spectrometer is designed and 

developed to spectrally disperse the light at different axial depths and obtain a confocal cross-

sectional image.  

Chapter 1 was divided into four sections. The first section provided an overview of cervical cancer, 

its anatomy, diagnostic methods in developed and developing countries, and the unmet diagnostic 

needs in developing countries. The second section discussed the basics of microscopy and confocal 

microscopy. The third section reviewed previous work on the use of confocal microscopes for 

cervical cancer diagnosis.  

Chapter 2 covers the development of the chromatic confocal endomicroscope (CCE). This chapter 

is divided into seven sections. The first section discusses the specifications required to develop the 

endomicroscope. The second section discusses the working principle of the CCE. The third and 

fourth sections discuss the development of the objective lens and the spectrometer, respectively. 

The fifth section discusses the fabrication of the custom optical components such as slits and 

GRISM. The sixth section discusses the optomechanical design and fabrication of the CCE. The 

seventh section discusses an image correction algorithm.  
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Chapter 3 includes the results and analysis gathered from the CCE device. Quantitative optical 

imaging performance evaluation results and tissue imaging results are presented.  

Chapter 4 includes a discussion about the key findings from the CCE devices and images captured 

from these devices.  

Chapter 5 concludes the dissertation with a summary and potential future path. 
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2 CHROMATIC CONFOCAL ENDOMICROSCOPE 

This chapter describes the design and development of the chromatic confocal endomicroscope 

(CCE). CCE is developed to obtain cross-sectional images of the human cervix in vivo. CCE uses 

chromatic aberrations to perform imaging at different depths. Elimination of the axial scanning 

mechanism potentially reduces the device’s complexity and cost, making it suitable for imaging 

in low-resource settings.  

2.1 Design input 

Prior to designing CCE devices, performance parameters were specified to ensure that CCE 

devices can successfully visualize the microscopic structural changes associated with cervical 

malignancies. The most critical performance parameters are lateral and axial resolution, the field 

of view, imaging depth range, and imaging speed. Other more qualitative and descriptive 

requirements were determined for mechanical, electrical, software, and interface aspects. 

2.1.1 Optical requirement 

The required lateral and axial resolution of CCE was determined based on the dimensions of 

diagnostically relevant cellular features.  

Lateral resolution: Sheikhzadeh et al. measured the nuclear area of different cervical tissues using 

their histology images [61]. The diameters of the normal and malignant cervical nuclei were 6 µm 

and 8 µm, respectively, measured from histologic slides of cervical biopsies. The confocal 

microscopes previously evaluated for the cervical cancer diagnosis provided a lateral resolution of 

0.8 µm [60] and 0.87 µm [61]. Based on the previously-reported nuclear size of the normal cervical 

tissue and the resolution of previously-used confocal microscopes, the preferred lateral resolution 

was set to 1 µm.  
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Previously developed confocal endomicroscopes for cervical imaging provided a lateral resolution 

between 1.3-1.6 µm [62,64]. Hence, the allowable resolution was set to 1.6 µm. 

Axial resolution: Sheikhzadeh et al. measured the distance between two adjacent nuclei for 

different cervical tissues in fluorescent confocal images. The nucleus-to-nucleus distance varied 

from 28 µm for normal tissues and 15 µm for malignant tissues. The axial resolution of the 

confocal microscopes previously evaluated for cervical imaging was around 5 µm [60–62]. Based 

on the previously-reported axial resolution of confocal microscopes, the preferred axial resolution 

was set to 5 µm.  To resolve two adjacent nuclei according to Nyquist sampling, spaced at least 15 

µm, the allowable axial resolution was set as 7.5 µm. 

FOV: The confocal microscopes previously evaluated for the cervical malignancy diagnosis had 

a lateral FOV of  300 µm [60,61]. On the other hand, the field size of high-magnification 

microscopy during histopathologic analysis is 500 µm. Therefore, we determined that a lateral 

FOV of 300 µm was allowable, and 500 µm was preferred.  

Depth range: Although the cervical epithelial thickness can range from 200 to 500 µm [83], the 

required axial depth is set to 100 µm for two reasons:  

1. Previous confocal microscopy studies showed that the imaging depths of 15 µm and 50 µm 

reveal cellular changes associated with CIN 2/3 [59,61]. 

2. Confocal microscopy might lose the image contrast at a depth larger than 100 µm due to 

tissue scattering and absorption of light.  

Imaging speed. 30 fps will provide real-time image acquisition where the clinician can 

continuously acquire images by translating the CCE device over the lesion. 5 fps is expected to be 

useable by stably placing the CCE device on a tissue location and take static confocal images. 
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Parameter Performance target 

Lateral resolution 1 µm (preferred) 

1.6 µm (allowable) 

Axial resolution 5 µm (preferred) 

7.5 µm (allowable) 

FOV 500 µm (preferred) 

300 µm (allowable) 

Imaging depth 100 µm 

Imaging speed 30 fps (preferred) 

5 fps (allowable) 

Table 2-1 Optical requirements for CCE 

2.1.2 Mechanical requirements 

Device diameter. Based on the feedback from our clinician collaborators, a device diameter of 10 

mm was determined suitable for imaging the human cervix in vivo. A smaller device diameter will 

be preferred to facilitate accurate positioning of the endoscope tip on the target lesion.  

Device length. Our clinician collaborators also shared that a device length of 100 mm was suitable 

for cervical imaging. A longer device length might be preferred to reduce the contamination risk. 

Parameter Performance target 

Endoscope diameter 10 mm (allowable) 

Endoscope length 150 mm (preferred) 

100 mm (shortest allowable) 

Table 2-2 Mechanical requirements for CCE 
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2.1.3 Electrical and software requirements 

Electrical power requirements. The device should work with or without an AC supply when 

required. When powered by a battery, the device should be able to operate for a full day in the 

field after overnight charging.  

Software requirement. The smartphone application used for CCE imaging needs to acquire CCE 

images in real-time, save the CCE images, and review the CCE images. 

2.1.4 Interface requirement 

Patient interface requirements. The three patient interface requirements were 

1. The endoscope should not damage the tissue. 

2. The endoscope performance should be maintained during and after standard imaging 

conditions (pH: 3.8-4.5, temperature: 98.6ºF, imaging duration: up to 5 minutes). 

3. The endoscope should be disinfectable with 0.1% chlorine solution, and it must maintain 

performance after the disinfection. 

Environmental requirements. The device should be operational in high humidity conditions. 

Also, the device should be stored in a clean environment, and the performance should be 

maintained during storage. 

2.2 Overall design of CCE 

Figure 2.1 shows the schematic of the CCE device. Light from a broadband light source is 

delivered via a multi-mode fiber to an illumination slit. An achromatic doublet collimates the light 

from the slit. A hyperchromatic objective lens focuses the collimated light onto the tissue. 

Different wavelengths are focused at different axial depths due to chromatic aberrations.  
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Light reflected from different axial depths of the tissue is collected by the objective lens and 

collimated. Illumination light and detection light used different areas of the objective lens pupil, 

an approach called the divided-pupil confocal microscopy, to increase the image contrast when 

imaging deep into the tissue [84,85]. Another achromatic doublet is employed to focus the light 

onto a detection slit. The detection slit rejects out-of-focus light from the tissue and provides the 

confocal optical sectioning capability. A custom spectrometer spectrally analyzes the detection 

light beam and generates cross-sectional confocal images. The following sections discuss the 

details of the optical design of the CCE device, mechanical design, and fabrication procedures.  

 

Figure 2.1 Schematic layout of chromatic confocal endomicroscope 

2.3 Design of the illumination arm 

This section describes the design and development of the illumination arm of the CCE device. The 

illumination arm includes the light source, the fiber, the collimating lens, and the objective lens.  

2.3.1 Light source 

The CCE device is designed to induce a large longitudinal chromatic focal shift along the tissue 

depth. A broad spectral bandwidth of the light source along with a hyperchromatic objective lens 

is required to image a substantially large imaging depth range.  
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Supercontinuum sources can provide a broad spectrum but are not adequate as a light source for 

the CCE device. Although the light output from supercontinuum sources is an optical fiber, the 

source modules are bulky and expensive, >$30,000.  

Light-emitting diodes (LEDs) can be an optimal choice for the CCE light source. An LED with an 

adequate spectral range needs to be chosen. LEDs with a visible spectrum can be an optimal choice 

because of the following reasons:  

1. As the wavelength increases, the dispersion amount decreases. For the same spectral 

bandwidth, visible light provides a larger depth range than light with longer wavelengths 

(e.g., near-infrared).  

2. The scattering signal decreases as the wavelength increases.  

Therefore, an inexpensive phosphor-based LED (CMA1303-0000-000C0U0A27G, Cree Inc.) 

with a color temperature of 2700K was selected as the CCE light source. The LED had an emitting 

diameter of 4.5 mm and a viewing angle of 120o. The cost of the LED was low, $6. The power 

density of the LED was not uniform across the spectrum.  The power density at the edge 

wavelengths of a 500-700 nm spectral band was around 30% of the power density at the peak 

wavelength of 610 nm.  

2.3.2 Light delivery from the light source to the endoscope 

The overall size of the LED was small, 13 mm square, but was not sufficiently small to be 

incorporated as a part of the CCE device. Additionally, the high-power LED required a heat 

management system, which made it challenging to include the LED and heat management system 

in the CCE device. Therefore, a multi-mode fiber was used to deliver light from the LED to the 

CCE device.  
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The core diameter of the multi-mode fiber was set slightly larger than the slit length. A multimode 

fiber (TC-1500-22, Asahi Kasei; material = PMMA) with a core diameter of 1.5 mm and a cladding 

diameter of 1.55 mm was used. The effective NA of the multi-mode fiber was 0.5. Two condenser 

lenses (f = 9.5 mm; diameter = 9.5 mm) were placed between the LED and fiber to increase the 

coupling efficiency while protecting the proximal end of the multi-mode fiber from the potential 

damage caused by the high temperature of the LED. 

In a later version of the LED-fiber coupling unit, a long band pass filter (cutoff wavelength = 500 

nm) was placed before the MMF to block the wavelengths lower than 500 nm, emitted from the 

LED. This would reduce the specular reflection from the tissue-lens interface, thereby increasing 

the contrast of the image. 

2.3.3 Collimating lens 

Various off-the-shelf lenses were evaluated as the collimating lens in the CCE device. First, off-

the-shelf aspheres were considered. Aspheres are designed to have minimal spherical aberrations 

while achieving a high NA, and this is the reason why aspheres are used as collimators for laser 

sources. However, aspheres provide a diffraction-limited performance only around the center of 

the FOV, and the performance degrades significantly at off-axis points. Since the illumination slit 

has its associated field height, aspheres were not used as the collimating lens in CCE. 

Second, off-the-shelf achromatic doublets were considered. Out of many off-the-shelf achromatic 

doublets evaluated, Edmund Optics 45262 lens (f = 12 mm; diameter = 3 mm; clear aperture = 2.7 

mm) was found to provide the largest diffraction-limited FOV for the central wavelength and was 

chosen as the collimating lens. Figure 2.2 A, B, and C show the lens data, lens layout, and RMS 
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wavefront error vs. the field angle. The diffraction-limited FOV for the collimating lens was 

around +/- 3.2 degrees, which corresponded to the illumination slit length of 1.4 mm. 

 

Figure 2.2 A) Lens data, B) Lens Layout, and C) RMS Wavefront error in waves vs. the field angle of the 
collimating achromat. 

2.3.4 Objective lens 

2.3.4.1 Design of the objective lens 

The primary requirements to design the objective lens were the following:  

1. The objective lens needs to achieve a lateral resolution of 1 µm when the divided-pupil 

approach is used.  

2. The objective lens should have a diffraction-limited performance across the lateral FOV of 

500 µm for all the designed wavelengths. 

3. The objective lens must induce a chromatic shift of around 100 µm. 

4. A minimum number of elements needs to be used. This requirement is to keep the cost and 

complexity of the objective lens low.  

5. The distal surface of the objective lens should be flat to provide a stable contact between 

the endoscope and the tissue.  
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The first step in the objective lens design was to determine the focal length of the objective lens. 

From the lateral resolution formula, 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟 = 0.51𝜆𝜆/𝑁𝑁𝑁𝑁            2.1 

For the minimum lateral resolution of 1 µm and wavelength of 0.6 µm, the required NA is 0.306. 

The radius of the beam was equal to half of the clear aperture of the achromat. 

𝑁𝑁𝑁𝑁 ~ 𝑟𝑟
𝑓𝑓

 =  0.306 =  1.35
𝑓𝑓

 ⇒  𝑓𝑓 ≈ 4.4 𝑚𝑚𝑚𝑚              2.2 

Following considerations were made when choosing the glass materials of the CCE objective lens:   

1. Low abbe number: The glass needs to be highly dispersive so that the chromatic focal shift 

is large.  

2. High index glass: Glasses with a higher refractive index could produce thinner lenses than 

those made of lower-index glasses for the same focal length.  

3. Availability of the glass material in potential manufacturers  

The hyperchromatic objective lens used two elements: an asphere and a plano-convex lens (PCX). 

The objective lens was designed using optical design software ZEMAX. The objective lenses were 

designed with multiple configurations to optimize the lens curvatures at three design wavelengths 

of 500 nm, 600 nm, and 700 nm. The working distance of the lens at different wavelengths, the 

curvatures of the lenses, and the air spacing between the two lenses were set as variables and 

optimized to minimize the RMS wavefront errors across the FOV. The overall optimization of the 

objective lens was inclusive of aberrations caused by the collimating achromat. The object space 

index was set as 1.33, similar to the refractive index of tissues [86].  
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The glass material chosen for the asphere was S-LAH60 (Ohara; nd = 1.834; vd = 37.16). One 

surface of the aspheric singlet was an asphere, and the other surface was concave. The slightly 

concave surface was used since a flat surface is challenging to achieve in glass molding processes 

and often produces an intolerable amount of irregularity. The aspheric surface had aspheric terms 

up to the 10th order. The central thickness of the lens was 2.2 mm, and the mechanical diameter 

and clear aperture were 7 mm and 6.5 mm, respectively. The radius of curvature for the aspheric 

surface and the concave surface was 5.455 mm and 150 mm, respectively. Table 2-3 provides the 

conic and higher-order term values of the aspheric surface.  

Parameter Value 

Conic -0.6387 

4th order 1.3322E-005 

6th order 1.4252E-006 

8th order -3.4380E-007 

10th order 8.5605E-009 

Table 2-3 Conic and higher-order coefficients of the asphere 

The glass material for the PCX was chosen as N-SF11 (Schott; nd = 1.785; vd = 25.68). The 

convex surface had a radius of curvature of 3.166 mm and a central thickness of 2 mm. The 

mechanical diameter of the PCX was 4 mm. The clear aperture of the PCX lens was 3 mm. 
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Figure 2.3 Ray trace through the hyperchromatic objective lens [87] 

Figure 2.3 shows the ray trace through the hyperchromatic objective lens. Wavelengths 500 nm, 

600 nm, and 700 nm were focused at 15 µm, 85 µm, and 125 µm respectively below the tissue 

surface. The imaging depth of the shortest wavelength was intentionally set as 15 µm to reduce 

specular reflection from the lens-tissue interface. The focal length of the objective lens was 4.8 

mm at the center wavelength of 600 nm. Figure 2.4 shows plots of the RMS wavefront error vs. 

the field height on the tissue plane for 500 nm, 600 nm, and 700 nm. The effective NA of 0.28 was 

used during the RMS wavefront error calculation, which was the NA for each of the illumination 

and detection paths. The hyperchromatic objective lens had a diffraction-limited performance 

across the FOV of 560 µm at the central wavelength, which corresponded to an effective slit length 

of 1.4 mm. Hence, 1.4 mm was chosen as the effective slit length in further designs.  
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Figure 2.4 RMS Wavefront error vs. field height on tissue at different wavelengths 

2.3.4.2 Tolerance analysis  

2.3.4.2.1 Overview 

The surface profile and thickness of manufactured lenses deviate from those of the lens design due 

to the tolerances associated with manufacturing processes. Hence, an analysis needs to be 

conducted to ensure that a large proportion of the manufactured lenses achieve the required 

performance.  

Optical software performs tolerance analysis using Monte-Carlo simulations. In a Monte-Carlo 

simulation, the software generates an optics model with a random set of errors within the 

predefined tolerance limits and measures the performance criterion (such as RMS spot size, RMS 

wavefront error, MTF, etc.) for each model. After all the Monte Carlo models are evaluated, a 

statistical summary is provided, which predicts the probability of achieving a particular optical 

performance.  

2.3.4.2.2 Tolerance analysis of the Objective lens 

The asphere was fabricated by glass molding, and the PCX was fabricated by glass polishing. Glass 

molding procedures are initially more expensive than glass polishing procedures because of the 

cost of making the custom high-precision mold. However, mass-producing glass molded lenses 
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would significantly reduce the unit price of the lens. Tolerance analysis was performed before 

manufacturing the custom objective lenses. Figure 2.5 shows the tolerance data editor. Table 2-4 

shows the meaning of each operand used in tolerance analysis. Based on the manufacturing 

tolerance provided by the manufacturer, tolerances associated with the decenter, tilt, radius of 

curvature, thickness, surface irregularity, and material imperfection were set into the tolerance 

editor. The distance between asphere and PCX was set as a compensator to reduce the wavefront 

errors caused by the manufacturing errors. This also reflects the alignment method for the objective 

lens, where the distance between the asphere and PCX is actively aligned while optimizing the 

measured lateral resolution. 

Operand 
Meaning 

COMP 
Compensator on the back focus 

TWAV 
Wavelength 

TRAD 
Radius tolerance 

TFRN 
Tolerance on the surface radius of curvature 

in terms of fringes 

TTHI 
Tolerance on thickness or position in lens 

units 

TEDX/ TEDX 
Tolerance on element x/y-decenter in lens 

units 

TETX/ TETY 
Tolerance on element x/y-tilt in lens units 

TEXI 
Tolerance on surface irregularity based on 

Zernike polynomial fitting 

TIND 
Tolerance to the refractive index 

TABB 
Tolerance to the Abbe number 

Table 2-4 Operands used for tolerance analysis 
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Figure 2.5 Tolerance data editor for the objective lens tolerance analysis 

Figure 2.6 shows the result of the Monte-Carlo-based tolerance analysis based on 1000 samples. 

This result gives the statistical distribution of the RMS wavefront errors of the sampled optical 

systems.  At least 90% of the lenses were expected to provide a diffraction-limited performance, 

RMS wavefront error less than 0.07. This implied that for the given tolerances, at least 90 lenses 

out of 100 would have a diffraction-limited performance.  

 

Figure 2.6 Results of the tolerance analysis of the objective lens 

With the promising results from the tolerance analysis, the custom lenses were fabricated. 

Figure 2.7 shows the measurement of the deviation of the aspheric surface from its design surface 

profile. The RMS error was low, with 0.024 waves.  
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Figure 2.7 Deviation of the manufactured aspheric surface from its nominal design 

After the lens fabrication, an antireflection coating was applied on both the surfaces of the lenses 

to reduce the specular reflections.  

2.3.5 Resolution simulation 

We calculated the theoretical lateral and axial resolution of the CCE. The illumination PSF was 

multiplied with the detection PSF to calculate the confocal PSF, similar to a dual-axis confocal 

microscope [84,88]. With an ImageJ plugin, a three-dimensional PSF was generated for the NA of 

0.28 and wavelength of 600 nm. The PSF was rotated by 14.7o, the chief ray angle on the tissue at 

600 nm. The rotated PSF was then convolved with the demagnified image of the illumination slit 

width on the tissue to generate the illumination PSF. Similarly, the detection PSF was generated 

by rotating the ImageJ-generated PSF by 14.7o and convolving with the demagnified image of the 

detection slit width on the tissue. Figure 2.8A and B show the illumination PSF and the detection 

PSF, respectively, when the illumination slit width was 4 µm, and the detection slit width was 4 

µm. Figure 2.9A shows the confocal PSF, and Figure 2.9B shows the profiles along the horizontal 

and vertical directions of the confocal PSF. The lateral resolution along the slit width direction 

was 1.24 µm, and the axial resolution was 4.44 µm. The lateral resolution along the slit length 
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direction was determined solely by the diffraction-limited spot size for the given NA and 

wavelength. The theoretical lateral resolution along the slit length direction was 1.09 µm.  

 

Figure 2.8 Image of A) Illumination PSF and B) Detection PSF. 

 

Figure 2.9 Image of the A) confocal PSF and B) plots along the horizontal and vertical direction of the 
confocal PSF. 

Additional simulations were performed to compute the effective resolution and signal intensity for 

different slit widths to evaluate the optimal slit width. The results of the simulated resolutions were 

plotted and are shown in Figure 2.10. 

A simulation was performed to study the effect of the slit width on the signal intensity of the 

confocal image. Results were plotted and are shown in Figure 2.10. A circular object, diameter = 

6 µm, was generated in MATLAB to mimic the epithelial cell nucleus. The confocal PSF was 
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convolved with this object to obtain the confocal image. The maximum pixel intensity value for 

the confocal image was measured. During this simulation, the object was assumed to be completely 

reflective, and the light attenuation through the cell nucleus was neglected. 

 

Figure 2.10 Simulated results of A) Lateral and axial resolution and B) Signal with respect to slit width 

Based on results from the simulation, width of the illumination slit, and the detection slit were 

chosen to be 4 µm. The slit width was chosen such that there is a balanced trade-off between the 

axial resolution and the signal intensity.  

An interesting observation was made regarding the lateral resolution along the slit length and width 

directions. Unlike conventional line-scan confocal microscopes, the lateral resolution was better 

along the non-confocal axis (slit length) than the confocal axis (slit width). This was because the 

demagnified image of the slit width on the tissue, 1.6 µm, was larger than the FWHM of the Airy 

disk for 600 nm and 0.28NA, 1.09 µm.  

Figure 2.11 shows the volume of the tissue illuminated by hyperchromatic objective lens with a 4 

µm slit. The image volume was 560 µm × 110 µm × 1.24 µm. Hence, only the nuclei confined to 

1.24 µm would be visualized. This might make some of the cell nuclei not visualized by the CCE.  
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Figure 2.11 Volume of tissue imaged by CCE using 4 µm slit width 

Increasing the slit width would increase the signal strength and the possibility of detecting cell 

nuclei. However, the increased slit width would degrade the axial resolution. From section 2.1, the 

axial resolution of the CCE had to be better than 7.5 µm for the nuclei of two overlaying cell layers 

to be visualized. A slit width had to be chosen such that the axial resolution is maintained better 

than 7.5 µm.  

From Figure 2.10, it was found that the effective slit width (both illumination and detection slit) 

of 7 µm provided an axial resolution of 6.3 µm and a lateral resolution along the slit width of 2.16 

µm. Therefore, we decided to develop a second prototype with 7 µm slits. Figure 2.12  shows the 

tissue volume imaged with the 7 µm slit. 

 

Figure 2.12 Volume of tissue imaged by CCE using 7 µm slit width 
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2.4 Design of the miniature spectrometer 

In the detection arm of the CCE, the reflected light from the tissue was collected and collimated 

by the objective lens, focused by the focusing lens, filtered by the detection slit, and analyzed by 

the miniature spectrometer. The achromat with the same specification as the collimating lens in 

the illumination arm was used as the focusing lens because of its good performance for the 

spectrum used for the CCE. A miniature spectrometer was developed to spectrally analyze the 

light returning from the tissue. The following sub-sections discuss the detailed design of the 

spectrometer.  

2.4.1 Miniature imaging sensor 

The sensor was chosen such that the Nyquist sampling criterion was satisfied. To satisfy the 

Nyquist sampling, the image should be sampled by at least twice the number of resolvable points. 

The FOV along the slit length direction on tissue was 560 µm. The theoretical lateral resolution 

along the slit length direction was 1.09 µm. The number of resolvable points was calculated by 

dividing the lateral FOV with the theoretical lateral resolution:  

𝑁𝑁𝑟𝑟𝑚𝑚𝑁𝑁𝑙𝑙𝑙𝑙 𝑟𝑟𝑓𝑓 𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑙𝑙𝑁𝑁𝑙𝑙𝑙𝑙 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟 =  
𝐹𝐹𝐹𝐹𝐹𝐹 𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟𝑎𝑎 𝑙𝑙ℎ𝑙𝑙 𝑟𝑟𝑙𝑙𝑟𝑟𝑙𝑙 𝑙𝑙𝑙𝑙𝑟𝑟𝑎𝑎𝑙𝑙ℎ 𝑟𝑟𝑟𝑟 𝑙𝑙ℎ𝑙𝑙 𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙 

𝐿𝐿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟 𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟𝑎𝑎 𝑙𝑙ℎ𝑙𝑙 𝑟𝑟𝑙𝑙𝑟𝑟𝑙𝑙 𝑙𝑙𝑙𝑙𝑟𝑟𝑎𝑎𝑙𝑙ℎ 𝑑𝑑𝑟𝑟𝑙𝑙𝑙𝑙𝑑𝑑𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟
=

560
1.09

= 514 

2.3 

Along one of the axes of the imaging sensor, at least 514 × 2 = 1028 pixels were required to satisfy 

the Nyquist sampling criterion.  

Similarly, the FOV along the tissue depth direction was 110 µm. The theoretical axial resolution 

was 4.44 µm. The number of resolvable points was calculated by dividing the axial FOV by the 

theoretical axial resolution:  
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𝑁𝑁𝑟𝑟𝑚𝑚𝑁𝑁𝑙𝑙𝑙𝑙 𝑟𝑟𝑓𝑓 𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑙𝑙𝑁𝑁𝑙𝑙𝑙𝑙 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟 =  𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑎𝑎𝑓𝑓 𝑑𝑑ℎ𝑑𝑑 𝑑𝑑𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑 
𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 

= 110
4.44

= 25                2.4 

For the other axis of the imaging sensor, at least 25 × 2 = 50 pixels were required to satisfy the 

Nyquist sampling criterion. In summary, an imaging sensor with at least 1028 × 50 pixels was 

needed to satisfy the Nyquist sampling criterion.  

We conducted a comprehensive search on available miniature CMOS sensors, and a CMOS sensor 

from Misumi Electronics (XD-B209M3-01) was chosen as the imaging sensor. This grayscale 

camera had a resolution of 1280 × 720 pixels, and the pixel size was 1.4 µm. The active region of 

the camera was 1.792 × 1.008 mm. The camera used a rolling shutter and USB2.0 connection. 

Based on the minimum number of pixels required to satisfy Nyquist sampling, the image size had 

to be at least 1.44 mm (1028 × 1.4 µm) × 70 µm (50 × 1.4 µm).  

2.4.2 Miniature spectrometer optics 

Figure 2.13 shows the schematic of the miniature spectrometer used in the CCE. The miniature 

spectrometer for the CCE device consisted of a detection slit, a collimating achromat, a diffractive 

element called GRISM, a focusing achromat, a plano-concave (PCV) lens, and a CMOS sensor. 

The first achromatic doublet collimated light after the detection slit. The GRISM diffracted the 

broadband light into multiple wavelengths. The focusing lens focused the light onto a CMOS 

sensor. A plano-concave lens (PCV) was placed before the CMOS sensor to reduce the field 

curvature.  
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Figure 2.13 Schematic layout of the spectrometer 

Design requirements were set for designing the spectrometer optics as follows:  

1. The image of the slit on the CMOS sensor along the lateral direction had to be at least 1.44 

mm to satisfy the Nyquist sampling criterion. The image of the slit had to be smaller than 

1.792 mm (1280 px × 1.4 µm), the width of the CMOS sensor active area. This results in 

the spectrometer optics magnification between 1.03 (1.44 mm /1.4 mm) and 1.28 (1.792 

mm /1.4 mm) when a 1.4 mm slit length is used. 

2. The minimum image size had to be at least 70 µm along the axial direction to satisfy 

Nyquist sampling criterion. The image size should not be more than 1.008 mm due to the 

sensor height constraint. 

3. The spectrometer had to be coaxial to the rest of the CCE optics to keep the device diameter 

small.  

The subsequent sections discuss the approach used to design the spectrometer optics.  

2.4.2.1 Collimating lens and focusing lens  

During the design of the illumination arm of the CCE optics, we found that the Edmund Optics 

45262 lens (f = 12 mm; diameter = 3 mm; clear aperture 2.7 mm) provided the largest diffraction-

limited FOV for the central wavelength among available off-the-shelf achromats. Therefore, this 

achromat was chosen as the collimating lens and focusing lens of the spectrometer. 
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The focal lengths of the collimating and focusing lenses were the same, which formed a 1X 

magnification system. This magnification did not satisfy the Nyquist sampling criterion. The focal 

length of the focusing side had to be increased to satisfy Nyquist sampling while maintaining the 

diffraction-limited performance. A solution was to create a telephoto configuration by adding a 

negative lens near the sensor to increase the overall magnification of the spectrometer. The design 

of the negative lens is discussed in a later section. 

2.4.2.2  GRISM 

The miniature spectrometer was required to be co-axial to the remaining part of the CCE optics to 

maintain a small overall device diameter. Use of a diffraction grating or a prism in a spectrometer 

would deviate the light with respect to the incident light. Such a configuration requires a tilted 

spectrometer design, which would increase the device diameter. In the CCE spectrometer, a 

GRating-prISM (GRISM) was used to design a coaxial spectrometer.  

 

Figure 2.14 GRISM 

Figure 2.14 shows a detailed diagram of the GRISM. The wedged surface is the grating side, and 

the non-wedged side is the non-grating side. Light is incident on the back surface of the GRISM 

normally. The wedge angle of the GRISM is designed such that the diffraction of the central 
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wavelength by the grating is compensated by the refraction due to the wedged surface, leading to 

a non-deviated central wavelength beam.  

The grating for the GRISM in the CCE spectrometer had to be chosen to such that  

a. The spread of the spectrum had to satisfy the Nyquist sampling criterion along the 

wavelength direction of the sensor. Based on the Nyquist sampling criterion along the 

wavelength direction of the sensor, the half image height on the sensor needed to be larger 

than 35 µm. For a focal length of 12 mm for the focusing lens, the half field angle required 

to satisfy the Nyquist sampling criterion had to be larger than 0.167º. A grating had to be 

chosen such that the diffraction angle range for the 500-700 nm beam had to be larger than 

0.167 × 2 = 0.334º. 

b. The spread of the spectrum on the sensor should not be more than the width of the sensor, 

1.008 mm. For a focal length of 12 mm, the grating had to be chosen such that the 

diffraction angle range for 500-700 nm had to be smaller than 2 × tan-1(0.504/12) = 4.81º. 

The grating equation for the first diffraction order is given by 

𝜆𝜆𝑎𝑎 = (𝑟𝑟2𝑟𝑟𝑟𝑟𝑟𝑟 𝛽𝛽 − 𝑟𝑟1𝑟𝑟𝑟𝑟𝑟𝑟 𝛼𝛼)              2.5 

where 𝛼𝛼 is the incident angle on the grating, 𝛽𝛽 is the diffracted angle, 𝜆𝜆 is the central wavelength, 

𝑟𝑟1 and 𝑟𝑟2 are the refractive indices of the respective mediums, and 𝑎𝑎 is the groove density of the 

grating. Substituting 𝑟𝑟1 = 𝑟𝑟 and 𝑟𝑟2 = 1, considering 𝛼𝛼 as constant and differentiating on both 

sides gives the result, 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= (𝑐𝑐𝑎𝑎𝑡𝑡 𝑑𝑑)
𝑎𝑎

               2.6 

Assuming diffracted angle at the central wavelength to be normal to the grating for ease of 

calculation (𝛽𝛽 = 0), Equation 2.6 can be written as  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= g                       2.7 

The required groove density to satisfy Nyquist sampling for a beam with a band width of 200 nm 

is  

𝑎𝑎 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
0.334 × 𝜋𝜋180

0.2
 = 0.029 𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑡𝑡

𝜇𝜇𝜇𝜇
= 29 𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑡𝑡

𝜇𝜇𝜇𝜇
               2.8 

The groove density of the grating should not be more than  

𝑎𝑎 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
4.81 × 𝜋𝜋180

0.2
 = 0.419 𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑡𝑡

𝜇𝜇𝜇𝜇
= 419 𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑡𝑡

𝜇𝜇𝜇𝜇
   2.9 

Off-shelf gratings with the groove density between 29 to 419 lines/mm were evaluated based on 

the diffraction efficiency between 500-700 nm. A grating from Richardson Grating (34003FL07-

760R, Newport) with a groove density of 150 lines/mm was chosen as the potential grating for the 

GRISM. Figure 2.15 shows the diffraction efficiency of this grating for the 1st order diffraction. 

The grating had a blaze angle of 8.6 degrees and provided a high 1st-order diffraction efficiency, 

70-80% for 500-700 nm.  
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Figure 2.15 Diffraction efficiency of the grating for the 1st order diffraction 

The number of resolvable points for the first order diffraction was given by Equation 2.10 [89] 

𝑁𝑁𝑟𝑟𝑚𝑚𝑁𝑁𝑙𝑙𝑙𝑙 𝑟𝑟𝑓𝑓 𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑙𝑙𝑁𝑁𝑙𝑙𝑙𝑙 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟 =  𝛥𝛥𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑0

    2.10 

where 𝛥𝛥𝜆𝜆 was the effective bandwidth of the beam, 𝜆𝜆0 was the central wavelength, d was the beam 

diameter and 𝑎𝑎 was the groove density. For a grating of groove density 150 lines/mm, central 

wavelength of 600 nm, effective bandwidth of 200 nm and the beam diameter of 2.7 mm, the 

number of resolvable points was 135 which was significantly larger than the number of resolvable 

points determined by the chromatic focal shift and axial resolution.  

The wedge angle of the GRISM, A, is computed based on the grating equation (Equation 2.5). 

From Figure 2.14 and Equation 2.5, 

𝜆𝜆𝑎𝑎 = (𝑟𝑟𝑟𝑟𝑟𝑟 𝛽𝛽−𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟 𝛼𝛼)              2.11 

  𝛼𝛼 = 𝛽𝛽 = −𝑁𝑁      2.12 

From Equation 2.11 and 2.12 
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sin𝑁𝑁 = 𝑑𝑑𝑎𝑎
(𝑎𝑎−1)

       2.13  

With the given grating groove density, the refractive index, and the central wavelength of 600nm, 

the apex angle of GRISM was calculated to be 10º.  

2.4.2.3 PCV lens 

A miniature PCV lens was used to reduce the field curvature on the CMOS sensor. The PCV lens 

was designed such that the flat surface of the PCV lens was flush with the CMOS sensor to 

facilitate the easy alignment between the PCV lens and the CMOS sensor. The lens curvature of 

the PCV lens was optimized such that  

a. The magnification of the spectrometer was between 1.03 and 1.28 and, 

b. The spectrometer has a diffraction-limited performance across the entire FOV for all the 

wavelengths.  

The glass material for the plano-concave lens was N-BK7. It was chosen to be the same material 

as the glass window on the CMOS sensor to avoid aberrations due to the change in refractive 

indices. The optimization process resulted in the PCV with a center thickness of 1 mm, and the 

radius of curvature of 1.83 mm. The mechanical diameter was 3 mm, and a clear aperture was 2 

mm.  

The PCV lens was fabricated by glass polishing. A tolerance analysis was performed before the 

lens fabrication. Based on the manufacturing tolerance provided by the manufacturer, tolerances 

associated with the decenter, tilt, radius of curvature, thickness, surface irregularity, and material 

imperfection were set into the tolerance editor (Figure 2.13). The distance between the focusing 
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achromat and PCV lens was set as a compensator to reduce the RMS wavefront errors caused by 

the manufacturing errors.  

Figure 2.17 shows the result of the Monte-Carlo-based tolerance analysis based on 1000 samples. 

This result gives the statistical distribution of the RMS wavefront errors for the sampled lenses.  

This indicated that most of the manufactured lenses would provide a diffraction-limited 

performance, RMS wavefront error less than 0.07 waves.  

 

Figure 2.16 Tolerance data editor for the spectrometer tolerance analysis 

 

Figure 2.17 Results of the tolerance analysis of the spectrometer 
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2.4.3 Performance of the spectrometer 

Figure 2.18 shows the RMS wavefront error vs. the field height on the CMOS sensor for the design 

wavelengths 500 nm, 600 nm, and 700 nm. The spectrometer had a diffraction-limited 

performance across all the three-wavelengths for the field size of 1.75 mm, which was the paraxial 

image height of the slit length on the CMOS sensor. 

Figure 2.19 shows the schematic of the image on the CMOS sensor. The image on the CMOS 

sensor was a 2D image where the horizontal axis represented the lateral direction, and the vertical 

axis represented the depth. Based on the optical design of the spectrometer, the 560 µm lateral 

field size on the tissue corresponded to 1250 pixels, and the axial field size of 110 µm corresponded 

to 343 pixels on the sensor. This satisfied the Nyquist sampling criterion.  

 

Figure 2.18 Wavefront error performance 

 

Figure 2.19 Schematic image of the sensor and the area occupied by the cross-sectional image of the 
tissue. 
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2.5 Fabrication of custom optical components 

2.5.1 Fabrication of slits 

Custom slits were fabricated using photolithography. The slits were fabricated on a thin glass 

coverslip (N-BK7, thickness = 170 µm; size = 25 mm × 25 mm). The small thickness of the 

coverslip was used to minimize spherical aberrations. Figure 2.20 shows the step-by-step 

procedure of the slit fabrication by photolithography. Aluminum was chosen as the film material 

to be deposited on the coverslip substrate for two reasons: 1) Readily available in the cleanroom 

facility at the College of Optical Sciences and 2) Aluminum has good adhesion to the coverslip 

substrate.  

 

Figure 2.20 Procedure for slit fabrication by photolithography 

The steps taken are described as follows.  

1. Cleaning: The coverslip substrates were cleaned with acetone, isopropyl alcohol, and 

distilled water in an ultrasonic cleaner.  

2. Deposition: An aluminum coating up to a thickness of 300 nm was deposited on the 

substrate using an e-beam evaporator (Temescal). The thickness of deposition was chosen 

such that the significant amount of light was blocked by the aluminum deposition.  
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3. Photoresist deposition: A positive photoresist (PR), where the portion exposed to light 

becomes soluble to the photoresist developer, was used for fabrication. A drop of positive 

PR MIR701 was placed on the aluminum-coated substrate and coated by spin-coating 

technique. The spin coater was used to rotate the substrate and coat it with a photoresist. 

The substrate uniformly rotated for 40 seconds with a speed of 5000 rpm and an 

acceleration of 500 rpm/s. The substrate was later baked for a minute at 90oC on a hotplate 

to remove the solvents and solidify the film. The baking process was optimized to obtain 

the complete removal of solvents.  

4. Dose test: A dose test was performed before slit fabrication to determine the best irradiance 

required to expose the PR-coated substrates. The spin-coated substrate was mounted in a 

maskless aligner machine (MLA150, Heidelberg) to perform the dose test. Maskless 

lithography used a moving UV focal spot to write image patterns on a photoresist substrate 

with different irradiance levels. The sample was then developed using a PR developer. The 

optimal irradiance required for lithography was estimated by evaluating the quality of 

patterns developed. Based on the dose test results, the irradiance of the focal spot was set 

to 180 mJ/cm2.  

5. Patterning on the substrate: The spin-coated substrate was mounted in a maskless aligner 

machine. Figure 2.21 shows the design of the slit pattern. Slit patterns were designed using 

AutoCAD, and the focal spot was programmed to move according to the patterns. The thin 

lines represent the slit, and the thick line patterns represent the markings for dicing. The 

circular patterns were used for referencing the slit positions during the assembly process. 
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Figure 2.21 Design of the slit pattern 

6. Developing the substrate: The substrate was soaked in an AZ300MIF PR developer bath 

for 100 seconds after patterning. This process removed the PR from the patterned locations. 

Then, an aluminum etcher was used to remove aluminum from the non-PR coated areas. 

7. Finishing: Figure 2.22 shows the slit patterns lithographed on the coverslip substrate.  

Once aluminum was etched, the substrate was put in a UV oven to make the PR soluble. 

The substrate was cleaned with acetone to remove the residual photoresist. Each rectangle 

in the figure represents one slit workpiece. The patterned cover glass was diced into small 

workpieces (size of each workpiece = 2 mm × 2.5 mm) using a dicing machine (DAD-320, 

Disco Co.). 

Figure 2.23 shows the image of the slit captured by a trans-illumination optical microscope. 

The relative contrast between the etched and the unetched portion on the substrate was 

measured.  The unetched aluminum layer blocked most of the trans-illumination light, and 

pixel intensities at the unetched portion were at the same level as the microscope camera noise 

level. This indicated that the aluminum layer was thick enough to block most of the light, 

providing a high contrast.  
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Figure 2.22 Fabricated slit patterns 

 

 

Figure 2.23 Image of the slit captured by trans-illuminated optical microscope 

 

 

Figure 2.24 Slit width measurement using a scanning electron microscope 
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The slit width was measured with a scanning electron microscope. Figure 2.24 shows the slit width 

measurement. The measured slit width was 3.78 µm which is smaller than the design slit width. 

The discrepancy in the fabricated slit width with the designed slit width, was due to insufficient 

soaking of the substrates using the PR developer.  

2.5.2 Fabrication of GRISM 

The GRISM was fabricated by core-drilling the bulk grating and polishing the non-grating surface. 

The steps taken to fabricate a miniature GRISM were as follows: 

1. Core-drilling of the bulk grating: Figure 2.25A shows the setup for core-drilling a bulk 

grating. The bulk grating was mounted on a glass slide using wax (CrystalBond 309, SPI 

supplies) with the grating surface facing downwards. The glass slide was mounted on an 

aluminum block. The aluminum block was placed on a 10o wedge and mounted to the vice of 

a milling machine. The diamond-coated drill bit with an inner diameter of 3.3 mm was used to 

drill the grating. Figure 2.25B shows the schematic of the core-drilled grating. 

 

Figure 2.25 A) Setup for core drilling the grating and B) Core-drilled Grating workpiece 

2. Mounting of the workpiece for polishing: Figure 2.26 shows the mounted core-drilled 

grating workpiece. The workpiece was placed inside an annular glass window with a hole 

diameter of 3.3 mm. The grating surface was facing downwards. The glass window and grating 

were mounted on an aluminum block using wax.  
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Figure 2.26 Mounting of the core-drilled grating for polishing 

3. Polishing of the workpiece: A polishing paper was placed on a flat glass plate, and the 

workpiece was first polished with an electroplated disk (particle size 300 µm) to remove the 

bulk of the workpiece wedge protruding from the glass window. Once the wedge on the 

workpiece was removed, the workpiece was polished with finer grit polishing papers. Polishing 

papers of grit 30 µm, 15 µm, 6 µm, and 1 µm were used in sequence. The main requirement 

of polishing the grating workpiece was: 1) to obtain a surface that is perpendicular to the axis 

of the cylindrical surface of the workpiece, and 2) to obtain a surface roughness smaller than 

the diffraction limit.  

Figure 2.27 shows the surface profile measurement of the polished workpiece. The surface 

profile of the workpiece was measured with a Zygo Newview 8300 white-light interferometer 

after polishing with the finest grit. The peak-valley surface roughness was measured across a 

clear aperture of 2.7 mm and was typically 200 nm. This corresponded to a wavefront error of 

100 nm, which was smaller than the diffraction-limited criterion for the peak-to-valley 

wavefront error for 600 nm, 150 nm.  
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Figure 2.27 Surface profile measurement of the polished surface of GRISM 

4. Unmounting of the workpiece: Figure 2.28 shows the image of the wedge (A) and the grating 

surface (B) of a GRISM. The GRISM was unmounted from the glass window after the surface 

profile measurement. The angle of the polished surface with respect to the side surface was 

measured using a stereomicroscope. This step ensured that the collimated beam would hit the 

polished surface perpendicularly.   

 
Figure 2.28 Image  of A) the side profile and B) grating surface of the GRISM [87] 
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2.6 Optomechanical design and fabrication of the CCE 
 

 
Figure 2.29 Cross-sectional view of the CCE 

Figure 2.29 shows the cross-sectional view of the CCE device. The mechanical holders for all the 

lens elements were designed in SolidWorks and fabricated using a 3D printer (Form 2, FormLabs). 

Most of the elements were assembled with the holders by tight fit connections. Five active 

alignments were conducted where a higher precision is required, which were 

1. Objective lens alignment 

2. Illumination slit-collimation achromat alignment  

3. Spectrometer alignment 

4. Detection slit – spectrometer alignment 

5. Focusing lens – rest of CCE alignment 

Following subsections briefly discuss the alignment processes.  

2.6.1 Objective lens alignment 

Figure 2.30 shows the cross-section of the mechanical holders designed for the objective lens. Two 

separate holders were designed for the two elements of the objective lens. The holders were 

fabricated using a DentalSG resin due to its biocompatibility and water tightness. The dimensions 

of the holders were optimized to hold the lenses with tight fits.  
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In order to achieve the co-axiality between the two lenses, a teflon tube was placed between the 

two holders such that the tube was a tight fit with the PCX holder and a sliding fit with the aspheric 

holder. With this configuration, the lenses were allowed to have a translation along the axial 

direction only.  

 

 

Figure 2.30 Cross-section of the objective lens 

Figure 2.31 shows the assembly setup used for the objective lens alignment. A USAF target was 

placed flush with the PCX lens, and a camera with a 50 mm focal length was mounted coaxially 

to the objective lens. The plano-convex lens holder was held stationary, and the asphere was axially 

translated with respect to the plano-convex lens. From the ZEMAX simulation of the objective 

lens, 485 nm was the wavelength focused at the surface of the plano-side of the PCX. Light with 

the wavelength of 485 nm was used to illuminate the USAF target. A LabVIEW code was 

developed to measure the FWHM of the line-spread function (LSF) from USAF resolution target 

images. The PCX holder was translated to minimize the FWHM of the LSF. The distance between 

the two lenses was fixed using a room-temperature curing epoxy.  
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Figure 2.31 Assembly used for objective lens assembly 

2.6.2 Illumination slit-collimation achromat alignment  

Figure 2.32 shows the cross-section of the illumination slit and collimation lens assembly. A 3D-

printed holder was designed to hold the illumination and detection slits, and another holder was 

designed to hold the illumination achromat. The holders were fabricated with the Black resin. The 

dimensions of the achromat holder were iteratively optimized to hold the lens with a tight fit. A 

brass tube was used to maintain the co-axiality between the slit and the achromat. The brass tube 

had a tight fit with the slit holder and a sliding fit with the achromat holder. 
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Figure 2.32 Cross-section of the illumination slit and the collimation lens holder 

Figure 2.33shows the assembly setup used for the illumination slit and collimation achromat 

alignment. The slit holder was held stationary, and the collimating achromat holder was translated 

with respect to the slit. A multimode fiber coupled with 600 nm light was connected to the slit 

holder. A camera with a 35 mm focal length tube lens, infinitely corrected for 600 nm wavelength, 

was mounted coaxially to the setup. A LabVIEW code was developed to measure the FWHM of 

the image of the slit in real-time. During the assembly, the achromat was translated axially with 

respect to the slit until the FWHM value was minimized. The distance between the two lenses was 

fixed using a room-temperature curing epoxy. 

 

Figure 2.33 Assembly used for illumination slit- collimation achromat alignment 
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2.6.3 Spectrometer alignment 

 
Figure 2.34 Cross-section of the spectrometer 

Figure 2.34 shows the cross-section of the spectrometer. Spectrometer alignment consisted of two 

parts. The first part was for the alignment of the CMOS sensor and plano-concave lens (PCV) with 

focusing Achromat 2 and GRISM. The second alignment was for adding the collimation lens 2 to 

the rest of the spectrometer assembly. A holder was designed to hold the CMOS sensor and PCV 

lens, and another holder to hold the GRISM and focusing lens 2. The CMOS-PCV lens holder was 

fabricated using the Clear resin. The focusing lens 2-GRISM holder was fabricated with the Black 

resin. The dimensions of the achromat holder were optimized to hold the elements with tight fits. 

A teflon tube was used to maintain the co-axiality between the two holders. The teflon tube had a 

tight fit with the GRISM-Achromat holder and a sliding fit with the CMOS-PCV lens holder. 

 

Figure 2.35 Assembly used for CMOS and PCV LENS- Focusing Achromat 2 and GRISM alignment 

Figure 2.35 shows the assembly setup used for the alignment. The GRISM-Achromat holder was 

held stationary, and the CMOS-PCV lens holder was translated with respect to the achromat. 
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Collimated 600 nm light was illuminated on the GRISM and imaged on the CMOS sensor. A 

LabVIEW code was developed to measure the spot size on the CMOS sensor.  

During the assembly process, the CMOS-PCV lens assembly was translated axially with respect 

to the achromat-GRISM assembly until the spot size was minimized. The distance between the 

two holders was fixed with a room-temperature curing epoxy.  

Once the first part of the alignment was done, the collimation achromat 2 holder was attached to 

the spectrometer. The co-axiality between the collimation lens 2 holder and the rest of the 

spectrometer was maintained by a tight fit. A teflon tube was then inserted into the collimation 

achromat 2 holder for further alignment as shown in Figure 2.34. 

2.6.4 Detection slit – spectrometer alignment 

Figure 2.36 shows the assembly used for detection slit-spectrometer alignment. The spectrometer 

was held stationary, and the slit was translated with respect to the spectrometer. The co-axiality 

between the slit and spectrometer was maintained by a teflon tube. Collimated light with the 

wavelength of 600 nm was illuminated on the detection slit and imaged on the CMOS sensor of 

the spectrometer. A LabVIEW code was developed to measure the FWHM of the image of the slit 

in real-time. During the assembly process, the slit was translated axially with respect to the 

spectrometer until the FWHM value was minimized. The distance between the slit and 

spectrometer was fixed using a room-temperature curing epoxy.  

 

Figure 2.36 Assembly used for detection slit-spectrometer alignment 
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2.6.5 Focusing lens 

Figure 2.37 shows the assembly setup for the focusing lens. After the detection slit alignment is 

completed, the objective lens was assembled with the rest of the CCE optics except the focusing 

lens using room temperature curing epoxy. The focusing lens was assembled with a 3D printed 

holder by a tight fit. The focusing lens was then mounted on a 5-axis translation stage.  

A thin fluorinated ethylene propylene (FEP) film (refractive index= 1.34; nominal thickness =75 

µm) was placed flush with the PCX lens, and the Ronchi Grating was placed below the FEP. A 

LabVIEW code was developed to measure the vertical FWHM of the Ronchi grating image, which 

is also the measured axial resolution. The focusing lens holder was translated until the axial 

resolution FWHM value was minimized. The focusing lens holder was permanently fixed to the 

rest of the CCE optics using a room temperature curing epoxy.  

 

Figure 2.37 Assembly setup for the focusing lens- rest of CCE alignment 
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2.7 Image processing algorithm 

A FOV of 560 µm along the lateral direction was sampled by 1250 pixels, which implied that 

every pixel along the horizontal direction corresponded to 0.448 µm on the tissue. However, this 

was not true for pixels along the vertical direction due to the linear mapping of the non-linear depth 

encoded spectrum. Hence, the image of the tissue was either stretched or shrunk depending on the 

wavelength. The aspect ratio of the image had to be corrected to generate a more accurate 

visualization of the tissue. A MATLAB code was developed to correct the aspect ratio of the 

images obtained from the CCE. Figure 2.38 shows flow of the image processing algorithm. The 

algorithm is described below. 

 

Figure 2.38 Flow of image processing algorithm 

1. From the ZEMAX simulation of the objective lens, wavelength, λi was determined for 

different axial depth di. di ranges from 0 µm to 125 µm, where 0 µm represented the tissue 

surface.  

2. From the ZEMAX simulation of the spectrometer, relative locations of λi on the CMOS in 

terms of pixel yCMOS were estimated.  
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3. From 1 and 2, a curve fitting equation was deduced between yCMOS,i,j, and depth.  i and j 

represent the pixel index along with vertical and horizontal directions, respectively. 

4. An empty array ICORR that represented a corrected image was generated. Each pixel of ICORR 

mapped to a tissue dimension of 0.448 µm along both lateral and axial directions. yCORR,i,j 

was multiplied with 0.448 µm to calculate the corresponding depth dCORR,i . 

5. From equation in step 3 and dCORR,i values from step 4, corresponding pixels on the CMOS 

yCMOS_corr,i,j were identified.  

6. The obtained values of yCMOS_corr,i,j was decimal in nature. Intensity values were obtained 

for pixels [yCMOS_corr,i,j] and [yCMOS_corr,i,j] +1 from ICMOS and the intensity was computed 

for yCMOS_corr,i,j by interpolation. [yCMOS_corr,i] represents the integer value of yCMOS_corr,i,j. 

7. Step 6 was repeated for all the pixels along the horizontal direction (different values of j).  

8. The intensity values obtained after step 7 corresponded to a pixel row of ICORR. 

9. Steps 5 to 8 were performed for different axial depths. 

10. The set of pixels from ICMOS were stretched or shrunk unevenly. Hence, the intensity was 

also corrected along with the aspect ratio. A scale factor was multiplied with the intensity 

value of yCMOS_corr,i,j to correct for the intensity. 

11. An inverse equation from step 3 was obtained. 

12. The depth d1,i and d2,i for [yCMOS_corr,i,j] and [yCMOS_corr,i,j]+1 obtained from step 6 were 

computed with help of equation from step 11. 

13. The scale factor was calculated by dividing 0.448 with the absolute value of d1,i and d2,i.  
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14. The scale factor was multiplied with the corresponding pixel row of ICOMP to obtain the 

final image with aspect ratio and intensity compensated. 

The accuracy of the image processing algorithm was validated by measuring small displacements 

of a mirror. Figure 2.39 shows the setup used to validate the image processing algorithm. The CCE 

device was mounted on a motorized axial translation stage. The mirror was held stationary, and 

the CCE device was axially translated at 9.9 µm/sec while continuously acquiring a stack of 

images. The effective imaging speed of the CCE device was 10.9 frames/sec. This resulted in an 

effective translation of 0.91 µm between consecutive frames. Minimum incremental step size of 

the motor was 0.05 µm. Each frame showed the specular reflection by the mirror, and the location 

of the specular reflection changed as the CCE device was translated. The image processing 

algorithm was applied for all the frames, and the axial step size between two subsequent frames 

was calculated. Figure 2.40 shows the plot of the measured step size. The average measured step 

size was 0.95 µm, and the standard deviation was 0.14 µm. The difference between the measured 

axial step size and the input step size to the motor was small, 0.04 µm.  
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Figure 2.39 Setup used to validate image processing algorithm 

 
Figure 2.40 Plot of the measured step size 
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3 RESULTS 

3.1 Fabrication of CCE devices 

Figure 3.1 shows the fabricated CCE prototype. The CCE probe had a small form factor: the overall 

diameter was 9.5 mm, and the length was 68 mm. The fabricated CCE prototype was further 

housed in a stainless-steel tube for clinical uses. The device was sealed on the distal end with a 

water-tight, biocompatible epoxy and a stainless-steel washer. With the stainless-steel tube, the 

overall diameter and length of the device were 11 mm and 300 mm, respectively. 

 

Figure 3.1 Photo of the CCE prototype 

Figure 3.2 shows the fully assembled CCE prototype. The CCE prototype was connected to a 

custom smartphone colposcope. Figure 3.3 shows a custom smartphone app developed for CCE 

image acquisition.  
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Figure 3.2 Fully assembled CCE probe with smartphone colposcope 

 

 
Figure 3.3 Smartphone app for CCE image acquisition 

Table 3-1 shows the bill of materials used in the CCE prototype. Fabrication of one batch of slits 

(~ 50 pcs) required two hours of using the micro/nano-fabrication cleanroom at the College of 

Optical Sciences facility, which resulted in a batch cost of $70. The unit cost of slits was $1.40. 

The cost of a bulk grating used for GRISM fabrication was $310. Twenty-five GRISMs were 

fabricated from a bulk grating, which resulted in a unit cost of $12.40 per GRISM. The total 

material cost of the CCE prototype was less than $1500. This cost, however, does not include 

initial non-recurring engineering costs, such as the cost of the tools required for optics fabrication 
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and the cost for manufacturing the mold for the asphere. The total material cost did not include the 

cost and time required for an optical engineer to assemble the overall device. Therefore, the actual 

cost for the development of the initial CCE prototype was higher than $1500.  

Component Cost 

Fiber $2 

Slits (x2) $3 

Achromatic doublets (×4) $260 

Objective lens -Aspheric singlet $453 

Objective lens - Plano-convex lens $225 

CMOS sensor $285 

3D-printing materials $2 

Spectrometer - GRISM $13 

Spectrometer - Plano-concave lens $225 

Total $1468 
Table 3-1 Bill of Materials 

The first CCE device, which used a 4 µm wide slit, had a power output of 6.7 µW. The 6.7 µW 

illumination power was without the 500-nm long pass filter between the LED and fiber, and 

therefore the illumination power included portions of the spectrum not used for CCE imaging. On 

the other hand, the second CCE device, which used a 7 µm wide slit, had a power output of 10 

µW. The 10 µW illumination power was with the 500-nm long pass filter in place. 

3.2 Lateral and axial resolution 

The lateral resolution along the slit length and axial resolution perpendicular to the slit were 

measured using a 10 lpmm Ronchi Grating. Water was placed between the Ronchi Grating and the 
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objective lens of the CCE device. The lateral resolution along the slit length direction was 

evaluated by measuring the FWHM of the LSF along the horizontal direction of CCE images.  

Lateral resolution along slit width was measured by imaging a USAF target. The USAF target was 

placed 75 µm away from the objective lens. The USAF target was mounted on a motorized stage 

and was laterally scanned perpendicular to the cross-sectional field of CCE. The stack of CCE 

images was resliced to obtain an en face confocal image at multiple imaging depths. The FWHM 

of the LSF along the motor-scan direction was measured to evaluate the lateral resolution along 

the slit width direction. 

Axial resolution was evaluated by measuring the FWHM of the vertical intensity profile from the 

Ronchi Grating image. Ronchi grating images acquired from the CCE device were processed for 

the image aspect ratio before measuring the axial resolution.    

Lateral and axial resolution was measured at different axial depths. Exposure time was set 

manually to avoid saturation of the images. 

3.2.1 Resolution of CCE with 4 µm slits 

Figure 3.4 shows the LSF curves at the center of the FOV at different axial depths. The LSF curves 

were obtained by differentiating the edge response function. The FWHM of the LSF provided the 

lateral resolution along the slit width. At axial depths of 50 µm and 75 µm, the side lobes were 

small. However, at a depth of 100 µm, the side lobes were evident. At the axial depth of 125 µm, 

the side lobes were more prominent than the main lobe, indicating resolution degradation. The 

degradation of the resolution was due to the performance of the optics at deeper depths. Figure 3.5 

shows the measured lateral resolution values at the center of FOV and 85% of the field. For the 

center of the FOV, the FWHM of the LSF varied from 1.75 µm, 2.19 µm, 1.60 µm to 5.46 µm as 

the imaging depth changed from 50 µm to 125 µm. The lateral resolution at the 85% field varied 
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from 2.14 µm, 2.16 µm, 1.92 µm to 3.98 µm for the imaging depth from 50 µm to 125 µm. The 

resolution at 85% field was similar to the resolution at the center of the field. The lateral resolution 

of the device was maintained at around 2 µm across an imaging depth of 100 µm.  

Figure 3.6 shows the resliced en face image of the USAF target located at an axial depth of 75 µm. 

Line patterns on group 9 and element 1 (line period = 1.96 µm) could be readily distinguished. 

The lateral FWHM along the slit width was 1.97 ± 0.15 µm.  

 

Figure 3.4 Line spread function curves at the center of FOV for different axial depths 

 
Figure 3.5 Lateral FWHM values at different axial depths 
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Figure 3.6 Resliced en face image of the USAF target located at an axial depth of 75 µm 

Figure 3.7 shows axial response curves at the center of the FOV at different axial depths. The axial 

response at 100 µm had a narrower FWHM but had a broader base than those at axial depths of 50 

µm and 75 µm. Figure 3.8 shows axial FWHM values at the center of the FOV and 85% of the 

field. The axial FWHM at the center of the FOV was 4.16 µm, 4.17 µm, 3.61 µm, and 5.94 µm for 

depths of 50 µm, 75 µm, 100 µm, and 125 µm, respectively. The axial FWHM values at 85% of 

the field height were 5.20 µm, 4.51 µm, 2.80 µm, and 4.35 µm for depths ranging from 50 µm to 

125 µm. The axial resolution of the device was maintained at around 4 µm across an imaging depth 

of 100 µm. 

 

Figure 3.7 Axial response curves at the center of FOV for different axial depths 
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Figure 3.8 Axial FWHM values at different axial depths 

3.2.2 Resolution of CCE with 7 µm slits 

Figure 3.9 shows the LSF curves at the center of the FOV at different axial depths. Ronchi grating 

was not imaged at depths larger than 100 µm as the intensity of the image was low. Figure 3.10 

shows the measured lateral resolution values at the center of FOV and 85% of the field. For the 

center of the FOV, the FWHM of LSF varied from 1.2 µm, 1.34 µm to 1.31 µm as the imaging 

depth changed from 50 µm to 100 µm. The lateral resolution at the 85% field varied from 1.37 

µm, 1.57 µm to 1.60 µm for the imaging depth from 50 µm to 100 µm. The resolution at 85% field 

was similar to the resolution at the center of the field. A lateral resolution of at least 1.3 µm was 

maintained up to the imaging depth of 100 µm. The lateral resolution of the CCE prototype along 

the slit length with a 7 µm slit was better than that of the CCE prototype with a 4 µm slit.  
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Figure 3.9 Line spread function curves at the center of FOV for different axial depths 

 
Figure 3.10 Lateral FWHM values at different axial depths 

Figure 3.11 shows axial response curves at the center of the FOV at different axial depths. Figure 

3.12 shows axial FWHM values at the center of FOV and 85% of the field. The axial FWHM at 

the center of FOV was 8.19 µm, 8.29 µm, and 9.01 µm for depths of 50 µm, 75 µm, and 100 µm, 

respectively. The axial FWHM values at 85% of the field height were 8.24 µm, 7.94 µm, and 9 

µm for depths ranging from 50 µm to 100 µm. An axial resolution better than 9 µm was maintained 

up to the imaging depth of 100 µm. 
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Figure 3.11 Axial response curves at the center of FOV for different axial depths 

 
Figure 3.12 Axial FWHM values at different axial depths 

3.3 Tissue images 

Human fingertip and lower lip were imaged in vivo to test the tissue imaging performance. CCE 

images were compared with a portable confocal microscope (PCM). PCM provided a lateral 

resolution of 1.6 µm and axial resolution of 6 µm [72] and was shown to visualize characteristic 

cellular details of the skin in a similar manner to a standard confocal microscope [73,74].  

3.3.1 Tissue imaging with CCE using 4 µm slits 

During in vivo imaging of the tissue, the exposure time was set to 0.25 seconds due to the low 

illumination power. The equivalent imaging speed was 4 frames/sec. Figure 3.13 shows the in vivo 
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images of the human finger captured using the CCE.  Keratinized epidermal cells are visible as the 

stellate-shaped features. The cross-sectional image obtained from the CCE is similar to the 

confocal cross-sectional and en face images captured from a portable confocal microscope, as 

shown in Figure 3.14. 

 
Figure 3.13 Confocal image of human finger acquired in vivo with the CCE 

The effective field of view on the tissue for the CCE was 468 µm which was 16% smaller than the 

theoretical FOV. The discrepancy in FOV was due to a slight tilt in the polished surface of GRISM, 

which resulted in lateral shifting of the confocal image on the CMOS sensor. 

Figure 3.15 shows the confocal images of the human lower lip acquired with the CCE. The CCE 

image clearly shows the squamous epithelial cell nuclei (nuclear diameter ~ 8 µm; cell-to-cell 

distance = 15-38 µm). The size and density of the epithelial nuclei shown in Figure 3.15 match 

that shown in an en face image acquired with a portable confocal microscope (shown in Figure 

3.16). 
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Figure 3.14 Confocal image of human finger acquired in vivo with a portable confocal microscope (A and 

B) 

 
Figure 3.15 Confocal images of the human lower lip acquired from CCE. Arrow represents squamous cell 

nuclei 

Cellular features of the finger and lower lip were observed in CCE images up to a depth of 100 

µm. These images were similar to those acquired by a commercial confocal microscope 

(Vivascope 3000, Caliber ID) [75,76]. 
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Figure 3.16 Confocal images of the human lower lip acquired from a portable confocal microscope. 

Arrow represents squamous cell nuclei 

A strong specular reflection from the PCX-tissue interface was observed at the top of the images. 

An intensity smear across neighboring pixels was observed in the images, which reduced the 

visibility of the cellular features on the superficial region of the tissue. The specular reflection was 

curved due to the field curvature generated by the objective lens.  

3.3.2 Tissue imaging with CCE using 7 µm slits 

Before tissue imaging with the second version CCE device, a 500-nm long-pass filter was placed 

between the LED and fiber to remove the specular reflection from the lens-tissue interface. During 

in vivo imaging of the tissues, the exposure time was changed from 0.25 seconds to 0.125 seconds. 

The exposure time reduction was possible because of the increase in the illumination power. The 

effective acquisition speed was 8 fps, 2x faster than the CCE prototype using 4 µm slits.   

Figure 3.17  shows the in vivo images of the human finger captured using the CCE with 7 µm slit.  

Keratinized epidermal cells are visible as the stellate-shaped features. The cellular structures 

resembled those observed in the images from the previous CCE version. Figure 3.18 shows the 

confocal images of the human lower lip acquired with the CCE. The CCE image clearly shows the 

squamous epithelial cell nuclei.  
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Figure 3.17 Confocal image of human finger acquired in vivo with second version CCE 

 

 
Figure 3.18 Confocal images of the human lower lip acquired from second version CCE. Arrow 

represents squamous cell nuclei 

Figure 3.19 shows the side-by-side comparison of confocal images of the human fingertip acquired 

from two different versions of the CCE. The confocal image, acquired from the CCE with 4 μm 

slit, was captured at an exposure of 0.25 seconds. On the other hand, the confocal images acquired 

from the CCE with 7 μm slit were captured at an exposure of 0.25 seconds, 0.125 seconds, and 

0.0625 seconds. Similar structures of keratinized cells were observed from the CCE devices. 

Specular reflection from the tissue-PCX interface was not observed in the confocal images 

captured from the CCE device with 7 μm slit, due to the use of a 500 nm long-pass filter.  
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Figure 3.19 Side-by-side comparison of confocal images of human finger acquired from different CCE 

devices 

 
Figure 3.20 Side-by-side comparison of confocal images of human lower lip acquired from different CCE 

devices 

Figure 3.20 shows the side-by-side comparison of confocal images of the human lower lip acquired 

from two different versions of the CCE. The confocal image, acquired from the CCE with 4 μm 

slit, was captured at an exposure of 0.25 seconds. On the other hand, the confocal image, acquired 

from the CCE with 7 μm slit, was captured at an exposure of 0.125 seconds. Similar structures of 

squamous epithelial cell nuclei were observed in the CCE devices. 
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4 DISCUSSIONS 

While preliminary results showed a potential of visualizing cellular details with CCE, several 

challenges were also found. Cellular features beyond an imaging depth of 100 µm were not well 

visualized. This might be due to the lower power density of the source for longer wavelengths, 

degraded resolution of the CCE device, and light absorption by the tissue. However, this will not 

affect the diagnostic performance of the device. Previous studies have shown that confocal images 

at axial depths between 0-50 µm could reveal the cellular morphological changes associated with 

cervical cancer [76,77]. 

Within the useable imaging depth of 100 µm, the signal level varied noticeably as a function of 

depth. The following factors cause this phenomenon: 

1. the non-uniform power density of the LED, 

2. the non-uniform diffraction efficiency of the GRISM, 

3. variation of the tissue reflectivity as a function of wavelength, and  

4. the decreased illumination intensity at deeper regions due to light absorption and scattering 

by the tissue. 

While the signal level variation can be compensated during post processing, the SNR might be still 

low for large imaging depths. In order to mitigate the reduced SNR issue, multiple CCE images at 

the same tissue location can be acquired but with different exposure times. The CCE images can 

be later merged to a single image with high SNR over the entire depth range. This approach is 

similar to high dynamic range (HDR) imaging in photography[78]. 

Thirdly, the reflectivity of the tissue changes as a function of wavelength. Though the absolute 

reflectance signal changes as a function of wavelength, the contrast of visualizing the nucleus with 

respect to its background might stay similar over a wide range of wavelengths. In CCE images, no 
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significant drop in the contrast was noticed over the axial depth of 100 µm. A similar trend of 

consistent relative contrast over an imaging depth of > 150 µm was observed in images obtained 

with the benchtop chromatic confocal microscope [62]. However, a more rigorous analysis is 

needed to measure the contrast as a function of imaging depth in future studies of imaging cervix 

using CCE. 

There was a significant deviation of the measured lateral resolution from the theoretical in the CCE 

prototype with 4 µm slits. Moreover, the axial and lateral resolution plots had significant artifacts 

at longer wavelengths. In addition, resolution simulation results showed that the resolution along 

the slit length was better than that along the slit width. However, comparable resolutions were 

measured along both the slit width and length direction in the CCE prototype with 4 µm slits. 

Further investigation was done to investigate the causes of resolution degradation. The resolution 

of the objective lens and that of the spectrometer was measured separately. The resolution of the 

objective lens degraded by 41% compared to the theoretical resolution. The measured resolution 

of the spectrometer was degraded by 43% compared to its theoretical value. The degradations were 

likely due to alignment errors. On the other hand, the lateral resolution along the slit length was 

better for the CCE device with 7 µm slits than the CCE device with 4 µm slits. This result indicates 

that the resolution degradation in the CCE device with 4 µm slits was not due to fundamental flaws 

in designing and manufacturing optical components but probably due to the alignment errors. For 

the future devices, alignment process can be refined by incorporating more degrees of freedom to 

achieve the resolution closer to the theoretical values.   

The imaging speed of the CCE prototype with 4 µm slits was limited to 4 frames/sec. The optical 

power on the tissue was low, 6.7 µW, which required a relatively long exposure time. Due to the 

slow frame rate, real-time image acquisition was difficult. To increase the imaging speed, the CCE 
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with 7 µm slits was developed. The optical power on the tissue was increased to 10 µW with the 

increase in the slit width. The imaging speed was increased by two folds, 8 frames/sec, while 

compromising the axial resolution. The second version of CCE was faster than the first version 

but was still insufficient to obtain a real-time image acquisition (30 frames/sec). The CCE devices 

are intended to acquire images while in direct contact with the tissue. When imaging patients in 

vivo, the clinician will hold the CCE device stably and capture still images at diagnostically 

relevant locations rather than continuously maneuvering the device to obtain a video. If motion 

blur makes large portions of the CCE images hard to interpret, deep-learning-based denoising 

methods can be applied on CCE images acquired with a short exposure time to improve image 

quality, as demonstrated in portable confocal microscopy [79]. Another approach to increasing the 

imaging speed further is to use a GRISM with a lower groove density. Since the current CCE 

spectrometer oversamples in the vertical direction, a GRISM with a lower groove density could be 

used to generate confocal images over a shorter height of the CMOS sensor while still meeting the 

Nyquist sampling criterion. This will, in turn, increase the irradiance on each pixel, thereby 

increasing the acquisition speed. Figure 4.1 shows the ZEMAX design of the spectrometer with 

85 lpmm grating. The spectrum ranging from 500 – 700 nm spreads across 269 µm along the 

wavelength direction of the sensor, in contrast to 481 µm spread by the previous spectrometer 

version. This would mean that the intensity per pixel would increase by a factor of 1.8 (489/269).  

 

Figure 4.1 Spectrometer design with 85 lpmm GRISM 
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While the image processing code to compensate for the aspect ratio of the CCE image agreed well 

with the experimental data, the accuracy might be degraded when imaging tissues due to the 

difference in the refractive index and abbe number between tissues and water. The change in the 

imaging depth due to change in medium from water to epithelia (representative refractive index of 

1.36 and abbe number of 45 [80]) was evaluated using the ZEMAX model of the objective lens. 

The material change caused a 1.8% change in the working distance over a nominal value of 125 

µm.  

The material cost of the CCE device was less than $1500. This cost did not include the initial non-

recurring engineering cost and the time required by an optical engineer to assemble the prototype. 

Therefore, the total cost of the initial prototype was significantly higher than $1500. However, we 

expect the cost of future commercial CCE devices to remain low by the mass production of custom 

optoelectrical components. Similar to the lenses used in smartphone cameras, the custom lenses 

used in CCE can be mass-produced using plastic injection molding, reducing the unit cost of the 

lens. Moreover, mass production of CMOS sensors can lower the unit cost of the individual sensor.  

A high brightness, miniature LED can be integrated into the endoscope directly, thereby 

eliminating the use of the multimode fiber. While the multimode fiber used in the CCE prototype 

was flexible, the bending radius was not sufficiently small, which could pose challenges in 

maneuvering the CCE device inside the patient. Use of the miniature LED would make it easier to 

maneuver the CCE device.  
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5 CONCLUSION 

5.1 Summary 

In this dissertation, low-cost chromatic confocal endomicroscopes were developed to visualize 

cellular details along the cross-section of the tissue in vivo. CCE devices use longitudinal 

chromatic aberrations to conduct cross-sectional confocal imaging without using any mechanical 

axial scanning mechanisms. The chromatic aberrations were induced into the system using an 

optimally designed miniature hyperchromatic objective lens. A miniature spectrometer was 

developed to spectrally analyze light returning from the tissue and generate cross-sectional 

confocal images.  

The first version the CCE device used 4 µm slits and was able to image the tissue up to the depth 

of 100 µm with a lateral resolution of 2 µm and an axial resolution of 4 µm. However, the imaging 

speed was limited to 4 frames/sec due to the low illumination power. The second version CCE 

device used 7 µm slits and was able to image the tissue up to a depth of 100 µm with a lateral 

resolution of a 1.5 µm and an axial resolution of 8 µm. The 7-µm-slit CCE device increased the 

illumination power and increased the imaging speed to 8 frames/sec. Yet another version of the 

CCE device is being developed using a GRISM with a lower groove density and is expected to 

increase the acquisition speed to 16 frames/sec.  

The preliminary results showed the potential of the CCE to visualize morphological changes at 

different depths of epithelial tissues in a similar manner to those visualized by a portable confocal 

microscope and commercial confocal microscope [20,74–76]. One of the advantages of the CCE 

is that confocal images are transferred using a USB 2.0 cable, which make it possible to use a low-

cost platform such as a smartphone to acquire, store and display confocal images.  
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5.2 Future work 

The CCE prototype has been shipped to Uganda, and a clinical study on human patients will 

commence soon. The CCE device will be used to examine cellular structures of the patient with 

suspicious cervical malignancy. Cervical tissues imaged by CCE will be biopsied, and 

histopathological analysis will be performed. The findings from CCE images will then be 

compared with the histopathological diagnosis to evaluate the diagnostic accuracy of the CCE 

device.  

Further technological developments are left for future work to make CCE a widely-used method 

for diagnosing cervical malignancy in low-resource settings.   

An automated image analysis algorithm will need to be developed to analyze nuclear morphology 

in real-time. This will aid the clinicians or healthcare workers to make the on-site diagnosis. 

Currently, CCE images need to be compensated for the aspect ratio before the images can be 

useable for interpretation. However, this image compensation algorithm is computation-heavy and 

might be challenging to incorporate as part of the smartphone application. An optical solution is 

to design a dispersive system in the spectrometer that maps to the dispersion generated by the 

hyperchromatic objective lens and provides CCE images with the correct aspect ratio. The 

automated image analysis algorithm can be developed using deep learning-based approaches. 

Based on the CCE images and their corresponding histology images, a classification model can be 

developed to classify CCE images into different diagnostic categories.   

In the smartphone colposcope, there might be a need to develop an augmented reality-based image 

display functionality that guides the CCE imaging to the most suspicious lesions or marks the 

tissue locations imaged by the CCE device. An artificial intelligence-based algorithm can be used 

to identify regions that require further CCE imaging, and those regions can be highlighted in the 
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AR-based colposcopy images. The tissue locations imaged by the CCE device can be recorded 

relative to the colposcopy images during CCE imaging. The CCE-imaged locations can be 

highlighted on the colposcopy image display during the biopsy process, which can guide the biopsy 

or treatment to these lesions. 

Another important future work would be to develop mass-produced CCE devices. In future CCE 

devices, metallic holders can be used instead of 3D printed ones, which will increase the robustness 

of the device. A CMOS sensor with Wi-Fi or Bluetooth connectivity can be used instead of the 

current CMOS sensor with the USB cable. The wireless sensor can be connected to the smartphone 

for image acquisition, which will increase the maneuverability of the device.   
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