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ABSTRACT 

Background: People living with human immunodeficiency virus (PLHIV) are at increased risk 

for developing anal cancer and anal dysplasia due to persistent infection by high-risk human 

papillomavirus (HPV). It is recommended they undergo anal cancer screening with anal cytology 

and, if abnormal cytology is reported, a more invasive high-resolution anoscopy (HRA) to obtain 

biopsies for definitive diagnosis. However, HRA and biopsy are invasive, and variable 

sensitivity and specificity have been reported for both anal cytology and HRA with biopsy. 

Raman-enhanced spectroscopy (RESpect), a noninvasive laser-based technology that 

characterizes the chemical and molecular composition of cells and tissues, has demonstrated the 

potential to improve current standards of anal cancer screening. The feasibility of translating 

RESpect clinically relies on consistent Raman-based characterization of dysplastic anal tissues 

and a positive control for squamous epithelial carcinoma. By comparing the spectral profiles of 

anal tissues biopsied from PLHIV and cervical carcinoma cell lines acquired by RESpect 

microscope (micro-Raman) and portable RESpect probe instruments, this study evaluates the 

clinical potential for RESpect probe screening as a real-time, noninvasive supplemental tool in 

detecting anal dysplasia. 

 

Methods: Participants being evaluated for anal cancer screening at the Hawai‘i Center for AIDS 

clinic were recruited following guidelines approved by the University of Hawai‘i Institutional 

Review Board. Anal cytology was followed by HRA and biopsy to obtain two tissue samples 

from the same location: one specimen for RESpect analysis and one specimen for pathology 

assessment. The tissues for RESpect analysis were cut into two before mounting onto reflective 

aluminum slides for spectra acquisition by the micro-Raman and RESpect probe instruments. 
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HeLa and SiHa cervical carcinoma cell lines were similarly mounted and analyzed by micro-

Raman and RESpect probe. Following baseline correction and smoothing, spectra were averaged 

to produce a representative spectrum of each cell or tissue specimen and normalized. Averaged 

spectra representing negative, low-grade squamous intraepithelial lesion (LSIL), and high-grade 

squamous intraepithelial lesion (HSIL) pathologies were visually inspected to identify significant 

differences in intensity, as determined by a two-sample t-test. To determine the feasibility of 

using HeLa and SiHa cell lines as positive controls of HPV-infected squamous epithelial 

carcinoma, peak differences identified by visual inspection of HeLa and SiHa spectra were 

compared to the peaks distinguished in anal tissues. 

 

Results: Forty-three participants were enrolled to date. Overall agreement between cytology and 

biopsy results was 71%, with Cohen’s kappa (κ) = 0.484 (95% CI: 0.266–0.741) indicating 

moderate agreement. Comparison across pathologies (26 negative, 12 LSIL, and 5 HSIL) 

revealed spectral differences. Based on visual observation, LSIL and HSIL tissues demonstrated 

averaged spectra closer to each other than to negative tissue. Significant peak differences (p < 

0.2) between tissue pathologies were found at three regions in both the micro-Raman and 

RESpect probe spectra. Between cervical carcinoma cell lines, SiHa cells generally exhibited a 

higher intensity than HeLa cells, and peak differences were observed at six spectral regions, with 

a consistent peak difference at 1554 cm–1 corresponding to amide II distinguished in both cells 

and tissues. 

 

Conclusion: Peak differences elucidated from micro-Raman and RESpect probe spectral 

fingerprints of anal tissues and cervical carcinoma cell lines demonstrate the potential of 
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RESpect to distinguish between pathology grades and support the integration of RESpect 

technology into the anal cancer screening paradigm. Previous studies have demonstrated similar 

differences between normal and dysplastic/cancerous cervical tissues at peaks associated with 

amide as well as similar agreement between cytology and biopsy results. These findings lay the 

foundation to consider RESpect as a real-time, noninvasive screening tool for further 

exploration. 
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CHAPTER 1. INTRODUCTION 

1.1.HPV and Anal Cancer 

 Individuals infected with human immunodeficiency virus (HIV) are at increased risk for 

developing anal dysplasia and cancer.1 Proliferation of abnormal squamous cells caused by 

human papillomavirus (HPV) infection can lead to anal squamous intraepithelial lesions (ASILs) 

distinguished by cytology as either low-grade or high-grade squamous intraepithelial lesions 

(LSIL or HSIL).2 While anal LSIL does not typically progress to cancer, HSIL, caused by 

persistent high-risk HPV (HR-HPV) infection, is considered the precursor lesion to invasive 

squamous cell carcinoma (SCC). Notably, studies have documented the progression of LSIL to 

HSIL at the same site as the initial LSIL.3 HR-HPV is responsible for nearly 90% of anal cancer 

cases, and 87% of these cases are attributable to HPV types 16 and 18.4 

Five major risk groups for anal cancer have been identified, including PLHIV; men who 

have sex with men (MSM); individuals diagnosed with HPV-related lesions or cancer of the 

cervix, vulva, or vagina; solid organ transplant (SOT) recipients; and patients with autoimmune 

diseases.5 Additionally, sexual practices that increase the risk of HPV transmission, such as anal 

receptive intercourse or multiple sexual partners, are considered risk factors for anal cancer.6 

Individuals with HIV show higher HR-HPV acquisition and lower HR-HPV clearance rates, and 

persistent HPV infection elevates their risk for developing anal dysplasia and cancer.7–10 The 

prevalence of anal dysplasia among men with HIV ranges between 41% and 97%.2 The 

immunosuppression associated with HIV, which reduces the ability to control oncogenic viral 

processes, likely plays a role in HPV infection and anal cancer pathogenesis.11,12 

Anal cancer incidence has been increasing by 2 per 100,000 people each year with an 

estimated 70,531 people living with anal cancer in the United States in 2018.13 Incidence was 
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reported to be 19 cases per 100,000 person-years among HIV-negative MSM, 32 cases per 

100,000 person-years among non-MSM men living with HIV, and 85 cases per 100,000 person-

years among MSM living with HIV.5 HIV-infected MSM demonstrate a threefold increased risk 

of HPV infection compared to HIV-negative MSM, indicating that HIV infection may increase 

susceptibility to HPV persistence in addition to heightening the risk of acquisition of new HPV 

infections and/or reactivation of latent infections.7,14,15 HIV-infected MSM also exhibit a higher 

incidence of HR-HPV types excluding HPV 16.16 Nonetheless, HPV 16 has shown the lowest 

clearance of all HPV types in HIV-infected MSM.17 

 

1.2.Anal Cancer Screening 

The increasing rate of anal cancer, along with the elevated risk for HPV and HR-HPV 

acquisition in PLHIV, calls for viable and effective measures for screening in this population. 

Anal cytology is recommended as the initial screening method in those at high risk for 

developing anal SCC.18 Abnormal anal cytology requires follow-up by a more invasive high 

resolution anoscopy (HRA) to obtain biopsies for definitive diagnosis. Typically, treatment is 

only recommended for those with high-grade disease, while those with low-grade disease are not 

treated. Because anal biopsy can be an invasive and time-consuming procedure with a lag in 

diagnosis, screening that identifies LSIL prior to HRA-guided biopsy could reduce the number of 

invasive procedures involved.19 Anal cytology, HRA, and anal biopsy have also demonstrated 

variable sensitivity and specificity, necessitating novel approaches for differentiating cytologic 

abnormalities.2,7,18 

  



 

 3 

1.3.Cancer Screening by Raman Spectroscopy 

Studies have assessed the diagnostic potential of Raman spectroscopy (RS) with the 

prospect of improving current standards of cancer screening.11,19 RS is a nondestructive and 

label-free technology that identifies the molecular composition of cells and tissues using a laser 

source combined with a microscope and photon detector to capture scattered light (Figure 1). 

The inelastic scattering of photons, known as Raman scattering, occurs when the light source 

interacts with the molecular bonds in a sample.20 The scattered photons lose a portion of their 

energy to the molecular bond vibrations, and these shifts in energy are represented by a spectrum 

of peaks.21 Each peak corresponds to specific molecular bonds that together describe the protein, 

DNA, lipid, and carbohydrate content of the cell or tissue sample. 

RS has been investigated for application in a range of epithelial cell cancers, including 

cancers of the head and neck (including nasopharynx), lung, breast, digestive and urinary 

systems, brain, prostate, cervix, and skin20,22–24 Raman-enhanced spectroscopy (RESpect), which 

enhances RS technology with reflective aluminum slides, has emerged as a potential tool for 

early detection of squamous intraepithelial lesions (SILs).11 Oda et al. used a RESpect 

microscope (micro-Raman) system to identify unique spectral fingerprints in anal tissues 

biopsied from HIV-serodiscordant couples (Figure 1). Spectral comparisons revealed differences 

between normal and abnormal tissue as well as between the HIV-positive and HIV-negative 

individuals of each couple.11 
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Figure 1. Micro-Raman system with a biopsied anal tissue specimen. 

 

Recent studies have assessed the translation of a RESpect fiber-optic probe to the clinic 

with the prospect of improving current standards of cancer screening.19 The RESpect probe 

utilizes a portable fiber-optic probe coupled with a Raman system (Figure 2). The laser at the tip 

of a RESpect probe captures scattered light upon contact with tissue in vivo, generating a spectral 

reading that can be assessed in real-time. 
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Figure 2. Raman-enhanced spectroscopy (RESpect) probe system with a cell sample. 

 

1.4.Characterization of Anal Dysplasia and HPV by Raman-Enhanced Spectroscopy 

The RESpect probe has not yet been used clinically to identify anal dysplasia in 

individuals infected with HIV. Implementing the RESpect probe as a point-of-care screening 

instrument has the potential to provide rapid SIL diagnosis as an initial step to determine whether 

a definitive tissue biopsy would be necessary.19 Because anal cancer and cervical cancer share 

similar etiologies and diagnostic techniques, spectral comparison between dysplastic anal tissues 

and cervical carcinoma cell lines expressing HPV oncogenes could validate the use of a RESpect 

probe in anal cancer screening. Persistent infection by HR-HPV is the major cause for 

development of cervical pre-cancer and cancer, and the 9-valent HPV (9vHPV) types (HPV 6, 

11, 16, 18, 31, 33, 45, 52, and 58) cause 570,000 cases or 90% of all HPV-attributable cases 
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worldwide each year.4,25 In both anal and cervical cancers, HPV-associated lesions develop as 

regions of abnormal epithelial cell growth, histologically referred to as SIL.26 These shared 

clinical presentations are detected through similar standards of screening and diagnosis.27 While 

anal cancer diagnosis typically involves anal cytology screening followed by HRA and biopsy, 

cervical cancer diagnosis involves an initial screening by a Papanicolaou (Pap) smear, in which 

cervical cells are collected for cytology. Abnormal cervical cytology is followed by colposcopy, 

biopsy, and histopathology.25 

The similar etiology and diagnostic approaches, along with the current research 

surrounding anal and cervical cancer screening by RS, support the use of HeLa and SiHa––two 

cervical carcinoma cell lines containing HPV 18 and 16, respectively––as positive controls of 

squamous epithelial carcinoma in determining the feasibility of RESpect probe screening for anal 

cancer. HeLa is the most widely used human cancer cell line and has been used not only in 

cancer research, but throughout various areas of biomedical research as well, contributing to 

invaluable discoveries such as the protective capping activity of telomerase to the ends of 

chromosomes.28–30 SiHa represents another ideal candidate for validating the RESpect probe, as 

it contains HPV 16, reported to be the most carcinogenic HPV type in the anal canal.31 Both 

HIV-positive and HIV-negative groups have demonstrated increasing HPV 16 prevalence with 

diagnosis severity, and HPV 16 was the only subtype accounting for greater frequency in anal 

cancer diagnosis than in normal cytology.31 Furthermore, HPV 16 DNA quantitation has been 

investigated as a supplemental screening tool for anal dysplasia.32 Higher HPV 16 copy numbers 

were shown to correspond to higher anal cytology and biopsy grades, and HPV 16 copy numbers 

≥ 65 copies per cell demonstrated better sensitivity, specificity, and agreement with anal biopsy 
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than did anal cytology.32 HeLa and SiHa cells are commonly available and easily cultured, and 

they have been previously analyzed by RS. 

In addition to numerous in vivo and ex vivo Raman applications identifying cervical 

carcinoma in patient samples, several studies have investigated the use of RS to analyze cervical 

carcinoma cell lines containing HPV DNA.25,33 Raman techniques have discriminated between 

cell lines by elucidating cellular differences in protein (including in amide and collagen regions), 

nucleic acid, and lipid components.25,34,35 Minor variations in the amide III region as well as 

distinct differences at the amide I and δ CH2 regions between HPV-positive (HeLa and SiHa) 

and HPV-negative (C33A) malignant cervical cell lines support altered oncoprotein expression 

due to HPV infection.25,35,36 The spectral fingerprints of HeLa and SiHa cells may provide 

insight toward establishing a Raman profile for dysplasia in anal tissues. 

 

1.5.Aims and Hypotheses 

The increased risk of anal dysplasia in PLHIV highlights the importance of a streamlined 

approach to anal cancer screening in this population. Using the RESpect probe as a screening 

instrument has the potential to improve current standards of anal cancer screening, which can be 

invasive and feature a lag in diagnosis. However, the feasibility of translating RESpect clinically 

relies on consistent Raman-based characterization of dysplastic anal tissues and squamous 

epithelial carcinoma cell lines expressing HPV. By comparing the spectral fingerprints generated 

from micro-Raman and RESpect probe scans of cervical carcinoma cell lines (HeLa and SiHa) 

and anal tissues biopsied from PLHIV, this study evaluates the clinical potential for RESpect 

probe screening as a real-time, noninvasive supplemental tool in determining SIL status prior to 

definitive tissue biopsy. Additionally, this study presents insights toward screening for other 
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epithelial cell cancers. We hypothesize that the cervical carcinoma cell lines and dysplastic anal 

tissue will demonstrate characteristic Raman profiles, validating the clinical applicability of a 

RESpect fiber-optic probe system in anal cancer screening in PLHIV, which has not been 

previously studied. Listed below are the specific aims of this study: 

 

AIMS 

Aim 1: Characterize spectral profiles of anal tissues biopsied from participants with HIV 

acquired by a RESpect microscope (micro-Raman) instrument and by a portable RESpect probe 

to determine distinct peaks corresponding to pathology (negative, LSIL, and HSIL). 

Hypothesis: Biopsied tissues will demonstrate spectral profiles that are consistent between 

micro-Raman and RESpect probe systems and are characteristic of anal dysplasia grade. 

 

Aim 2: Characterize the spectral profile of HeLa and SiHa cervical carcinoma cell lines acquired 

by micro-Raman and RESpect probe to determine peaks characteristic of squamous epithelial 

carcinoma. 

Aim 2a: Characterize HeLa and SiHa cell lines between micro-Raman and RESpect probe. 

Aim 2b: Determine feasibility of using HeLa and SiHa cells as positive controls of squamous 

epithelial carcinoma by comparing micro-Raman and RESpect probe profiles between biopsied 

tissues and cell lines. 

Hypothesis: HeLa and SiHa cell lines will demonstrate spectral profiles that are consistent 

between micro-Raman and RESpect probe systems and are characteristic of HPV infection. 

Tissues will demonstrate similar peaks distinguished from cervical carcinoma cell line profiles. 
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3. CHAPTER 2. LITERATURE REVIEW 

2.1.Anal Dysplasia and Anal Cancer Classifications and Clinical Presentation 

Anal dysplasia is a condition describing varying degrees of morphological changes to 

squamous cells within the anal canal. These proliferations of abnormal squamous cells are 

distinguished by cytology as either LSIL or HSIL.2 LSIL, composed of mildly abnormal cells in 

the epithelium, is benign and does not typically progress to cancer. However, HSIL indicates 

moderate to severe dysplasia and is considered the precursor lesion to invasive SCC. Studies 

have documented the progression of LSIL to HSIL at the same site as the initial LSIL.3 

Anal SCC, the most common invasive cancer in the anal canal, constitutes approximately 

80% of all anal cancers.37 Primary anal adenocarcinoma is rare, accounting for 10% to 20% of 

anal cancers.37 The anal canal measures 3.5 cm to 4 cm in total length, extending from the anal 

verge (junction between the anal canal and external skin) and the anorectal ring, and is divided 

into two regions by a junction known as the dentate line. The region of the anal canal in which 

the cancer develops distinguishes the cell type and cancer type. Adenocarcinoma develops in the 

most proximal region composed of glandular epithelial cells, which runs from the anorectal 

junction to the dentate line. Meanwhile, basaloid or nonkeratinizing SCC develops in the 

transitional epithelial region, and keratinizing SCC develops in the most distal squamous 

epithelial region running from the dentate line to the anal verge. The four histologic subtypes of 

anal SCC––squamous, transition zone, basaloid or cloacogenic, and mucoepidermoid––are 

evaluated and treated the same way.37 

Patients with anal cancer may present with anorectal bleeding, pain, and pruritis or 

itching, which are symptoms frequently misdiagnosed as benign anorectal disease such as 

hemorrhoids.1,37 Anorectal bleeding is the most common presenting symptom, while only 30% of 
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individuals experience pain or sensation of an anal mass.1 Anal cancer patients may also 

experience thickening and irritation of the perianal skin, tenesmus, constipation, and change in 

stool caliber. However, anal HSILs are generally asymptomatic, underlining the critical need to 

screen for anal dysplasia in those at increased risk.1 

 

2.2.Anal Cancer Etiology 

HPV is the main etiological agent for anal dysplasia and cancer. More than 200 types of 

HPV have been identified, and over 40 HPV types can be sexually transmitted. Most are 

considered low-risk (LR-HPV) types, which commonly cause benign anogenital warts. 

Proliferation of abnormal squamous cells caused by HR-HPV infection can lead to ASIL 

classified as either LSIL or HSIL. LSIL does not typically progress to cancer. However, HSIL, 

caused by persistent infection by HR-HPV, represents the precursor lesion to invasive SCC. HR-

HPV is responsible for nearly 90% of anal cancer cases, and 87% of these cases are attributable 

to HPV types 16 and 18.4 

Although LSIL are benign, studies have documented the progression of LSIL to HSIL at 

the same site as the initial LSIL. A 2018 study by Liu et al. investigated LSIL-to-HSIL 

progression in 146 HIV-infected and 22 HIV-uninfected patients with anal LSIL.3 HPV 

genotyping confirmed HR-HPV infection in 91% of patients at baseline, 44% who showed HPV 

16/18 and 86% who showed other HR-HPV subtypes. Upon a median follow-up of 20 months 

(range, 6–36 months), cytology confirmed HSIL development in 41% of patients, and 84% of 

these cases showed HSIL progression at the same anatomic site as the initial LSIL. Patients who 

had HPV 16/18 at baseline demonstrated a higher probability of progression than patients with 
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other HR-HPV subtypes, and persistent HPV 16/18 infection conferred greater probability of 

progression compared to intermittent HPV 16/18 infection.3 

 

2.2.1. HPV Classification and Associated Diseases 

A member of the Papillomaviridae family, HPV is a small, non-enveloped 

deoxyribonucleic acid (DNA) virus that infects cutaneous and mucosal epithelial cells. 

Cutaneous HPV targets the skin on the hands and feet, while mucosal HPV infect the lining of 

the mouth, throat, respiratory tract, and anogenital epithelium.38 

Among the most common of the LR-HPV types are HPV 6 and 11, which cause roughly 

90% of benign anogenital warts, or condyloma acuminata.39 Anogenital warts represent the most 

common clinical manifestation of HPV infection with an estimated incidence of 350,000 in the 

United States each year.39,40 Although anogenital warts rarely produce severe symptoms, they are 

proliferative, tend to have high recurrence rates, and may cause anal discomfort or pruritus.41,42 

In rare cases, LR-HPV can result in recurrent respiratory papillomatosis, in which the formation 

of papillomata in the respiratory tract causes airway obstruction and respiratory complications. 

Other LR-HPV types include types 42, 43, and 44. 

HR-HPV types (HPV 16, 18, 31, 33, 34, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, and 70) 

have been implicated as an etiological factor in SILs and invasive carcinoma associated with the 

cervix, vagina, vulva, penis, anus, oral cavity, and oropharynx. A decline in the number of 

tobacco- and alcohol-related SCCs and an increase in the number of HPV-related cancers have 

been depicted over the past 30 years.43 HPV 16 and 18 cause 460,000 cases or 72% of all HPV-

attributable cases worldwide each year, while the 9-valent HPV (9vHPV) types (HPV 6, 11, 16, 
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18, 31, 33, 45, 52, and 58) are responsible for 570,000 cases or 90% of all HPV-attributable 

cases.4,25 

HPV is responsible for 99.7% of cervical SCCs worldwide, making cervical cancer the 

most common HPV-associated cancer with a prevalence exceeding 293,000 in the United States 

in 2018.38,44 HPV 16 is the most prevalent HR-HPV type, accounting for more than half of the 

cases of cervical cancer in the United States and Europe, followed by HPV 18, which accounts 

for another 16.5%.38,45 HPV 16 shows a stronger predominance in anal cancer compared to 

cervical cancer, prevalent in approximately 70% of anal cancer cases.4,12 A 2018 study by Lin et 

al. found HPV 16 to be the most carcinogenic HPV type in the anal canal.31 Both HIV-positive 

and HIV-negative individuals demonstrated increasing HPV 16 prevalence with diagnosis 

severity, and HPV 16 was the only type accounting for more HPV infection in anal cancer 

diagnosis than normal cytological diagnosis.31 These findings are corroborated by a 2018 study 

by Agsalda-Garcia et al. investigating HPV 16 DNA quantitation as a supplemental screening 

tool for anal dysplasia, in which higher HPV 16 copy numbers were shown to correspond to 

higher anal cytology and biopsy grades.32 

 

2.2.2. HPV Transmission 

HPV is one of the most common causes of sexually transmitted infections in the United 

States and worldwide.38,46,47 Transmission of HPV may occur through penetrative sexual 

intercourse as well as through skin-to-skin genital contact.46 More than 70% of sexually active 

men and women will be infected at some point in their lives and may even be infected on 

multiple occasions.46 According to data from the National Health and Nutrition Examination 

Survey (NHANES) 2013–2014, the prevalence of genital HPV was 42.5% among adults aged 18 
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to 59 years (45.2% among men and 39.9% among women), and the prevalence of high-risk 

genital HPV was 22.7% (25.1% among men and 20.4% among women).47 Estimates for oral 

HPV and high-risk oral HPV prevalence were lower at 7.3% (11.5% among men and 3.3% 

among women) and 4.0% (6.8% among men and 1.2% among women), respectively.47 HPV 

infection is achieved by translation of its proteins, which allows viral access to the basal lamina 

of the host. 

HPV is a small, non-enveloped virus that enters through small abrasions in the basal layer 

of the epithelium. HPV replication is linked to the differentiation process of keratinocytes, which 

enables infected cells to move through the epithelium to the surface. At the epithelial surface, 

terminally differentiated keratinocytes die and are removed by natural processes, and the virus 

released from these cells is transmitted to others. After infection, HPV DNA can remain latent in 

basal cells, even while other infected cells enter the productive cycle. During latent infection, the 

infected area remains cytologically normal. HPV persists as a plasmid or episome with 

productive viral replication either diminished or absent so that the viral proteins typically 

recognized by cell-mediated immunity are not produced. The plasmid or episome instead relies 

on host cell machinery to replicate when the cell divides. Although recurrence is rare in 

immunocompetent individuals, those with compromised cell-mediated immunity, including those 

with HIV/acquired immunodeficiency syndrome (AIDS) and SOT recipients, are more likely to 

experience reactivation.48 Latent infection constitutes a risk factor for developing dysplasia at the 

same site at a later point in time.40 
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2.2.3. Epidemiology of HPV Infection 

Persistent HR-HPV infection is the most significant risk factor for developing cervical, 

penile, anal, and oral/oropharyngeal carcinomas.40 HPV is responsible for 99.7% of cervical 

SCCs, making cervical cancer the most common HPV-associated cancer with a prevalence 

exceeding 293,000 in the United States in 2018.38,44 

HPV is also responsible for other anogenital cancers, including 15% to 48% of vulvar 

cancers, 78% of vaginal cancers, 51% of penile cancers, and 88% of anal cancers.49 The global 

prevalence of genital HPV infection is higher in men than in women, though rates of persistence 

are lower in men. Studies evaluating HPV prevalence by anatomic site have demonstrated that 

HPV prevalence is highest at the penis and lowest at the urethra among men and highest at the 

cervix and vagina and lower at the vulvar epithelium among women. Anal HPV is frequently 

detected in both sexes with differences in gender and sexual orientation. High-risk groups 

including PLHIV and MSM have shown the highest anal HPV prevalence.49 

Globally, 570,000 (8.6%) cancer cases in women and 60,000 (0.8%) cancer cases in men 

are attributable to HPV each year.4 A 2021 study by Priyadarshini et al. estimated a total of 7,085 

HPV-attributable cancer deaths in the United States in 2017, with 6,482 (91%) of these cases 

attributed to the high-risk types targeted by 9vHPV (HPV 16, 18, 31, 33, 45, 52, and 58).50 The 

total years of potential life lost (YPLL) was estimated to be 154,954, with 141,019 (91%) YPLL 

attributable to 9vHPV-targeted types. Of the total YPLL, 100,998 (65%) were associated with 

cervical cancer, which showed the highest YPLL per death (26 YPLL per death). Among men, 

the average YPLL per death was highest among those who died of anal cancer (19 YPLL per 

death).50 
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Effective strategies for the detection and prevention of HPV-associated diseases––

especially cervical cancer and anal cancer––remain critical. Wide implementation of cervical 

cancer screening in the United States has greatly reduced cervical cancer incidence and 

mortality.38,51 The Pap smear is the primary cytology screening tool used to detect cellular 

changes in the transformation zone of the cervix.38 Abnormal Pap smear findings are evaluated 

by colposcopy and colposcopy-directed biopsy, in which a 3% acetic acid solution is applied to 

visualize acetowhite changes and vascular patterns characteristic of dysplasia or carcinoma under 

magnification. In 2018, the United States Preventive Services Task Force (USPSTF) updated its 

screening guidelines, endorsed by the American College of Obstetricians and Gynecologists, the 

American Society for Colposcopy and Cervical Pathology, and the Society of Gynecologic 

Oncology.51,52 In addition to continuing recommended triennial cytology for women ages 21 to 

29 years followed by either continued triennial cytology or addition of HR-HPV testing every 5 

years from ages 30 to 65 years, the USPSTF endorsed HR-HPV testing alone every 5 years for 

women ages 30 to 65 years.51 HR-HPV DNA is detected by type-specific polymerase chain 

reaction (PCR) assays that target sequence variations present in the E6 and E7 genes of HPV 

subtypes.38 

Although population-based screening has reduced cervical cancer incidence and 

mortality, cervical cancer remains the fourth most common cancer globally and the most 

common cancer in lesser-developed countries.53 Screening programs require organized health 

services and substantial resources unavailable in many countries.53 In the United States, annual 

HPV-related medical costs total $8 billion US dollars.54 Costs associated with routine cervical 

cancer screening and follow-up account for $6.6 billion (82.3%), and $1.0 billion (12.0%) is 

spent on cancer treatment. LR-HPV-induced anogenital wart treatment and recurrent respiratory 
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papillomatosis treatment account for $300 million (3.6%) and $200 million (2.1%), 

respectively.54 

Screening for other HPV-associated cancers is less common. Anal cancer screening 

(described in greater detail in section 2.4) is recommended for those at increased risk for 

developing anal SCC, including HIV-positive MSM, patients who have anogenital warts, and 

HIV-positive women who have receptive anal sex or abnormal cervical cytology results.1,55 HPV 

prophylactic vaccination thus remains critical for the prevention of HPV infection and HPV-

associated cancers. 

Three HPV vaccines have been licensed by the United States Food and Drug 

Administration (FDA). The first vaccine to be approved, Gardasil, is quadrivalent, protecting 

against LR-HPV 6 and 11, which cause roughly 90% of anogenital warts, as well as HR-HPV 16 

and 18, which are responsible for 72% of all HPV-associated cancers and 87% of anal cancer 

cases.4,39 Gardasil has been replaced by Gardasil 9, which has been the only HPV vaccine used in 

the United States since 2016. In addition to protecting against HPV 6, 11, 16, and 18, Gardasil 9 

protects against HR-HPV 31, 33, 45, 52, and 58. The 9-valent HPV types are responsible for 

90% of all HPV-associated cancers.25 A third bivalent HPV vaccine, Cervarix, targets HPV 16 

and 18 and remains equivalent to Gardasil 9 in the prevention of HPV infections and HPV-

associated precancers. Gardasil and Cervarix are still used in other countries. All three vaccines 

contain virus-like particles (VLPs) of the L1 epitope along with adjuvants that enhance antibody 

production and promote generation of memory B cells.53 

The Centers for Disease Control and Prevention’s (CDC’s) Advisory Committee on 

Immunization Practices recommends routine vaccination for everyone at age 11 or 12 years, 

though vaccination can be started at 9 years of age.56 Catch-up vaccination is recommended for 



 

 17 

everyone aged 13 to 26 years if not adequately vaccinated when younger. A two-dose schedule 

with 6 to 12 months between doses is recommended for those who receive the first dose at ages 9 

to 14 years, while a three-dose schedule administered at 0, 1 to 2, and 6 months is recommended 

for those who receive the first dose at age 15 years or older. Vaccination is not recommended for 

those aged 27 years or older; however, some adults ages 27 through 45 years who are not 

adequately vaccinated may get vaccinated based on shared clinical decision-making.56 

 

2.3.Epidemiology of Anal Cancer 

According to the National Cancer Institute’s Surveillance, Epidemiology, and End 

Results (SEER) Program, the estimated incidence of anal cancer in the United States was 

reported to be 9,090 cases in 2021, and the estimated anal cancer mortality was 1,430 deaths.13 

Although anal cancer is rare with a prevalence of 0.2%, incidence has been increasing over the 

last few decades, especially among groups at increased risk.57,58 Five major risk groups have 

been identified, including PLHIV; MSM; individuals diagnosed with HPV-related lesions or 

cancer of the cervix, vulva, or vagina; SOT recipients; and patients with autoimmune diseases.5 

Sexual practices that increase the risk of HPV transmission, such as receptive anal intercourse or 

increased number of sexual partners, are considered risk factors for anal cancer.6,57 

Immunocompromised individuals, such as those with HIV/AIDS and SOT recipients, 

show accelerated progression to HSIL and an increased risk of HPV-associated cancers.40 HPV 

infection is very common among those with HIV due to the sexually transmitted nature of both 

viruses.40 The risk of HPV infection and anal cancer in PLHIV and MSM is discussed in section 

2.3.1. 
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Among SOT recipients, no formal recommendations for routine anal dysplasia screening 

exist despite an elevated risk for developing HPV-associated cancers.2,40 In 2013, Madeleine et 

al. reported standardized incidence ratios (SIRs) comparing incidence rates of HPV-associated 

cancers to the United States general population as well as incidence rate ratios (IRRs) comparing 

rates across transplant subgroups.59 SOT recipients demonstrated an SIR of 11.6 (95% 

confidence interval [CI]: 8.7–15.2) for in situ anal cancer. Elevated IRRs showed that factors 

such as age and transplanted organ may affect the incidence of HPV-associated cancers among 

SOT recipients. Heart and/or lung recipients showed a higher incidence of invasive anal cancer 

(IRR: 1.8; 95% CI: 1.1–2.9), and incidence was shown to increase with duration of time since 

transplant for both in situ and invasive anal cancer but not for in situ or invasive cervical cancer. 

Receiving a second transplant was also associated with increased incidence of in situ (IRR: 4.4; 

95% CI: 2.2–7.9) and invasive anal cancer (IRR: 2.1; 95% CI: 1.2–3.6) but not in situ or invasive 

cervical cancer. Madeleine et al. attributed the absence of increased incidence of invasive 

cervical cancer to the success of cervical cancer screening in SOT recipients and suggest the 

need for screening for other HPV-associated cancers.59 

Studies have also examined HPV prevalence among SOT recipients. A 2018 study by 

Nadhan et al. evaluated genital lesion, skin cancer (SCC and basal cell carcinoma), and HPV 

infection outcomes of 496 SOT recipients according to electronic medical records from the 

Drexel Dermatology Center for Transplant Patients.60 Two periods differentiating by a change in 

clinical management were assessed: a 4.25-year period of retrospective review evaluated a 

cohort of 376 SOT recipients from November 2011 to January 2016, and a 15-month period of 

increased surveillance performed by a single practitioner evaluated a cohort of 120 SOT 

recipients from February 2016 to April 2017. In the later period evaluating 120 SOT recipients, 



 

 19 

53 (44.2%) showed genital lesions, 6 (5.0%) showed cutaneous malignant tumors (basal cell 

carcinoma and SCC in situ), 3 (4.2%) showed genital SCC in situ, and 29 (24.2%) had 

condyloma acuminata. During the entire study period, 8 of the 12 patients with SCC in situ 

lesions (66.7%) tested positive for HR-HPV including HPV 16 and 18.60 

According to Messick et al., the first reported study investigating anal dysplasia in SOT 

recipients by Ogunbiyi et al. revealed a prevalence of biopsy-confirmed anal dysplasia in 32 

(24.1%) of 133 renal transplant patients, with anal dysplasia incidence increasing in SOT 

recipients over time up to 10 years.2,61 Of the 76 specimens sampled from the transplant group, 

36 (47%) were positive for HPV 16 compared to 18 of 145 (12%) specimens from the control 

group.61 Other studies found anal HPV prevalence rates ranging from 18% to 29% and anal HR-

HPV prevalence rates ranging from 8% to 15% in SOT recipients; however, anal HPV 

prevalence rates before transplantation were not assessed.2 Further research on anal HPV in SOT 

recipients is needed. 

 

2.3.1. HPV Infection and Anal Cancer in PLHIV and MSM 

Immunocompetent individuals infected with HPV generally experience slow progression 

to HSIL and carcinoma, and most clear infections with no sequelae.40 However, individuals with 

compromised cell-mediated immunity, including those with HIV/AIDS, show a high prevalence 

of HPV infection and increased risk for developing ASILs, even despite virologic suppression of 

their HIV.12 Persistent HPV infection due to higher HR-HPV acquisition rates and lower HR-

HPV clearance rates elevates their risk for developing anal dysplasia and cancer.7–10 The 

prevalence of anal dysplasia among men with HIV largely varies from 41% and 97%, which is 

likely due to differences in referral strategies by primary care physicians to anal dysplasia 



 

 20 

clinics,2 and approximately 1% of women and 28% of men with anal cancer also have HIV.12 

PLHIV also demonstrate accelerated progression to HSIL and a higher prevalence of HPV-

associated cancers.40 The immunosuppression associated with HIV, which reduces the ability to 

control oncogenic viral processes, likely plays a role in HPV infection and anal cancer 

pathogenesis.11,12 Low CD4+ count constitutes a risk factor for developing ASILs, with CD4+ 

counts below 200 cells/mm3 associated with more than threefold higher incidence of progression 

of normal epithelium to ASIL or from LSIL to HSIL.12 

PLHIV show a 1.6- to 1.7-fold higher risk of cancer development relative to the general 

population.62 Susceptibility can be attributed to predisposing factors such as immunosuppression 

combined with chronic inflammation due to virus persistence. Immunosuppression exacerbates 

coinfection with other carcinogenic viruses, such as HPV, Epstein-Barr virus (EBV), human 

herpesvirus 8 (HHV-8), and hepatitis B and C viruses (HBV and HCV). HIV is also associated 

with cancer risk behaviors including being MSM, intravenous drug use, heavy alcohol 

consumption, and smoking.62 According to the CDC, MSM accounted for 25,552 (69%) of the 

36,801 new HIV diagnoses in the United States in 2019.63 

Cancers traditionally distinguished in patients infected with HIV are referred to as AIDS-

defining cancers (ADCs) and include Kaposi sarcoma, aggressive B-cell non-Hodgkin 

lymphoma, and cervical cancer. Highly active antiretroviral therapy (HAART) contributed to a 

decline in the incidence of ADCs as well as improved outcomes and decreased mortality.62 Still, 

the risk for developing ADCs remains high among PLHIV and is proportional to HIV load and 

inversely proportional to CD4+ cell count.62 

Other cancers not previously associated with HIV and AIDS, known as non-AIDS-

defining cancers (NADCs), have risen in the HAART era,64 owing in part to the overall aging of 
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PLHIV.62 NADCs represent two-thirds of all cancers in HIV patients.62 Compared to the general 

population, PLHIV have demonstrated up to two times the incidence of NADCs, namely virus-

related NADCs including anal cancer, liver cancer, and Hodgkin lymphoma.12,62,65 In the United 

States and Europe, anal cancer incidence rates are reported between 15 to 24 cases per 100,000 

HIV-infected people per year.64 A 2017 study by Hernández-Ramírez et al. reported SIRs of 5.39 

for virus-related NADCs and 19.1 for anal cancer, reflecting an elevated risk in HIV-infected 

people relative to the United States general population.65  

A 2020 review by Shmakova et al. notes that despite increased risks for virus-related 

NADCs, survival rates for Hodgkin lymphoma and anal cancer have improved in the HAART 

era.62 Although the 3-year survival in HIV-infected patients with Hodgkin lymphoma is lower 

than in the HIV-negative population, survival rates for lung, liver, and anal cancers are 

comparable to those in the general population. Reports of NADC treatment in HIV-infected 

patients using HAART, either alone or in combination with chemotherapy, have documented 

favorable clinical response. HAART has also been associated with lower cancer incidence for 

most cancers, including ADCs, and with lower anal intraepithelial neoplasia (AIN) prevalence. 

The time to development of anal cancer was also found to be longer in the HAART era. Still, 

treatment duration has not been determined to reduce risk, and HAART has been identified as a 

risk factor for relapse of anal cancer. HAART has also been linked to higher rates of other virus-

related NADCs, and NADC risk increases with long cumulative exposure to HAART. This may 

be explained by improved survival of PLHIV during the HAART era, which allows sufficient 

time for lesions to develop into malignancies.62 

Anal cancer incidence has been increasing by 2 per 100,000 people each year with an 

estimated 70,531 people living with anal cancer in the United States in 2018.13 Diagnoses in the 
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United States are rising among women in the general population; among MSM, regardless of 

HIV status; and among men and women with HIV.1 Anal cancer incidence was reported to be 19 

cases per 100,000 person-years among HIV-negative MSM, 32 cases per 100,000 person-years 

among non-MSM living with HIV, and 85 cases per 100,000 person-years among MSM living 

with HIV.5 Additionally, anal HPV prevalence among MSM (58.8%) is approximately twice that 

among women (30.7%), while anal HPV prevalence among women is over twice that among 

men who have sex with women (14.2%).49 

MSM living with HIV demonstrate a threefold increased risk of HPV infection compared 

to HIV-negative MSM, indicating that HIV infection may increase susceptibility to HPV 

persistence in addition to heightening the risk of acquisition of new HPV infections and/or 

reactivation of latent infections.7,14,15 A prospective cohort study assessing the natural history of 

HPV infection in MSM living with HIV in the HAART era showed that the incidence of any 

anal HPV infection and oncogenic anal HPV infection was 21.3 per 100 person-years and 13.3 

per 100 person-years, respectively.12 Studies have reported HSIL recurrence in HIV-positive and 

HIV-negative MSM, with higher rates of recurrence in those with HIV infection.2,66 In a 2014 

study by Goldstone et al. investigating 456 HIV-positive and 271 HIV-negative MSM, within 1 

year of first ablation, 53% of HIV-positive patients and 49% of HIV-negative patients showed 

high-grade dysplasia recurrence. At 2 years of follow-up, 68% of HIV-positive patients and 57% 

of HIV-negative patients showed recurrence, while at 3 years of follow-up, their rates of 

recurrence were 77% and 66%, respectively. Progression to invasive anal SCC was documented 

in five HIV-positive MSM after 3 years.2,66 In the study by Liu et al. examining ASIL 

progression in 146 (87%) HIV-infected and 22 (13%) HIV-uninfected patients with anal LSIL, 

154 (92%) self-reported as MSM.3 At baseline, 153 (91%) harbored HR-HPV types, 74 (44%) of 
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whom had HPV 16 and 18, categorized into the following groups: HPV 16 and/or 18 (n = 8) and 

HPV 16 and/or 18 plus other HR-HPV types (n = 66). Among the 74 patients with HPV 16/18 at 

baseline, 54 (32%) remained infected upon follow-up, indicative of HR-HPV persistence. 

Patients with persistent HPV 16/18 had the highest probability of LSIL-to-HSIL progression 

(70%). While age, race/ethnicity, smoking status, median CD4+ cell count, and HIV viral load 

distribution were similar between the progression and non-progression groups, MSM 

demonstrated a higher proportion of progression (43%) than female patients (21%), and HIV-

infected patients exhibited a higher proportion of progression (45%) than HIV-uninfected 

patients (18%).3 

In addition to increased risk of HPV infection, MSM living with HIV have also 

demonstrated a higher risk of HR-HPV infection. A 2013 study by Darwich et al. reported that 

among men living with HIV, MSM exhibit a higher incidence of HR-HPV subtypes compared to 

heterosexual men, excluding HPV 16, which was the most prevalent HR-HPV subtype detected 

in both groups.16 Nonetheless, HPV 16 has shown the lowest clearance of all HPV subtypes in 

HIV-infected MSM, underlining a potential risk for HPV 16 persistence in HIV-infected MSM.17 

Darwich et al. recommend routine anal HPV screening for all HIV-infected men, as both 

heterosexual HIV-infected men and HIV-infected MSM were found to be at risk for acquiring 

and sustaining persistent anal HR-HPV infection and for developing anal dysplasia.16 

 

2.3.2. Racial/Ethnic Disparities in Anal Cancer 

Several studies have reported racial and ethnic disparities in anal cancer risk and 

diagnosis. A 2019 study by Cruz et al. investigating the National Inpatient Sample 2011 database 

found that after adjustment for age, gender, and race, Asians/Pacific Islanders (API) (relative risk 
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[RR]: 0.51, p = 0.01) and Hispanics (RR: 0.54, p < 0.0001) showed a decreased risk for 

developing anal cancer compared to Whites.58 These results are corroborated by a 2008 study by 

Joseph et al. analyzing 39 population-based cancer registries in the United States, which found a 

lower rate of anal SCC among API men (RR: 0.20, p < 0.05) compared to White men as well as 

among Hispanic men (RR: 0.76, p < 0.05) compared to non-Hispanic men.67 After adjustment 

for age only, Cruz et al. found that API males (RR: 0.93, p > 0.05) and Native American males 

(RR: 0.78, p > 0.05) and females (RR: 0.58, p > 0.05) did not show a significant decrease in anal 

cancer risk.58 Furthermore, compared to Whites, Black males (RR: 1.43, p < 0.01) demonstrated 

an increased risk for developing anal cancer, while Hispanic males (RR: 0.69, p = 0.05) and 

females (RR: 0.46, p < 0.0001) had a decreased risk for developing anal cancer.58 Joseph et al. 

similarly found an increased risk for anal SCC among Blacks (RR: 1.23, p < 0.05); however, 

there was no statistically significant difference between Hispanic and non-Hispanic women.67 

Although Cruz et al. analyzed over 6 million cases, this study was limited in its small number of 

API and Native American individuals diagnosed with anal cancer. 

The SEER Program revealed that between 2014 to 2018, among males, Blacks showed 

the highest anal cancer incidence (2.2 per 100,000 person-years), while API showed the lowest 

incidence (0.4 per 100,000 person-years).13 However, Joseph et al. reported that API were more 

likely to be diagnosed with regional or distant stage disease, defined as extension to adjacent 

tissues or regional lymph nodes or as metastasis to other areas of the body, respectively.67 Later 

diagnosis in API men might reflect differences in health care related to anal cancer. A 2020 

cross-sectional study by Gillis et al. investigating racial disparities among male participants 

living with HIV of the Ontario HIV Treatment Network Cohort Study in Canada reported that 

Asian men were less likely than White men to have discussed screening with a health care 
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provider (OR: 0.48, 95% CI: 0.29–0.80).68 Furthermore, Asian men were less likely to have been 

screened by anal cytology/anoscopy (OR: 0.51, 95% CI: 0.31–0.83) or digital anorectal 

examination (DARE), a procedure accompanying anal cytology that allows clinicians to feel for 

masses (OR: 0.27, 95% CI: 0.17–0.44). Black men were also less likely to have been screened by 

DARE (OR: 0.47, 95% CI: 0.31–0.70).68 

In addition to increased risk for anal cancer, Blacks and Hispanics have shown increased 

risk for HIV. According to a 2021 analysis by Martin et al. evaluating 2018 data from the CDC’s 

AtlasPlus, Blacks had a 20-fold higher HIV diagnosis rate and Hispanics had a fourfold higher 

HIV diagnosis rate compared to non-Hispanic Whites.69 Black-to-White and Hispanic-to-White 

HIV diagnosis rate ratios were 21.28 and 4.68, respectively. Other racial and ethnic groups, 

including American Indians/Alaska Natives, Asians, and Native Hawaiians/Other Pacific 

Islanders as well as the multiple races category, collectively comprised <5% of all diagnoses and 

were excluded from analysis due to limited data availability and small numbers within certain 

strata.69 Other reports have found the AIDS case rate to be doubled for Native Hawaiians and 

Pacific Islanders (NHPI) compared to Whites.70 The HIV cumulative infection rate for Pacific 

Islanders from United States-affiliated Pacific Islands (USAPI) has also been documented to 

range between 40.6–107.6 per 100,000 person-years compared to 7.0 per 100,000 person-years 

for Whites in the United States.70 A review published in 2013 by Earnshaw et al. analyzing 

United States surveillance data from the National Center for HIV/AIDS revealed that although 

Blacks comprised about 12% of the population in states with confidential name-based reporting, 

Blacks accounted for 45% of all new HIV diagnoses from 2007 to 2010.71 Latinos also 

accounted for a higher proportion of diagnoses (22%) relative to their population proportion 

(16%), while Whites accounted for a lower proportion of diagnoses (29%) relative to their 
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population proportion (65%). Among MSM across all races/ethnicities, Black MSM constituted 

the group with the highest proportion of HIV diagnoses (40%) and the highest rate of increase in 

new infections from 2006 to 2009 (48%). Earnshaw et al. ascribe societal stigma related to 

race/ethnicity as contributors to racial/ethnic HIV disparities “through its manifestations at the 

structural and individual levels,” which include residential segregation, perceived discrimination, 

and internalized or self-stigma.71 

Among PLHIV, racial disparities have been reported for anal dysplasia occurrence. Anal 

dysplasia and anal HPV infection is relatively common among non-Hispanic White, African 

American, and Hispanic populations with HIV.72,73 A study by Payam et al. investigating anal 

dysplasia prevalence among PLHIV in Hawai‘i evaluated 68 participants (94% male) with the 

following demographics: 58% non-Hispanic Whites, 12% Hispanic ethnicity and any race, 24% 

Native Hawaiian, Pacific Islander, or Asian, and 6% other races, including non-Hispanic 

Blacks.73 Thirty-seven participants (54%) had abnormal anal cytology. Within each racial/ethnic 

group, Native Americans/Native Alaskans had the highest proportion of abnormal cytology 

(66.7%) followed by Whites (59%) and API and African Americans, who each showed 50% 

abnormal cytology.73 

Racial disparities in the prevalence of HPV and anal dysplasia/cancer among MSM have 

been reported as well. Walsh et al. conducted a systematic review on 25 studies investigating the 

risk, prevalence, or incidence of anal HPV, anal dysplasia, or anal cancer among different racial 

groups and among MSM.74 Two studies stratified by race and sexual behavior revealed a 13% 

lower prevalence of anal dysplasia among White MSM than among Black MSM, as well as a 1.3 

times lower prevalence of group-2 HR-HPV types (HPV 26, 30, 34, 53, 66, 67, 68, 70, 73, 82, 

85, and 87), which are considered “probable” or “possible” causes of cancer. Another study 
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reporting HPV outcomes by race found that White race was inversely associated with anal HPV 

16 infection.74 Such disparities in the prevalence of HPV and anal dysplasia among MSM may 

be attributed to the stigma associated with HIV status, identity, and risk behaviors.75 

The disparities among PLHIV necessitate viable and effective methods for screening and 

prevention across racial and ethnic subgroups. In Hawai‘i, the stigma of HIV/AIDS in the NHPI 

and Asian populations remains a major barrier to seeking appropriate healthcare.76 A 2016 study 

by Ka‘opua et al. assessed providers’ perceived influences to PLHIV participation in anal cancer 

screening and identified culturally competent promotion/education strategies.70 Focus groups 

were conducted to encompass 28 providers from 12 nonprofit organizations in three counties 

(islands) that together provide service to 95% of all PLHIV in Hawai‘i. Participants revealed an 

overall theme of risk and reluctance to anal cancer screening, attributable to anal cancer not 

being “on the radar” of PLHIV, conflicting attributions of the anus and anal sex, fear of sex-

shaming/-blaming, and other interrelated conceptual categories. The authors described strategies 

for destigmatizing anal cancer through “normalizing” approaches that emphasize sexual health 

and overall wellbeing, with additional tailoring for relevance to NHPI, transgender persons, and 

other marginalized groups. A 2012 study by Shiramizu et al. applied community-based 

participatory research principles to increase anal cancer screening among underserved HIV-

infected populations. Guided discussion sessions held with HIV-infected individuals at the Life 

Foundation, a non-profit AIDS-service organization, were designed to evaluate the importance of 

anal cancer screening, the use of anal cytology for screening, and the key educational messages 

selected to promote anal cancer screening and recruitment. Forty-six participants were recruited, 

including Asians (n = 4; 9%), Native Hawaiians and Pacific Islanders (n = 5; 11%), African 

Americans (n = 2; 4%), American Indians and Alaskan Natives (n = 6; 13%), and Hispanics (n = 
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6; 13%). The anal cytology results from self-obtained and health care provider-obtained 

specimens showed moderate concordance (κ = 0.37), and a follow-up questionnaire evaluating 

perceptions about self-obtained anal cytology specimens revealed that participants preferred to 

be evaluated in the Hawaii Center for AIDS clinic (42%) or given the option of having a self-

obtained anal cancer screening procedure (45%) than to have screening performed by their 

private physician (13%). Overall, non-Whites found the self-obtained procedure more 

comfortable compared to Whites, and the self-obtained specimen procedure was perceived as 

private (93%), safe (100%), and easy to manage (100%).76 Further research implementing 

community-based participatory research methods and self-collection would help to inform 

whether such approaches are practical for engaging HIV-infected ethnic minority populations in 

anal cancer screening. 

 

2.4.Anal Cancer Screening, Diagnosis, and Treatment 

Anal SCC screening is based largely on cervical cancer screening, as HR-HPV infection 

is the major cause for development of SILs characteristic of both cancers.55 While cervical 

cancer screening involves a Pap smear followed by colposcopy and colposcopy-directed biopsy 

upon abnormal cytology, anal cytology is recommended as the initial screening method in those 

at high risk for developing anal SCC, including HIV-positive MSM, patients who have 

anogenital warts, and HIV-positive women who have receptive anal sex or abnormal cervical 

cytology results.1,55 Despite the histologic similarities between cervical and anal cancers, 

differences in recommended screening tests remain; cervical cytology is typically obtained under 

direct visualization, while anal cytology is collected without direct visualization of anatomical 

landmarks.7 Anal cytology is performed by gently inserting a Dacron swab into the anal canal 
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until impedance is reached (typically 4 to 5 cm).2 The swab is twirled from the deepest point of 

entry to the anal verge with 20 to 30 seconds allotted for the procedure. The swab is then 

swished in the collection fluid for another 20 to 30 seconds.2 Anal cytology grades are described 

following The Bethesda System terminology used to classify cervical samples with the following 

grades: negative for intraepithelial lesions or malignancy (NILM), atypical squamous cells of 

undetermined significance (ASCUS), LSIL, atypical squamous cells–cannot exclude high-grade 

squamous intraepithelial lesion (ASC-H), HSIL, and SCC.1,38,55 

DARE is recommended alongside anal cytology, particularly in people ≥ 35 years old 

with HIV.1 DARE allows clinicians to feel for masses that may not be detected by visualization 

during anoscopy or HRA. In 2014, a prospective study by Berry et al. found a palpable mass, 

area of induration, or ulcer in 23 of 27 new cases of anal cancer among HIV-infected MSM 

(85%).77 The remaining four cases (15%) were vascular changes detected solely by HRA and 

biopsy.77 

Abnormal anal cytology requires a more invasive follow-up by high-resolution anoscopy 

(HRA) to obtain biopsies for definitive diagnosis. HRA uses an anoscope to visualize lesions 

within the anal canal. As with cervical colposcopy, application of acetic acid during HRA allows 

areas of the epithelium with low-grade and high-grade dysplasia to display acetowhite changes 

that should be targeted for biopsy.2,78 Previous terminology for histologic grading mirrored 

cervical intraepithelial neoplasia (CIN) diagnosis, commonly describing biopsy results according 

to grades of AIN, with low-grade AIN (LGAIN) including AIN 1 and high-grade AIN (HGAIN) 

including AIN 2 and AIN 3.1,2 Anal biopsy grading has been simplified to classify dysplasia as 

LSIL or HSIL following The Bethesda System used for cervical and anal cytology.2 
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Typically, treatment is only recommended for those with high-grade disease, while those 

with low-grade disease are not treated. The standard treatment for non-metastatic anal cancer is 

concurrent chemoradiotherapy with 5-fluorouracil infusion and mitomycin (or cisplatin).12,37 

Current guidelines also recommend post-treatment evaluation by DRE beginning 8 to 12 weeks 

after completion of treatment, followed by surveillance with DRE and anoscopy every 3 to 6 

months.37 Patients should be followed for up to 6 months after completion of treatment to assess 

for complete regression. If disease persists past 6 months, the patient should be re-evaluated for 

regional and distant metastases.37 

 

2.4.1. Limitations of Current Standards of Screening 

The current standards of anal dysplasia screening are limited by the invasive nature of the 

procedures involved, the time lag in histologic diagnosis, and the variable sensitivity and 

specificity of anal cytology and HRA-guided biopsy.2,18,19,32,79,80 A 2010 study by Nathan et al. 

assessed anal cytology against histology and HRA in 395 individuals (93% men), 212 (54%) 

who were infected with HIV and 156 (39%) who were HIV-negative.79 Based on 288 histology 

results, the sensitivity and specificity of anal cytology to detect disease were 70% (95% CI: 64–

75%) and 67% (95% CI: 38–88%), respectively, whereas the sensitivity and specificity to predict 

high-grade disease were 81% (95% CI: 70–90%) and 37% (95% CI: 30–44%), respectively. 

Sensitivity also varied according to the area or quadrant within the anal canal in which the 

disease was present (86% for two or more quadrants vs. 69% for one or more quadrants).79 

The sensitivity of anal cytology to predict anal HSIL has been noted to be higher in 

immunosuppressed patients with a high burden of disease.55,79 Nathan et al. found significant 

differences in anal cytology sensitivity dependent upon HIV status (76% in HIV-positive vs. 
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59% in HIV-negative, p = 0.009), and among HIV-positive patients, those whose CD4+ cell 

count was 400 cells/µl or less showed a sensitivity of 90%, while those whose CD4+ cell count 

was above 400 cells/µl showed a sensitivity of 67% (p = 0.005).79 These findings are 

corroborated by a 2006 systematic review by Chiao et al. analyzing the effectiveness of anal 

cytological examination in individuals with HIV.80 Comparisons between cytology results and 

results of HRA-guided biopsy (assumed to be the perfect gold standard) demonstrated a 

sensitivity ranging from 69% to 93% and a specificity ranging from 32% to 59%.80 Although 

HRA-guided biopsy remains the gold standard of screening, histopathological grading of cervical 

biopsies has been noted to depend on subjective assessment of characteristics including cellular 

anaplasia, differentiation, and mitotic activity, and dysplasia may not be visually perceptible.25 A 

study by Mathews et al. in 2010 assessed the sensitivity and specificity of anal cytology for true 

HSIL with estimates both unadjusted and adjusted for the imperfect nature of the reference 

standard (HRA-guided biopsy) in a retrospective cohort of HIV-infected individuals.18 Mathews 

et al. reported unadjusted estimates of sensitivity and specificity of 66% and 90%, respectively, 

while adjusted estimates of sensitivity and specificity varied from 47% to 89% and 89% to 

100%, respectively.18 Given the variability in sensitivity and specificity of anal cytology and 

biopsy, Agsalda-Garcia et al. evaluated HPV 16 DNA quantitation as a supplemental screening 

tool for anal dysplasia in 75 participants with HIV.32 HPV 16 copy numbers ≥ 65 copies per cell 

demonstrated better sensitivity, specificity, and agreement with anal biopsy than did anal 

cytology.32 

HRA also demonstrates variable sensitivity and specificity when compared to biopsy 

results.2,78,81 Other limitations of HRA include a lack of clinicians sufficiently trained in 

performing HRA and a lack of consistent guidelines on the use of HRA.2,78,81 HRA is a relatively 
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new and expensive procedure, and formal training in HRA only began in 2005.78 Although 

Gimenez et al. revealed a high sensitivity of HRA in detecting ASIL (90%), specificity was 

reported to be only 19.23%.78,81 Other studies have found sensitivity varying from 59% to 100% 

and specificity varying from 66% to 74% due to the subjectivity of HRA and its dependence on 

the user, equipment, and other comorbidities.81 Still, direct visualization by HRA is 

recommended following abnormal anal cytology and may even be advised for individuals with 

anal warts or other lesions showing benign cytology.1 Cytology alone may not be sufficient to 

detect HSIL, as tissue with an HSIL may be buried within or under a visible lesion.1 

 

2.5.Raman-Enhanced Spectroscopy 

RS is a nondestructive and label-free technology that identifies the molecular 

composition of cells and tissues using a laser source combined with a microscope and photon 

detector to capture scattered light. Raman scattering, or the inelastic scattering of photons, occurs 

when the light source interacts with the molecular bonds in a sample, resulting in energy shifts 

that inform the biological components of the sample.20,21 RS has been investigated as a 

noninvasive screening tool for a range of epithelial cell cancers, including cancers of the head 

and neck (including nasopharynx), lung, breast, digestive and urinary systems, brain, prostate, 

cervix, and skin.20,22–24 

RESpect, which enhances RS technology through the use of reflective aluminum slides, 

has demonstrated potential for early SIL diagnosis.11 Recent studies have assessed the translation 

of a RESpect fiber-optic probe to the clinic, aiming to improve current standards of cancer 

screening.19 The laser at the tip of a RESpect probe captures scattered light upon contact with 

tissue in vivo, generating a spectral reading that can be evaluated in real-time. Implementing the 
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RESpect probe as an initial step in the screening paradigm to determine whether a tissue biopsy 

would be necessary could evade invasive procedures and bypass the time lag in histologic 

diagnosis.19 

 

2.5.1. Raman Spectroscopy Applications in HIV and Anal Cancer 

A recent study by Oda et al. has focused on applications of RESpect technology in the 

anal cancer screening paradigm. RESpect was used to identify unique spectral fingerprints in 

anal tissues biopsied from 30 individuals representing 15 HIV-serodiscordant couples.11 Anal 

cytology and HRA with anal biopsy were performed for each participant. Principal component 

analysis (PCA) plots demonstrated distinct clusters corresponding to the HIV-positive and HIV-

negative individuals of each couple, revealing statistically significant (p < 0.05) differences 

pertaining to HIV status, even among those who had similar pathologies. Within each of the 10 

HIV-serodiscordant couples that had different pathologies, PCA discriminated between LSIL 

and HSIL pathologies in HIV-positive and HIV-negative individuals. Significant separation was 

also found in the PCA plots of the five couples whose anal pathologies were the same, 

suggesting the overlapping effect that HIV infection may contribute to RESpect profiles. 

Oda et al. analyzed RESpect data to identify peaks that contributed to PCA separation. 

HIV-negative individuals demonstrated peaks corresponding to proline (815, 853, 868, 918, and 

950 cm–1), tyrosine (822, 853, and 1205 cm–1), collagen (1204 cm–1), and phenylalanine (1107 

and 1208 cm–1), while HIV-positive individuals showed peaks corresponding to proline (830 and 

1066 cm–1), tyrosine (831, 1032, and 1066 cm–1), collagen (859 and 1034 cm–1), and 

phenylalanine (1002 and 1031 cm–1). U937 cells inoculated with HIV-1 strains (IIIB, JR-CSF, 

and P89.6) also exhibited spectral differences attributable to HIV. Prominent peaks at 855, 1000, 
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1454, and 1659 cm–1 corresponding to tyrosine in collagen, phenylalanine, collagen CH3 bending 

and CH2 scissoring, and amide I in collagen-like proteins were reported to be consistent with 

peaks previously described for HIV antigens and HIV antibodies.11 

 

2.5.2. Raman Spectroscopy Applications in Cervical Cancer 

Previous studies investigating Raman characterization of cervical dysplasia and cervical 

cancer support the translation of RESpect into anal cancer screening, given the parallels in the 

screening paradigms and pathogenesis of both cancers. Studies have identified differences in 

nucleic acid, protein, lipid, and carbohydrate content between normal and dysplastic/cancerous 

cervical cytology and biopsy specimens (section 2.5.2.1) as well as between normal and 

cancerous cervical cell lines (section 2.5.2.2). Variation in peak intensities across pathologies 

reflects changes in the concentration of these biological components and an altered biochemistry 

of the epithelium with disease progression. 

 

2.5.2.1.Raman Spectroscopy for Cervical Cytology and Biopsy 

Previous studies have used RS to elucidate spectral differences corresponding to nucleic 

acid, protein, lipid, and glycogen components between normal, dysplastic, and cancerous 

cervical cytology and biopsy samples. Increased concentrations of nucleic acids, signifying 

rapidly proliferating cells, have been associated with dysplasia progression.25,36,82 Dysplastic 

profiles have also reflected losses in collagen, a structural protein in the extracellular matrix of 

normal cervical epithelium.33,36,82–84 Impaired keratinocyte differentiation and increased cell 

proliferation under dysplastic conditions also led to decreases in glycogen, a carbohydrate that 

accumulates in normal cervical epithelium as cells mature.25,36 
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A 2014 study by Duraipandian et al. compared benign (showing either chronic cervicitis 

or squamous metaplasia; n = 23), LSIL (n = 29), and HSIL (n = 16) spectra measured from 25 

cervical tissue biopsy specimens using a fiber-optic near-infrared Raman spectroscopy system.82 

Higher concentrations of DNA, histones (protein), and triolein (lipid) and lower concentrations 

of collagen and glycogen were reported in dysplastic tissue, revealing a stepwise accumulation in 

the concentration of biochemical components associated with progressive carcinogenesis. 

Specifically, LSIL and HSIL tissues showed increased peak intensities at 1004 (phenylalanine), 

1339 (collagen/nucleic acids), 1578 (nucleic acids), and 1738 cm–1 (lipids) as well as decreased 

intensities at 849 (tyrosine, glycogen), 933 (glycogen, proline, valine), 1085 (phospholipids), 

1255 and 1285 (amide III β-sheet), and 1658 cm–1 (amide I alpha-helix) (unpaired Student’s t-

test, p < 0.05). Duraipandian et al. reported sensitivities of 95.7%, 82.8%, and 81.3% and 

specificities of 100.0%, 92.3%, and 88.5% for diagnosing benign, LSIL, and HSIL cervical 

tissues, respectively.82 

A previous publication by Duraipandian et al. in 2012 investigating in vivo diagnosis of 

cervical dysplasia achieved similar findings.85 A near-infrared Raman system elucidated spectral 

differences between normal (n = 356) and dysplastic (n = 120) Raman spectra (n = 476) acquired 

from 44 patients with a sensitivity of 85.0%, specificity of 81.7%, and overall diagnostic 

accuracy of 82.6%. Dysplastic cervical tissue showed increased peak intensities at 1001 (C-C 

ring breathing of phenylalanine), 1095 (DNA phospholipids backbone), and 1313 cm–1 (CH3CH2 

twisting mode of lipids/proteins) and decreased intensities at 854 (glycogen), 937 (stretching of 

proline, valine, and glycogen), 1253 (amide III), 1445 (CH2 bending mode of proteins and 

lipids), 1654 (amide I band, C=O stretching mode of proteins), and 2946 cm–1 (proteins).85 A 

2011 study by the same authors reported decreased intensity at 1270 cm–1 corresponding to C-N 
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stretching in amide III and collagen in dysplastic cervical tissue compared to normal tissue,86 and 

another study by Kamemoto et al. found increased intensity at the 854 cm–1 peak (ring breathing 

in tyrosine and CCH deformation) in normal compared to cervical SCC tissues.84 

Additional studies have confirmed changes in DNA, protein, and glycogen content. In 

2014, Rashid et al. also reported clear differentiation in DNA, protein, and glycogen content 

between basal layers of negative and LSIL cervical tissues and between basal layers of negative 

and HSIL cervical tissues.87 Raman micro-spectroscopy analysis of cervical biopsies with 

negative, LSIL, and HSIL pathologies demonstrated increased DNA content and lower 

concentrations of glycogen with dysplasia progression. An abnormal region of HSIL tissue 

showed more dividing, DNA-rich cells than a negative tissue with increased peak intensities at 

669 (thymine), 788 and 1088 (O-P-O of DNA), and 1062 cm–1 (C-N stretching). When a region 

of HSIL tissue that appeared normal (“normal HSIL”) was compared against the abnormal 

region, only minor differences related to protein content were found at 1004 (phenylalanine), 

1129 and 1142 (C-N stretching), and 1449 cm–1 (CH deformation), confirming an overall 

similarity in RS profiles between the two HSIL regions. The normal HSIL region also showed 

great differentiation from negative tissue with increased peaks at 1088 (O-P-O of DNA), 1346 

(guanine), 1202 and 1222 (amide III β-sheet), and 1675 cm–1 (amide I), confirming that this 

region was not a true normal tissue based on biochemical composition. Negative tissue contained 

more glycogen compared to HSIL tissue, represented by increased peak intensities at 480, 849, 

and 939 cm–1, which can be explained by the consumption of glycogen during cell growth in 

more proliferative and immature HSIL cells.87 Duraipandian et al. also noted higher peaks at 849 

(glycogen and tyrosine) and 933 cm–1 to (glycogen, proline, and valine) in negative tissue 

compared to dysplastic tissue.82 In addition to increased peaks corresponding to glycogen, 
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Rashid et al. found higher intensities at 524 (S-S stretching), 718 (adenine), and 1348 cm–1 

(tryptophan ring breathing) in negative tissue compared to HSIL tissue.87 

Rashid et al. also compared LSIL with negative tissues, describing higher peak intensities 

at 1056 and 1088 cm–1 corresponding to O-P-O of DNA as well as peaks corresponding to 

proteins, including 831 (tyrosine), 1144 (C-C stretching), and 1222 cm–1 (amide III β-sheet) in 

LSIL.87 The peak at 1222 cm–1 has been noted to differentiate between negative and LSIL tissues 

and between negative and HSIL tissues, implicating the peak as a marker for early-stage disease 

and HPV infection. Negative tissue contributed peaks at 728 (adenine), 783 (cytosine), 1375 

(thymine), 1482 (guanine), 1449 (CH deformation), and 1577 cm–1 (tryptophan ring breathing).87 

As reported by Duraipandian et al.,82,85,86 decreases in collagen are generally associated 

with dysplasia progression.33,36,83 A 2015 review by Rubina and Krishna cited strong peaks at 

853 and 938 cm–1, attributed to structural proteins such as collagen, in normal cervical tissue 

biopsies compared to malignant tissue.36 In 2010, Kamemoto et al. found increased collagen at 

816 and 938 cm–1 in normal compared to cervical SCC tissue.84 In 2011, Vargis et al. reported a 

higher peak at 1250 cm–1 corresponding to collagen type I in normal cervical tissues compared to 

LSIL and HSIL tissues, where HSIL tissue showed the lowest intensity.83 The 1250 cm–1 peak 

was also higher in normal cervical tissue with no history of disease compared to currently 

histologically normal tissue with history of previous disease, which suggests biochemical 

reductions in collagen resulting from prior dysplasia.83 This finding has important implications, 

as previous disease may affect the RS profile of normal tissue. 

Further evidence supporting biochemical changes due to previous disease have been 

reported. Vargis et al. observed additional spectral differences within the 1200–1400 cm–1 region 

between normal cervical tissue (“true normal”) and currently histologically normal tissue with 
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history of dysplasia (“previous disease normal”).83 Compared to spectra of the “previous disease 

normal” tissues, in addition to higher peaks at 1250 cm–1 corresponding to collagen type I, the 

“true normal” spectra showed lower peaks at 1330 cm–1, corresponding to DNA and glycogen. 

Similar differences within the same region (1200–1400 cm–1) were characterized between 

dysplastic tissue (LSIL or HSIL) and normal tissue, where normal tissue showed lower peaks at 

1330 cm–1 (DNA and glycogen), confirming increases in DNA and glycogen with dysplasia 

progression. In addition to biochemical changes resulting from previous disease, it is possible for 

proximal disease sites to generate a biochemical effect. When “true normal” tissues were 

compared to “adjacent normal” tissues obtained from histologically normal sites adjacent to a 

site of disease, the “adjacent normal” spectra appeared more similar to LSIL spectra than to “true 

normal” spectra, implicating biochemical changes associated with nearby disease despite 

negative histologic diagnosis. Furthermore, the authors describe an overall similarity between 

“previous disease normal” and “true normal” spectra, which suggests that the presence of disease 

in the cervix affects areas that appear normal (“adjacent normal”) more adversely than prior 

presence of dysplasia (“previous disease normal”). This finding may represent malignancy-

associated changes, which are biochemical changes observed in histologically normal cells 

adjacent to a tumor, or field effect.83 

In contrast to findings of decreasing collagen with dysplasia progression, other studies 

have reported higher levels of collagen under dysplastic conditions.88,89 In 2011, Tan et al. 

revealed higher C-C stretching of collagen in the 780–850 cm–1 range in CIN 2 tissue compared 

to normal tissue.88 A 2021 study by Wang et al. comparing non-dysplastic cervicitis tissue, 

dysplastic (CIN 1, CIN 2, CIN 3) tissue, and cervical SCC tissue noted decreased collagen at the 

1303 cm–1 peak with dysplasia progression only until CIN 3.89 The 1303 cm–1 peak was higher in 
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non-dysplastic tissue compared to CIN 1 and CIN 2 yet weaker compared to CIN 3 and cervical 

SCC. Likewise, the peak at 1309 cm–1 (CH3/CH2 twisting or bending mode of lipid/collagen) 

was higher in SCC than in CIN 3 tissues; peaks at 859 (tyrosine and collagen), 1246 (amide III 

of collagen), and 1445 cm–1 (CH3 and CH2 bending modes of collagen and phospholipids) were 

higher in CIN 3 compared to CIN 2 tissues; and peaks at 1030 (phenylalanine of collagen) and 

1313 cm–1 (twisting mode of collagen and lipids) were higher in CIN 2 compared to CIN 1 

tissues.89 It should be noted that many of these peaks are associated with both collagen and other 

biological components, such as lipids and other proteins. 

Relative amide contributions by normal and dysplastic tissues also varied across studies, 

possibly due to associations of multiple biological components with a particular peak. Studies 

have reported higher amide I peaks at 1650, 1664, and 1675 cm–1 in dysplastic cervix.87,89 Still, 

the three publications by Duraipandian et al. reported diminished amide I contributions in 

dysplastic tissue at 1625–1645, 1654, 1657, and 1658 cm–1 corresponding to amide I C=O 

stretching.82,85,86 Diminished intensity at 1657 cm–1 has also been described in HSIL tissue 

compared to normal ectocervix in a 2007 study by Robichaux-Viehoever et al., which attributes 

this amide I band to both the epithelial and stromal layers from a bond common to both collagen 

and cellular proteins.90 Movasaghi et al. attribute amide I of collagen, fatty acids, and 

triglycerides to the 1657 cm–1 peak.91 Thus, discrepancies in relative contributions of 

biochemical components, such as amide and collagen, with regards to dysplasia progression 

might reflect the presence of one component but not the other. 

Discrepancies in amide and collagen content might also suggest differences in specific 

features of these components. For instance, amide I and amide III content may differ in structural 

composition (e.g., β-sheet) and vibrational interaction (e.g., C-N stretching). While Kamemoto et 
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al. found higher amide III peaks at 1247 (amide III β-sheet), 1273 (δ(=CH) and amide III), and 

1321 cm–1 (amide III alpha-helix and CH2 deformation in lipids/adenine/cytosine) in normal 

compared to cervical SCC tissues,84 and three publications by Duraipandian et al. reported higher 

peaks at 1240–1260 (amide III C-N stretching, N-H bending), 1255 and 1285 (amide III β-sheet), 

and 1270 cm–1 (amide III C-N stretching) in normal compared to dysplastic tissues,82,85,86 Rashid 

et al. attributed higher amide III β-sheet peak intensities at 1202 and 1222 cm–1 to dysplastic 

tissue.87 Additional studies corroborate findings of higher amide III peaks in dysplastic tissue. A 

2015 review published by Lyng et al. reported stronger amide III assignments in malignant 

conditions, reflecting disordered, helical secondary-protein structure.25 In 2021, Ceja-Fdez et al. 

demonstrated higher amide III peak intensities at 1228 and 1254 cm–1 in CIN 1, CIN 2, and CIN 

3 tissues compared to HPV-infected normal tissue.92 Tan et al. similarly compared CIN 2 tissue 

with normal tissue, finding that CIN 2 tissue exhibited higher protein peaks in the 1180–1280 

cm–1 region and at 1650 cm–1 corresponding to amide III and amide I, respectively, possibly 

related to increased proliferation.88 Wang et al. reported a higher peak at 1246 cm–1 (amide III of 

collagen) in CIN 3 compared to CIN 2, whereas the peak at 1275 cm–1 (amide III) was lower in 

cervical SCC tissue compared to CIN 3 tissue.89 Wang et al. also documented a diminished 

amide I peak at 1664 cm–1 in inflamed normal tissue compared to dysplastic and cancerous 

tissues, while Ceja-Fdez et al. noted a prominent amide I peak at 1665 cm–1 in both HPV-

infected normal and dysplastic tissues.89,92 

Similar to the differences in specific features of amide I and amide III, differences in 

vibrational interactions (e.g., C-C stretching and CH3, CH2 twisting) of collagen may account for 

the discrepancies previously mentioned. Findings of diminished peaks at 853 (collagen),36 938 

(ν(C-C) skeletal of collagen backbone),36,91 and 1339 cm–1 (CH2/CH3 wagging, twisting, and/or 
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bending mode of collagens and lipids and CH2/CH3 wagging and twisting mode in collagen, 

nucleic acid, and tryptophan)82,91 in dysplastic tissues contrast with findings of increasing peaks 

in the 780–850 cm–1 range (C-C stretching of collagen)88 and at 1303 (CH3, CH2 twisting of 

collagen),89,91 1309 (CH3/CH2 twisting or bending mode of lipid/collagen), 1313 (twisting mode 

of collagen and lipids), and 1445 cm–1 (CH3 and CH2 bending modes of collagen and 

phospholipids)89 with dysplasia progression. 

Discrepancies might also be attributed to differential biochemical composition across the 

stratified squamous epithelium. Cervical biopsies typically collect tissue sections containing the 

stromal, basal/parabasal, intermediate, and superficial layers. RS has discriminated between 

normal stromal, basal/parabasal, and superficial layers of the cervix according to spectral 

features of collagen, DNA, and glycogen.25,87 Rashid et al. demonstrated distinctive collagen 

bands at 853, 921, 938, and 1245 cm–1 in the stromal layer of the cervix as well as distinctive 

bands corresponding to DNA bases at 722 (adenine), 755 (thymine), and 782 cm–1 (cytosine) in 

the basal and parabasal layers.87 The superficial layer was characterized by Raman signatures at 

480, 849, and 938 cm–1 corresponding to glycogen, and these peaks were also exhibited in the 

basal and parabasal layers, reflecting accumulation of glycogen with cell maturity.87 The study 

by Tan et al. compared the basement membrane to the intermediate epithelial layer of normal 

tissue, finding higher collagen content in the basement membrane, which supports collagen as a 

structural protein in extracellular matrix.88 It is also suggested that spectral profiles of dysplastic 

tissues may overlap with profiles of the basal layer of normal cervix, which presents indistinctive 

biochemical interpretations, such as those associated with amide I and amide III.92 

While most studies on cervical tissue biopsies have investigated spectral profiles in the 

context of carcinogenesis, RS data on dysplastic changes in relation to HPV infection are limited. 
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A 2021 study by Ceja-Fdez et al. used surface-enhanced Raman spectroscopy (SERS) with local 

field enhancement by gold nanoparticles to distinguish HPV-infected normal tissue from 

dysplastic cervical tissue.92 Differences in DNA, glycogen, collagen, and amide III were 

reported. Compared to HPV-infected normal tissue, dysplastic tissue showed higher peaks 

corresponding to DNA at 970 (phosphate monoester groups of phosphorylated proteins and 

cellular nucleic acids), 1084 (phosphodiester groups in nucleic acids), 1181 (cytosine, guanine, 

and adenine), and 1373 cm–1 (thymine),91,92 which is consistent with previous findings. Peaks at 

774 and 1345 cm–1 associated with DNA were found to be prominent in both normal and 

dysplastic tissues.92 Regarding glycogen content, the peak at 849 cm–1 (glycogen skeletal 

deformation) was present in normal tissue and absent in dysplastic tissue,92 which echoes 

previous findings of this peak, owing to glycogen consumption in more proliferative and 

immature HSIL cells.82,87 However, Ceja-Fdez et al. also relayed a prominent 919 cm–1 peak 

associated with glycogen in both normal and dysplastic tissues.92 In line with previous findings 

of decreasing collagen with dysplasia progression, peaks at 1277 (amide III and collagen) and 

1401 cm–1 (collagen) were present in HPV-infected normal tissue and absent in dysplastic tissue. 

Dysplastic tissue demonstrated a prominent amide III peak at 1252 cm–1 as well as higher amide 

III peaks at 1228 and 1254 cm–1 and a higher amide II peak at 1558 cm–1 compared to normal 

tissue. Meanwhile, peaks at 1665 (amide I) and 1554 cm–1 (amide II) were prominent in both 

normal and dysplastic tissues.92 While this study provides thorough Raman characterization of 

HPV-infected normal and dysplastic tissues, it does not elucidate unique peaks contributed by 

HPV infection. Future studies should compare spectra of HPV-infected and HPV-uninfected 

normal tissues. 
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Studies have also characterized dysplasia and HPV infection in cervical cytology 

samples. Differences in DNA, protein, and glycogen content described for negative and 

dysplastic cytology samples were similar to those described for cervical tissues. Overall, higher 

levels of DNA were associated with dysplasia progression. In a 2018 study by Duraipandian et 

al. comparing negative and HSIL intermediate and superficial epithelial cells, the peak at 957 

cm–1 (C-C and C-N stretch and PO32– of DNA) showed increased intensity in HSIL compared to 

negative cytology samples for both intermediate and superficial epithelial cells, while a peak at 

1092 cm–1 (symmetric PO2– stretching vibration of DNA) showed increased intensity in negative 

compared to HSIL cytology samples for both intermediate and superficial cells.93 Still, several 

peaks associated with both nucleic acids and proteins (828, 1176, and 1578 cm–1) exhibited 

higher intensities for HSIL compared to negative cytology.93 

Protein content also varied between normal and dysplastic cytology. Two peaks with 

protein assignments were prominent across several studies. One peak at 1450 cm–1 

corresponding to CH2 deformation and CH2 bending mode in proteins and lipids was reported to 

be higher in negative cytology samples compared to dysplastic cytology samples.34,93,94 Another 

study by Ostrowska et al. investigating cervical cell lines, which varied in HPV copy number per 

cell, generated similar findings of a diminished 1450 cm–1 peak in a high-HPV copy number cell 

line compared to cell lines with low or no HPV.35 The peak at 1660 cm–1 corresponding to amide 

I showed conflicting results. While Vargis et al. demonstrated higher intensity in HPV-negative 

compared to HPV-positive cytology samples,34 Ostrowska et al. revealed increased intensity in a 

high-HPV copy number cell line compared to cell lines with low or no HPV,35 and Rubina et al. 

found increased intensity in abnormal compared to normal cytology.94 Compared to normal 

cytology, dysplastic cells exhibited lower amide I peaks at 1664 (amide I alpha-helix)184 and 
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1669 cm–1 (C=O stretching, C-N stretching, and N-H bending of amide I).93 Other peaks with 

protein assignments varied between negative and dysplastic cytology. Duraipandian et al. 

reported a higher peak corresponding to both nucleic acids and proteins at 1338 cm–1 (CH2/CH3 

wagging and twisting mode in collagen, nucleic acid, and tryptophan) in negative compared to 

HSIL epithelial cells of the superficial layer.93 Although this finding contradicts reported 

increases in DNA with dysplasia progression, it supports diminished collagen levels. The authors 

also found higher protein peaks at 621 (C-C twisting mode of phenylalanine), 855 (ring 

breathing in tyrosine and proline), and 936 cm–1 (C-C stretching mode of proline and valine) and 

a lower peak at 728 cm–1 (C-C twisting mode of tyrosine and phenylalanine) for HSIL compared 

to negative cytology. For both intermediate and superficial epithelial cells, an increased glycogen 

peak at 482 cm–1 was distinguished for HSIL compared to negative cytology, which contradicts 

previous findings of decreased glycogen with impaired keratinocyte differentiation and increased 

cell proliferation under dysplastic conditions.93 

 

2.5.2.2.Raman Spectroscopy for Cervical Cell Lines 

In addition to numerous in vivo and ex vivo Raman applications identifying cervical 

carcinoma in patient samples, studies have investigated detection of HPV infection using RS in 

cervical carcinoma cell lines, including HeLa and SiHa. HeLa, which contains HPV 18, is the 

most widely used human cancer cell line and has been used in various areas of biomedical 

research.30 SiHa contains HPV 16, the most carcinogenic HPV type in the anal canal.31 Raman 

techniques have discriminated between cell lines by elucidating cellular differences in protein 

(including in the amide I and amide III regions), nucleic acid, and lipid components.25,34,35 
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Minor variations in the amide III region as well as distinct differences at the amide I and 

δ CH2 regions between HPV-positive (HeLa and SiHa) and HPV-negative (C33A) malignant 

cervical cell lines support altered oncoprotein expression due to HPV infection.35,36 Rubina and 

Krishna describe increased peak intensities at 1270.5 cm–1 (amide III) and decreased peak 

intensities at 1665 cm–1 (amide I) for HeLa and SiHa cells compared to C33A cells.36 Their 

finding of a higher intensity at this peak in HPV-positive cells contrasts with the 2011 study by 

Duraipandian et al. examining normal and dysplastic cervical tissues, which documented 

decreased intensity at the 1270 cm–1 peak corresponding to amide III C-N stretching/amide III 

collagen in dysplastic samples.86 

Protein content has also been investigated in relation to nucleic acid content. A study by 

Yazdi et al. distinguished between normal cervical epithelial cells and malignant cell lines (HeLa 

and SiHa), finding higher ratios of DNA to proteins in malignant cell lines compared to normal 

cervical cells.33,95 Increased DNA-to-protein ratios at 1480 to 1540 cm–1 (the highest nucleotide 

peak to amide) and 1480 to 1614 cm–1 (the highest nucleotide peak to the highest protein peak, 

tyrosine) in HeLa and SiHa cell lines may signify rapid cell proliferation associated with 

dysplasia progression.33,95 

Studies have also documented RS profile variations in cell lines according to HPV copy 

number.34,35 In 2010, Ostrowska et al. compared HPV 16-positive SiHa (containing 1–2 HPV 

copies per cell), HPV 18-positive HeLa (containing 20–50 HPV copies), HPV 16-positive CaSki 

(containing 60–600 HPV copies), and C33A (malignant and non-HPV) cells.35 In contrast to 

findings of higher amide I in HPV-negative C33A cells,36 Ostrowska et al. reported a significant 

amide I increase at 1660 cm–1 in CaSki cells.35 Amide III content at 1254 cm–1 was higher in 

medium- and high-HPV copy number cells (HeLa and CaSki) and lower in non- and low-HPV 
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copy number cells (C33A and SiHa). Variations between medium- and high-HPV copy number 

cells and non- and low-HPV copy number cells were also shown at 854 (tyrosine and proline), 

935 (proline and valine), 1003 and 1583 (phenylalanine), and 1618 cm–1 (phenylalanine, 

tyrosine, and tryptophan), confirming differences related to protein constituent amino acids 

previously identified between HPV-positive PHK E7 (primary human keratinocyte cell line 

expressing the E7 gene of HPV 16) and HPV-negative PHK (primary human keratinocyte) 

cells.35,96 

A 2012 study by Vargis et al. investigated variations among HeLa (10–50 HPV copies), 

SiHa (1–2 HPV copies), C33A (malignant and non-HPV), and normal human epidermal 

keratinocytes (NHEK; non-malignant and non-HPV).34 HeLa cells showed peaks at 990 and 

1080–1160 cm–1, corresponding to C-C stretching in lipids and proteins, as well as peaks at 1400 

and 1670 cm–1, corresponding to DNA content and CH2 deformation, respectively. The authors 

describe a positive linear relationship in the ratio of amide III to amino acids (1260 to 1340 cm–1) 

with HPV infection, with higher ratios for HeLa and SiHa cells reflecting increased amount of 

protein with increased malignancy and HPV infection.34 

PCA scatterplot results from Ostrowska et al. suggest HPV concentration dependence as 

well.35 Non- and low-HPV copy number cells (C33A and SiHa) were grouped together, while 

medium- and high-HPV copy number cells (HeLa and CaSki) were separated from each other 

and from the C33A and SiHa group. Despite HPV concentration-dependent separation, the PCA 

scatterplot did not display cell line grouping according to increasing or decreasing number of 

HPV copies. Rather, CaSki falls between HeLa and SiHa, which may indicate HPV subtype 

influence, as CaSki and SiHa both contain HPV 16. Overall, non- and low-HPV copy number 

cells (C33A and SiHa) were found to be biochemically similar, though minor differences in 
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peaks at 1072 and 1242 cm–1 assigned to nucleic acid vibrations suggest alterations in cellular 

and viral DNA, possibly due to the integration of 1–2 copies of HPV DNA in SiHa cells. In 

contrast to the findings of Vargis et al. attributing higher lipid peaks at 990 and 1080–1160 cm–1 

in HeLa cells compared to C33A and SiHa,34 Ostrowska et al. report lower lipid levels in CaSki 

at 1093, 1311, and 1450 cm–1 when compared to C33A, SiHa, and HeLa.35 Studies on cervical 

cytology samples similarly report diminished intensity at the 1450 cm–1 peak for dysplasia34,93,94 

compared to negative cytology. However, Ostrowska et al. found that CaSki cells exhibited a 

higher peak at 1740 cm–1 corresponding to lipid esters, which are implicated in active cell 

growth.35 Accordingly, CaSki cells are derived from a metastatic tumor.35 
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4. CHAPTER 3. MATERIALS AND METHODS 

3.1.Participants and Specimens 

Participants being evaluated for anal cancer screening at the Hawai‘i Center for AIDS 

clinic were recruited following guidelines of the University of Hawai‘i Institutional Review 

Board after providing informed consent (see Appendix). Inclusion criteria were men, women, 

and/or transgender individuals with self-identified HIV seropositive status aged 21 years or older 

and scheduled for routine anal dysplasia/cancer screening. Exclusion criteria were currently 

receiving treatment for any type of malignancy or having any condition preventing full 

participation in the study. Demographic information including race, ethnicity, gender, and age 

was recorded. 

During the study visit, anal cytology was performed, followed by HRA and biopsy to 

obtain at least two tissue samples from the same location within the anal canal: one specimen for 

RESpect analysis and one specimen for pathology assessment. The specimen for RESpect 

analysis was flash frozen in liquid nitrogen, cut into two on a sanitized cold block for analysis by 

either the micro-Raman or RESpect probe instruments, and suspended in chilled 0.9% saline 

solution for transport to the micro-Raman spectroscopy facility. All participants were followed 

up clinically after pathology reports were available. Agreement between anal cytology and 

biopsy results was evaluated using Cohen’s kappa coefficient. For calculating agreement, 

ASCUS cytology was grouped with LSIL cytology based on similar diagnoses of mild 

abnormality in cells, and one unsatisfactory cytology was excluded from the negative biopsy 

group. 

Cells were also assessed by RS to generate a profile characteristic of squamous 

carcinoma cells. HeLa and SiHa cervical carcinoma cell lines were compared with HPV-
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negative, non-cancer peripheral blood mononuclear cells (PBMCs) obtained from a healthy 

donor. Frozen cells were briefly thawed by partial submersion in a 37˚C water bath. After 

thawing, each cell type was added to a 15 mL conical tube of 0.9% NaCl saline solution and 

pelleted by spinning at 2000 rpm for 5 min at 4˚C. Cells were resuspended in 1.5 mL of saline 

solution before transfer to a microcentrifuge tube, which was centrifuged at 500 x g for 5 min. 

Cells were again resuspended in 200 µl of saline solution before mounting onto reflective 

aluminum slides and drying for RS analysis. 

 

3.2.Risks and Protection Against Risks 

During HRA and biopsy, bleeding may be expected for one to two days. Participants 

were advised on anal rest for 24 hours. HRA was performed by a physician with specialized 

training in HRA. All information related to the project was kept on a secure server accessible by 

the principal investigators and members of the research team. All identifiers were removed, and 

participants and specimens were assigned numbers generated specifically for the study. 

 

3.3.RS Data Acquisition 

Cells (10 µl) and tissues (approximately 0.5 mm thickness) were mounted onto reflective 

aluminum slides for analysis by a micro-Raman RXN system from Kaiser Optical Systems, Inc., 

a RS microscope instrument that utilizes a Leica DMLP microscope, a 785 nm excitation laser, 

and automated xyz microscope stage. The micro-Raman system was controlled using 

HoloGRAMS version 4.1 (Kaiser Optical Systems, Inc.). For each cell and tissue sample, spectra 

were acquired by scanning at least 10 points at 50x magnification for an integration time of 20 s 
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averaged over 10 accumulations per point. Laser power was set to 63 mW on the specimens. 

Micro-Raman instrument function was verified through the measurement of cyclohexane. 

Spectra were also acquired using a portable RESpect fiber-optic probe (EmVision LLC), 

which utilizes a unique two-component lens overlapping the laser excitation and collection 

cones.19,97 The RESpect probe was interfaced with a modified RS portable system equipped with 

a 785 nm laser (Wasatch Photonics) and spectrograph with charge-coupled device (Ondax, 

Inc.).85,97 The probe was controlled using a custom LabVIEW program (National Instruments) 

and analyzed using ENLIGHTEN version 1.1.12 (Wasatch Photonics).19,98 Cells and tissues were 

similarly mounted onto reflective aluminum slides, and five spectra were obtained for each 

sample at 10 mW laser power with an integration time of 4500 ms. Probe function was verified 

through the measurement of acetaminophen at a concentration of 200 mg/mL. 

 

3.4.Data Preprocessing and Analysis 

Spectroscopy (SPC) files were converted from the probe instrument to Excel files using 

MATLAB version 9.0 (MathWorks). Data preprocessing was performed on each spectrum in the 

region of 700 to 1800 cm–1 following in-house protocols.19 Binomial smoothing at 20 points was 

performed using GRAMS/AI Spectroscopy Software version 8.0 (Thermo Fisher Scientific), and 

adaptive polynomial baseline correction was conducted on Spectragryph version 1.2.12 

(Spectroscopy Ninja).99 Spectra acquired from the micro-Raman instrument and RESpect probe 

were separately averaged to produce representative micro-Raman and RESpect probe profiles of 

each cell or tissue sample, and averaged spectra were normalized to a peak at 1003 cm–1 using 

Spectragryph. 
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To compare RS profiles across different pathologies (Aim 1), a two-sample t-test was 

performed for individual pairs of pathology groups at each wavenumber to identify spectral 

regions with distinctive differences in intensity. Tissue spectra were visually inspected for 

identification of distinctive peaks overlapping these regions that showed significance at the level 

of p < 0.2 between pathology grades. This significance threshold was determined because of 

small sample size and was based on the output of all p-values. Spectra of cervical carcinoma cell 

lines and PBMCs were visually inspected for identification of distinctive peak differences (Aim 

2a). To determine the feasibility of using HeLa and SiHa cells as HPV-positive controls of 

squamous epithelial carcinoma, peaks distinguished in carcinoma cells were compared to the 

peaks corresponding to pathology grade (Aim 2b). 

 

3.5.Biological Interpretation of RS Profiles 

The unique biological fingerprint of cell and tissue spectra were interpreted based on 

reports from the published literature, primarily from an article by Movasaghi et al. that compiled 

detailed biochemical associations of spectral peaks present in biological tissues from RS 

studies.91 Movasaghi et al. described biological components such as nucleic acids, proteins 

(including collagen), lipids, and carbohydrates (including glycogen) along with vibrational 

molecular interactions such as stretching, bending, and twisting. Peaks sharing similar 

biochemical associations within	± 3 cm–1 of a particular peak were considered for comparisons 

within this study and with the published literature. 
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CHAPTER 4. RESULTS 

4.1.Characteristics of Participants and Specimens 

Forty-three participants meeting inclusion and exclusion criteria were enrolled to date. 

Anal biopsy results associated with demographic characteristics of participants, including age, 

gender, race, and ethnicity, are provided in Table 1. No significant associations were found 

between demographic characteristics and biopsy results (Table 1). 

 

Table 1. Demographic characteristics and negative, LSIL, and HSIL anal biopsy results of 

participants. 

Demographic 
characteristic 

Totala 
n = 43 

HSILa 
n = 5 

LSILa 
n = 12 

Negativea 
n = 26 P-valueb 

Age, years 52.3 (12.3) 55.0 (14.1) 52.7 (11.8) 51.5 (12.6) 0.836 
Gender         > 0.999 

Female 1 (2.3%) 0 (0.0%) 0 (0.0%) 1 (3.8%)   
Male 42 (97.7%) 5 (100.0%) 12 (100.0%) 25 (96.2%)   

Race         0.311 
Asian 7 (16.3%) 1 (20.0%) 3 (25.0%) 3 (11.5%)   
Black 2 (4.7%) 1 (20.0%) 1 (8.3%) 0 (0.0%)   
NHPIc 4 (9.3%) 0 (0.0%) 0 (0.0%) 4 (15.4%)   
White 25 (58.1%) 2 (40.0%) 7 (58.3%) 16 (61.5%)   
More than one 5 (11.6%) 1 (20.0%) 1 (8.3%) 3 (11.5%)  

Ethnicity         0.399 
Hispanic 7 (16.3%) 0 (0.0%) 1 (8.3%) 6 (23.1%)   
Non-Hispanic 36 (83.7%) 5 (100.0%) 11 (91.7%) 20 (76.9%)   

a Mean (SD); n (%) 

b Kruskal-Wallis rank-sum test; Fisher's exact test 

c NHPI: Native Hawaiian/Pacific Islander 
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A summary of anal cytology and biopsy results is provided in Table 2. Most participants 

(60%) had a negative biopsy result, while 40% had a positive biopsy result (Table 2). The overall 

percentage of agreement between cytology and biopsy results for negative and positive groups 

was 71%. For negative cytology and biopsy, the percentage of agreement was 68%, and for 

positive cytology and biopsy, the percentage of agreement was 76%. Agreement between 

cytology and biopsy results for negative and positive groups was moderate, with kappa (κ) = 

0.429 (95% CI: 0.160–0.697). For negative, LSIL, and HSIL groups, the overall percentage of 

agreement between cytology and biopsy results was also 71%, and the percentages of agreement 

for negative, LSIL, and HSIL cytology and biopsy were 68%, 83%, and 60%, respectively. 

Agreement was also moderate for negative, LSIL, and HSIL groups, with weighted κ = 0.484 

(95% CI: 0.266–0.741). 

 

Table 2. Cytology and biopsy results of anal tissue specimens. 

Cytology resulta 
Biopsy resulta 

Total 
Negative LSIL HSIL 

Negative  17 2 2 21 
LSIL 7 10 0 17 
HSIL 1 0 3 4 
Total 25 12 5 42 

a LSIL: low-grade squamous intraepithelial lesion; HSIL: high-grade squamous intraepithelial 

lesion; one specimen with unsatisfactory cytology and negative biopsy was excluded from 

Cohen’s kappa coefficient test for agreement. 
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4.2.RS Characterization of Anal Dysplasia in Anal Tissues 

Visual comparisons of averaged HSIL, LSIL, and negative anal tissue spectra acquired by 

micro-Raman and RESpect probe systems revealed peak differences with biological 

interpretations91 potentially associated with pathology grade. 

 

4.2.1. RS Comparison Between Anal Tissues with Negative and Positive Biopsy 

 A spectrum representing anal tissues with negative biopsy results was compared to an 

averaged positive biopsy result spectrum representing tissues with LSIL and HSIL biopsies. 

Micro-Raman and RESpect probe comparisons revealed common peaks at 755–758, 780–784, 

852, 875, 1003, 1339, 1554, and 1606 cm–1 (Figures 3 and 4). Peak differences were 

demonstrated at 805–810, 954–958, 1173–1176, 1554, and 1564–1567 cm–1 in both the micro-

Raman and RESpect probe spectra. 

 

 

Figure 3. Micro-Raman spectra of averaged negative and positive (LSIL and HSIL) anal tissue 

biopsies from individuals infected with HIV. 
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Figure 4. RESpect probe spectra of averaged negative and positive (LSIL and HSIL) anal tissue 

biopsies from individuals infected with HIV. 

 

4.2.2. RS Comparison Across Anal Pathologies 

Visual inspection of averaged tissue spectra acquired by micro-Raman and RESpect 

probe systems revealed general similarities and differences across pathologies and between RS 

systems. Similar peaks observed in both the micro-Raman and RESpect probe tissue spectra 

were found at approximately 755–758, 780–784, 852, 875, 1003, 1339, 1554, and 1606 cm–1. 

Both the micro-Raman and RESpect probe systems demonstrated differentiation among the three 

pathologies, though the micro-Raman instrument appeared to generate greater relative 

differentiation in peak intensities among the three pathologies compared to the RESpect probe 

(Figures 5 and 6). For both RS systems, the averaged LSIL spectrum appeared generally closer 

to the negative spectrum than to the HSIL spectrum. For micro-Raman spectra, the averaged 

HSIL spectrum appeared smoother with fewer differentiated peaks compared to the averaged 

negative and LSIL spectra, possibly due to detection of diminished proteins in the HSIL 
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specimens (Figure 5). However, both RS systems revealed spectral differences across 

pathologies. 

Peak differences between pairs of tissue pathologies with statistical significance in 

intensity at p < 0.2 for both the micro-Raman and RESpect probe systems are listed in Table 3. 

Several peak differences visually identified in spectra acquired by both RS systems overlapped 

with those demonstrating significance at p < 0.2, including 954–958, 1173–1176, and 1554 cm–1. 

At 954–958 cm–1 corresponding to carotenoids and cholesterol, negative tissue demonstrated a 

stronger shoulder compared to HSIL and LSIL tissues. The peaks at 1173–1176 (nucleic acids 

and proteins including collagen) and 1554 cm–1 (amide II) revealed a weaker peak for HSIL 

compared to negative and LSIL tissues. 

Other notable spectral regions identified with significance at p < 0.2 were found to 

distinguish between tissue pathologies for either the micro-Raman system or the RESpect probe 

system, but not both. For the micro-Raman spectra, peaks at 758 (tryptophan), 816 (collagen), 

900 (likely carbohydrates), 937–938 (glycogen and proteins including collagen), 1032 

(collagen), 1777, and 1789 cm–1 were lower or weaker for HSIL compared to both negative and 

LSIL tissues. At 1045 (likely collagen and glycogen) and 1142 cm–1, HSIL tissue exhibited a 

deeper valley compared to LSIL and negative tissues. LSIL and negative tissues appeared 

generally similar, with the only micro-Raman spectral regions distinguishing between the two 

pathology grades found at 1550 and 1559 cm–1. These wavenumbers represent slopes 

contributing to a central peak at 1555 cm–1 found in all tissues, where the peak is broader in 

negative tissue and narrower or sharper in LSIL tissue. RESpect probe spectra demonstrated 

peaks with significance at p < 0.2 at 1220, 1280, 1290, 1306, and 1646 cm–1. The peak at 1220 

cm–1 (amide III β-sheet) was sharper in HSIL, and while negative and LSIL tissues showed a 
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significant difference in intensity, they appear similar in peak shape. The 1280 cm–1 peak 

corresponding to amide III, collagen, and nucleic acids was prominent in negative and LSIL 

tissue but weaker in HSIL. The nucleic acid peak at 1290 cm–1 corresponding to cytosine was 

sharp and prominent for HSIL and weaker for negative and LSIL tissues, whereas the 1306 cm–1 

peak (most closely associated with collagen and lipids91) was strongest for negative tissue and 

absent for HSIL. At 1646 cm–1 corresponding to amide I, HSIL showed the sharpest peak, while 

negative tissue appeared as a flat shoulder. 

 

 

Figure 5. Micro-Raman spectra of averaged HSIL, LSIL, and negative anal tissue biopsies from 

individuals infected with HIV. 
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Figure 6. RESpect probe spectra of averaged HSIL, LSIL, and negative anal tissue biopsies from 

individuals infected with HIV. 

 

Table 3. Biological associations of spectral regions distinguished between tissue pathologies in 

anal biopsies from individuals infected with HIV.91 

Spectral region 
(cm–1) Biological component 

P-valuea 
Micro-Raman RESpect probe 

954–958 Hydroxyapatite, carotenoids 
Cholesterol 

0.19 
- 
- 

0.007 
0.15 

- 

1173–1176 

Cytosine, guanine 
Tyrosine (collagen type I) 
C-H bend of phenylalanine and 
tyrosine 

0.074 
- 
- 

0.15 
- 
- 

1554 Amide II 
0.030 
0.16 

- 

- 
- 

0.17 
a P-value is given for t-test in the following order: HSIL vs. negative, HSIL vs. LSIL, LSIL vs. 

negative. 
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4.3. RS Characterization of Cervical Carcinoma Cell Lines 

Visual pairwise spectral comparisons of HeLa and SiHa cells and non-cancer PBMCs 

acquired by micro-Raman and RESpect probe systems revealed similarities and differences in 

peaks. 

 

4.3.1. RS Comparison of Cervical Carcinoma Cell Lines and Non-Cancer Cells 

HeLa and SiHa cells were averaged to create a profile demonstrating peaks characteristic 

of squamous carcinoma cells and compared to non-cancer PBMCs. Similar peaks observed in all 

cell types for both the micro-Raman and probe tissue spectra were found at approximately 1003, 

1112, 1443, 1463, and 1580 cm–1. The micro-Raman spectra generally showed a higher intensity 

and greater vertical differentiation in intensity, especially in the 1200–1375 cm–1 region, 

compared to the RESpect probe spectra (Figures 7 and 8). Visual comparison between the 

cervical carcinoma cell spectrum and PBMC spectrum acquired by micro-Raman and RESpect 

probe systems demonstrated general peak differences at 1030–1031, 1412, 1487–1490, 1554, 

1586, 1622–1624, and 1783 cm–1. 
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Figure 7. Micro-Raman spectra of cancer cell lines (HeLa and SiHa) and non-cancer cells 

(PBMCs). 

 

 

Figure 8. RESpect probe spectra of cervical carcinoma cell lines (HeLa and SiHa) and non-

cancer cells (PBMCs). 
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4.3.2. RS Comparison of HeLa and SiHa Cells 

Spectra of HeLa and SiHa cells were compared to each other to characterize similarities 

and differences between the two squamous carcinoma cell lines. Visual inspection of the micro-

Raman and RESpect probe spectra revealed spectral differentiation between cell types and 

between RS systems. For both the micro-Raman and RESpect probe systems, HeLa generally 

showed a lower intensity than SiHa (Figures 9 and 10). Common peaks shared between HeLa 

and SiHa were found at 1003 (phenylalanine), 1110–1114 (saccharide), 1237 (amide III), 1443 

(CH2 deformation of lipids and proteins), 1463 (Fermi interaction of δ-CH2 and γ-CH2), 1554 

(amide II), 1580 (C-C stretching of nucleic acids and proteins), and 1740–1744 cm–1 (lipids) in 

both the micro-Raman and RESpect probe spectra. 

Peak differences between HeLa and SiHa were demonstrated at 1412, 1487–1490, 1554, 

1586, 1622–1624, and 1783 cm–1 for both the micro-Raman and RESpect probe. There was a 

peak for SiHa but not for HeLa at 1586 cm–1 corresponding to phenylalanine and 

hydroxyproline. In the micro-Raman spectra, SiHa displayed a small yet prominent peak at 1783 

cm–1, while in the RESpect probe spectra, SiHa showed a shoulder at this wavenumber extending 

from a larger peak at 1774 cm–1. SiHa also demonstrated stronger or sharper peaks at 1412, 

1487–1490 (DNA), and 1622–1624 cm–1 (tryptophan). Additionally, there was a valley noted for 

HeLa at 1412 cm–1. For both RS systems, one notable peak at 1554 cm–1 associated with amide 

II was found to be higher for SiHa compared to HeLa and was also found to be higher in the 

negative and LSIL tissues compared to HSIL. 

Additional notable peak differences were identified in either the micro-Raman or 

RESpect probe spectra but not both. The micro-Raman spectra revealed prominent peaks at 938 

(proline, hydroxyproline, and ν(C-C) skeletal of collagen backbone) and 1579 cm–1 (pyrimidine 
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ring of nucleic acids and heme protein) in SiHa but not in HeLa. SiHa also showed a shoulder at 

1130 cm–1 assigned to phospholipids and was sharper at 1615 cm–1 assigned to C=C stretching 

mode of tyrosine and tryptophan. HeLa was present at 827 (proline, hydroxyproline, tyrosine, 

and ν2 PO2– stretch of nucleic acids), 955 (carotenoids), and 1448 cm–1 (collagen). In the 

RESpect probe spectra, peaks at 781 (nucleic acids) and 1100 cm–1 (C-C vibration mode of 

gauche-bonded chain) were present for SiHa but not for HeLa. Meanwhile, HeLa exhibited 

sharper peaks at 1578 (guanine and adenine) and 1607 cm–1 (tyrosine and phenylalanine) 

compared to SiHa. 

 

 

Figure 9. Micro-Raman spectra of HeLa and SiHa cells. 
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Figure 10. RESpect probe spectra of HeLa and SiHa cells. 
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CHAPTER 5. DISCUSSION 

The results of this study support the hypothesis that cervical carcinoma cell lines 

containing HPV and dysplastic anal tissue demonstrate characteristic RS profiles, validating the 

clinical applicability of a RESpect fiber-optic probe in anal cancer screening in PLHIV. In this 

chapter, the study’s pertinent findings are compared to previous studies that contributed to the 

study design and objectives. This chapter also presents alternative explanations for some of the 

findings as well as their clinical relevance. Limitations of the study and recommendations for 

future translation of RESpect probe screening are described. 

 

5.1.Anal Cytology and Biopsy 

In our study, 40% of participants had an abnormal biopsy result, and overall agreement 

between cytology and HRA-guided biopsy was moderate with 71% agreement and κ = 0.484, 

which underlines the need for improved approaches to differentiate cytologic abnormalities. 

Other studies have reported similar or lower agreement between anal cytology and biopsy. In 

2018, Agsalda-Garcia et al. reported moderate agreement between anal cytology and HRA-

guided biopsy for 75 HIV-positive participants with κ = 0.557 (95% CI: 0.117–0.998).32 

Mathews et al. reported 74.6% overall agreement between anal cytology and HRA-guided biopsy 

and fair kappa-agreement with κ = 0.36 for 154 patients undergoing anal dysplasia screening as 

part of routine care for HIV infection.100 In 2009, Nahas et al. demonstrated low agreement 

between cytology and HRA-guided biopsy for 311 cytology and biopsy samples collected from 

222 patients with HIV, with κ = 0.20 (95% CI: 0.10–0.29).101 A 2018 study by Silva et al. also 

found low agreement between anal cytology and biopsy results for 141 patients, 87% of whom 

were infected with HIV, with an overall agreement of 46% and κ = 0.20 (p = 0.079).102 
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Phanuphak et al. reported 62.4% agreement between anal cytology and HRA-guided biopsy 

among 173 MSM with κ = 0.49 (p < 0.001).103 Compared to HIV-uninfected MSM, HIV-

infected MSM showed 3.6-fold increased odds of having discordant cytology and biopsy results 

(95% CI: 1.6–7.8; p = 0001).103 

The current standard of screening is an initial anal cytology followed by a more invasive 

HRA and biopsy if abnormal cytology is reported. Although percentage of agreement between 

cytology and biopsy results was relatively high for LSIL (83%), percentage of agreement was 

lower for HSIL cytology and biopsy (60%) and for negative cytology and biopsy (68%), 

suggesting that a considerable proportion of individuals with negative biopsy and abnormal 

cytology results would have unnecessarily returned for HRA and biopsy according to the 

standard screening paradigm. Additionally, of all tissues with HSIL biopsy results, 40% had 

negative cytology and would not have typically undergone HRA and biopsy. 

While biopsy is considered the gold standard for anal dysplasia diagnosis,2,80 and we have 

classified tissue pathologies according to biopsy result, studies have noted the imperfect nature 

of HRA-guided biopsy as the reference standard.18 Histopathological grading of cervical biopsies 

has been noted to depend on subjective interpretation of characteristics including cellular 

anaplasia, differentiation, and mitotic activity, where dysplasia may not be visually perceptible at 

all.25 Studies have reported differences between tissues collected from the same patient that 

appear normal and abnormal. In a study by Rashid et al., an HSIL basal layer region of the 

cervical epithelium that appeared normal demonstrated spectral differentiation from a true 

normal tissue histologically diagnosed as negative.87 

Furthermore, while biopsy only allows for assessment of a very small section of tissue, 

cytology allows for assessment of cells collected from broader swabbed regions of the anal 
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canal. It is possible that cytology collected dysplastic cells while biopsy collected only normal 

tissue, or that cytology collected only normal cells while biopsy collected dysplastic tissue, thus 

resulting in a misrepresentative cytology or biopsy report. Discordant cytology and biopsy 

reports might also reflect malignancy-associated changes characteristic of the field effect, in 

which broader regions of normal tissue demonstrate biochemical alterations despite normal 

visual appearance due to proximal sites of disease. Studies have reported changes in spectral 

profiles due to previous or proximal disease.83 Vargis et al. found closer spectral similarity 

between an “adjacent normal” cervical tissue obtained from histologically normal sites adjacent 

to sites with disease and LSIL tissue than between the “adjacent normal” tissue and “true 

normal” tissue. When tissue with history of previous disease was compared to true normal tissue, 

several differences were noted; however, greater differentiation between “adjacent normal” and 

“true normal tissue” suggests a stronger adverse effect of proximal disease than previous 

disease.83 Elucidating peak differences between tissues with discordant cytology and biopsy 

results would provide insight toward accurate SIL diagnosis by RS systems. 

 

5.2.RS Characterization of Anal Tissues 

Overall, the anal tissue biopsies obtained from PLHIV demonstrated peak differences 

primarily associated with proteins. Peak differences were also attributed to nucleic acids, lipids, 

and glycogen. Peaks demonstrating significance at p < 0.2 generally reflected diminished 

proteins including collagen and tyrosine with dysplasia progression. 

The tissues investigated our study exhibited similar peaks reported for anal tissue 

biopsies obtained from HIV-positive individuals and for U937 cells inoculated with HIV-1 

strains of IIIB, JR-CSF, and P89.6 from a study by Oda et al.11 Peaks reported for HIV-positive 
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individuals were found in all micro-Raman tissue spectra at approximately 830 (proline), 1032 

(tyrosine), and 1066 cm–1 (proline and tyrosine). Micro-Raman spectra also demonstrated a peak 

at 1454 cm–1 (collagen CH3 bending and CH2 scissoring) reported for HIV-1 inoculated strains.11 

 

5.3.RS Characterization of Cervical Carcinoma Cell Lines 

Overall, HeLa and SiHa cell lines demonstrated peak differences assigned to proteins and 

nucleic acids, with SiHa generally exhibiting higher peaks. The loss of proteins such as 

tryptophan and collagen in HeLa likely reflects its higher HPV copy number. Studies have 

documented peak differences between cervical carcinoma cell lines with varying HPV copy 

number.34,35 A study by Ostrowska et al. reported variations between medium- and high-HPV 

copy number cells (HeLa and CaSki) and non- and low-HPV copy number cells (C33A and 

SiHa) at 1583 cm–1 corresponding to phenylalanine.35 In our study, a protein peak at 1586 cm–1 

assigned to phenylalanine and hydroxyproline was present for SiHa but not HeLa. We also found 

a peak difference between the cervical carcinoma cell lines and non-cancer PBMCs at 1030–

1031 cm–1 corresponding to phenylalanine of collagen, where HeLa and SiHa demonstrated a 

deeper valley. Ostrowska et al. reported variation between SiHa, HeLa, and CaSki cell lines at 

the 1031 cm–1 peak.35 At 1032 cm–1, we identified a peak difference between tissue pathologies, 

where negative and LSIL tissues showed a higher peak than HSIL. Two studies investigating 

cervical tissues corroborate this finding, reporting a prominent peak in normal tissue and lower 

intensity in dysplastic tissue.84,92 

One consistent peak difference associated with amide II at 1554 cm–1 was identified in 

micro-Raman and RESpect probe spectra of anal tissues and HeLa and SiHa cells. Reports from 

a study by Ceja-Fdez et al. on dysplastic cervical tissues support our findings with a prominent 
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1554 cm–1 peak reported in CIN 1, CIN 2, CIN 3, and HPV-infected normal tissues.92 We found 

a more prominent 1554 cm–1 peak in SiHa compared to HeLa as well as in negative and LSIL 

tissues compared to HSIL. Other studies corroborate decreased amide in either dysplastic 

cervical cells36,96 or dysplastic cervical tissue.82,84–86,89,90,104 Ostrowska et al. found variations 

between medium- and high-HPV copy number cells (HeLa and CaSki) and non- and low-HPV 

copy number cells (C33A and SiHa) in amide regions.35 A study by Yazdi et al. demonstrated 

higher DNA-to-protein ratios at 1480 to 1540 cm–1 (the highest nucleotide peak to amide) and 

1480 to 1614 cm–1 (the highest nucleotide peak to the highest protein peak, tyrosine) in HeLa 

and SiHa cell lines compared to normal cervical cells.33,95 

 

5.4.Micro-Raman and RESpect Probe Systems 

A micro-Raman spectroscopy system and a RESpect probe system were used to acquire 

spectra. In general, the micro-Raman system demonstrated a larger intensity range and generated 

greater relative peak differentiation for cell and tissue samples compared to the RESpect probe 

system. The micro-Raman system utilizes a microscope to detect molecular vibrations within a 

select specific region of the cell or tissue sample, whereas the RESpect probe detects molecular 

vibrations across a broader area of the sample. In this way, the micro-Raman instrument can 

detect molecular interactions that might not be detected by the RESpect probe. However, the 

micro-Raman system requires a biopsy, whereas the portable RESpect probe can acquire spectra 

in vivo and potentially be used as a real-time, noninvasive supplemental tool for anal dysplasia 

screening. 
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5.5.Study Limitations and Recommendations 

To our knowledge, this is the first study investigating biological fingerprints of cervical 

carcinoma cell lines and anal tissue biopsies using micro-Raman and RESpect probe systems. 

While peak differences were identified in cells and tissues, this study was limited by its small 

sample size. Only five of the 43 anal tissues (12%) included in this study were histologically 

diagnosed as HSIL. Enrollment for this study is ongoing, and inclusion of additional HSIL 

tissues in our analysis would address the issue of overfitting in a logistic regression model and 

generate stronger predictability of the micro-Raman and RESpect probe systems in 

differentiating between pathologies. For some anal tissues graded as HSIL, RS profiles showed 

lower intensity across most of the spectra, likely due to diminished proteins and glycogen. It is 

possible that these weaker signals skewed peak intensities throughout the rest of the HSIL 

spectra upon peak normalization with negative and LSIL spectra, thus complicating visual 

identification of peak differences across pathologies. 

Furthermore, only two cervical carcinoma cell lines containing the most prevalent HR-

HPV subtypes associated with anal cancer were compared for squamous cell carcinoma 

characterization. Assessment of other cervical cell lines would aid identification of spectral 

markers of HPV infection in dysplastic anal tissues. In addition to analyzing HeLa (containing 

20–50 HPV 18 copies per cell) and SiHa (containing 1–2 HPV 16 copies) cells, studies on 

cervical dysplasia and cancer have examined CaSki (containing 60–600 HPV 16 copies) and 

C33A (malignant and non-HPV) cervical cell lines.34–36 Principal component analysis plots of 

the four cervical cell lines from Ostrowska et al. have implicated HPV concentration and HPV 

subtype influences on spectral fingerprints.35 Although SiHa and CaSki both contain HPV 16, 

clear discrimination was presented between the two cell lines.35 In our study, the overall intensity 
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of the SiHa spectrum appeared closer to that of PBMC than HeLa, thus supporting RS analysis 

of CaSki. Applying micro-Raman and RESpect probe analyses of these cell lines to anal 

dysplasia screening could inform possible HPV subtype infection in dysplastic anal tissues. 

Although the HeLa and SiHa cell lines used in this study contain HPV and show 

epithelial morphology, it is possible that cervical cells show characteristic spectral differences 

from anal tissue samples not attributable to HPV infection, either by nature of potential 

differences between cervical and anal epithelia or between cell and tissue samples. There are no 

anal cancer cell lines that could have been used to characterize the RS profile of anal cancer. The 

shared etiology and diagnostic algorithm between anal and cervical cancers, as well as the 

predominance of HPV 16 and 18 associated with anal cancer, made SiHa and HeLa ideal 

candidates for analyzing HPV in anal dysplasia cases. Still, anal cancer has a higher prevalence 

among PLHIV than cervical cancer, which may implicate HIV-associated biochemical changes 

in the anal dysplasia fingerprint. Spectral markers for HIV-1 infection have been identified in 

HIV-serodiscordant couples with different pathologies.11 Regarding cell and tissue comparisons, 

we are not aware of any studies that have compared RS analyses of cervical cell and cervical 

tissue specimens with agreeing pathologies. Thus, generalizability of RS characterization of 

cervical carcinoma cell lines to anal tissues requires further investigation. 

HeLa and SiHa spectra were averaged to generate a spectrum representative of squamous 

carcinoma cells and compared to a PBMC spectrum. PBMCs are a heterogeneous mixture of 

lymphocytes (T cells, B cells, and natural killer cells), monocytes, and dendritic cells, and 

although PBMCs have been analyzed by RS in previous studies, it is possible that they produce 

different signals. It is important to note that unlike HeLa and SiHa, PBMCs were obtained from a 

healthy donor and are not a clonal cell line. The PBMC profile may not be sufficiently 
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comparable to the cervical carcinoma cell lines and may not represent HPV-uninfected epithelial 

cells. A previous study by Jess et al. identified differences related to protein constituent amino 

acids between HPV-positive PHK E7 (primary human keratinocyte cell line expressing the E7 

gene of HPV 16) and HPV-negative PHK (primary human keratinocyte) cells.35,96 RS analysis of 

the PHK cells might more closely represent the profile of HPV-negative, non-cancer epithelia. 

Additionally, C33A could be used as an HPV-negative cancerous control in future studies. 

Studies have demonstrated spectral differences between C33A, SiHa, HeLa, and CaSki, as well 

as between HeLa and SiHa cells and normal cervical cytology samples.35,95 

In the future, additional spectral regions should be assessed for peak differences among 

anal tissue pathologies and cancerous cells. While most RS studies on cervical specimens 

focused on the fingerprint region between 700–1800 cm–1 containing rich biochemical 

information on tissues, some studies have also analyzed the high-wavenumber region between 

2800–3700 cm–1, which provides complementary biochemical information with reduced Raman 

background from optical fibers and stronger Raman signals from tissues.85,105 Significant 

intensity differences at high-wavenumber spectral regions corresponding to CH2 stretching of 

lipids, CH3 stretching of proteins, and OH stretching of water were found for in vivo detection of 

normal and dysplastic cervical tissues85,105 and cervical carcinoma cell lines.35 Examination of 

the high-wavenumber region might yield additional peak differences for differentiating 

pathologies. 

In the beginning of the study, tissue biopsies were performed for sites that appeared both 

abnormal under suspicion of dysplasia and normal/non-suspicious based on acetowhitening 

visualized upon HRA. This allowed for RS comparison of suspicious and non-suspicious tissues 

obtained from the same individual, regardless of whether their biopsy result was negative, LSIL, 
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or HSIL. However, anal biopsy is an invasive procedure, and tissues were biopsied for both 

histological grading and RS analysis. To minimize potential discomfort of the participants, 

biopsies were performed for histological grading and RS analysis only at suspicious areas 

characterized by acetowhitening. Analyzing spectral differences between tissues appearing 

normal and abnormal would inform potential RS effects of malignancy-associated changes due 

to proximal disease. 
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