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Abstract 34 

Purpose: Two-photon microscopy (2PM) is an emerging clinical imaging modality with 35 

the potential to non-invasively assess tissue metabolism and morphology in high-36 

resolution. This study aimed to assess the translational potential of 2PM for improved 37 

detection of high-grade cervical precancerous lesions. 38 

Experimental Design: 2P images attributed to reduced nicotinamide adenine 39 

dinucleotide (phosphate) (NAD(P)H) and oxidized flavoproteins (FP) were acquired from 40 

the full epithelial thickness of freshly excised human cervical tissue biopsies (N = 62). 41 

Fifteen biopsies harbored high-grade squamous intraepithelial lesions (HSILs), 14 42 

biopsies harbored low-grade SILs (LSILs), and 33 biopsies were benign. Quadratic 43 

discriminant analysis (QDA) leveraged morphological and metabolic functional metrics 44 

extracted from these images to predict the presence of HSILs. We performed gene set 45 

enrichment analysis (GSEA) using datasets available on the Gene Expression Omnibus 46 

(GEO) to validate the presence of metabolic reprogramming in HSILs. 47 

Results:  Integrating metabolic and morphological 2P-derived metrics from finely 48 

sampled, full-thickness epithelia achieved a high 90.8 ± 6.1% sensitivity and 72.3 ± 11.3% 49 

specificity of HSIL detection. Notably, sensitivity (91.4 ± 12.0%) and specificity (77.5 ± 50 

12.6%) were maintained when utilizing metrics from only two images at 12- and 72-µm 51 

from the tissue surface. Upregulation of glycolysis, fatty acid metabolism, and oxidative 52 

phosphorylation in HSIL tissues validated the metabolic reprogramming captured by 2P 53 

biomarkers. 54 
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Conclusion: Label-free 2P images from as few as two epithelial depths enable rapid and 55 

robust HSIL detection through the quantitative characterization of metabolic and 56 

morphological reprogramming, underscoring the potential of this tool for clinical 57 

evaluation of cervical precancers.  58 

Translational Relevance Statement: 59 

The colposcopy and biopsy paradigm for cervical pre-cancer detection leads to an 60 

excessive number of unnecessary biopsies, with significant economic and psychological 61 

costs. This study highlights the potential of label-free, high-resolution two photon imaging 62 

to improve this paradigm by introducing real-time morphofunctional tissue assessments.  63 

In an extensive dataset comprising freshly excised high-grade and low-grade 64 

cervical intraepithelial lesions, along with benign metaplastic and inflamed human cervical 65 

tissue biopsies, we successfully characterize a loss of morphofunctional heterogeneity 66 

indicative of high-grade precancerous changes. Leveraging a combination of two-photon 67 

imaging-derived quantitative morphofunctional metrics, our findings showcase a 68 

substantial improvement in both sensitivity and specificity of high-grade lesion detection 69 

compared to the current gold standard of colposcopy followed by a single biopsy. The 70 

demonstrated enhancement in sensitivity and specificity highlights the prospect of 71 

integrating non-invasive, label-free metabolic imaging into clinical practice, offering a 72 

more effective and efficient approach to identify and manage cervical precancerous 73 

lesions. 74 

 75 

 76 
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Introduction 77 

Despite the success of the quadrivalent human papillomavirus (HPV) vaccine, 78 

uterine cervical cancer persists as a significant global health concern, ranking as the 4th 79 

most diagnosed cancer among women worldwide1,2. Challenges in vaccine adoption and 80 

the imperative to safeguard individuals already infected with HPV necessitate ongoing 81 

improvements in secondary prevention methods3,4. In clinical practice, patients with 82 

abnormal cervical cancer screening results typically undergo colposcopy, a widely utilized 83 

procedure that involves visual examination of the cervix, and subsequent biopsy of 84 

abnormal sites. The goal of colposcopy is to locate high-grade squamous intraepithelial 85 

lesions (HSILs) for treatment, as the vast majority of LSILs either regress or persist, with 86 

a fraction of a percent progressing to invasive cancer5,6. Colposcopy followed by a single 87 

biopsy suffers from limited sensitivity and specificity. HSIL detection sensitivity improves 88 

from 60.6% to 85.6% and 95.6% with the acquisition of a second and third post-89 

colposcopy biopsy, respectively7. Although colposcopy has the potential to achieve high 90 

sensitivity in identifying HSILs, its reliance on non-specific contrast agents poses 91 

challenges, leading to biopsies of lesions unlikely to progress to invasive cancer and of 92 

benign conditions like inflammation and metaplasia8,9. The use of non-specific contrast 93 

agents results in the acquisition of many unnecessary biopsies. For example, Blatt et al. 94 

indicated that HSIL+ specificity was as low as 6% in over 250,000 post-colposcopy 95 

biopsies10. Efforts to enhance diagnostic precision have spurred advancements in optical 96 

imaging devices for the cervix11–13. Nevertheless, prevailing methodologies 97 

predominantly offer superficial morphological information, leaving a substantial gap in 98 

comprehensive diagnostic capabilities. 99 
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Our study focuses on bridging this diagnostic gap by utilizing two-photon 100 

microscopy (2PM), a high-resolution, label-free imaging technique. This innovative 101 

method exploits biomolecular contrast, particularly the two-photon excited fluorescence 102 

(TPEF) generated by reduced nicotinamide adenine dinucleotide (NADH), reduced 103 

nicotinamide adenine dinucleotide phosphate (NADPH), collectively referred to as 104 

NAD(P)H, and oxidized flavoproteins (FP). Due to the differential TPEF generation 105 

efficiency of mitochondrial, protein bound NADH, NAD(P)H intensity fluctuations offer 106 

valuable insights into mitochondrial organization and overall tissue metabolic state14,15. 107 

As dynamic organelles responding to metabolic demands, mitochondria play a pivotal role 108 

in cellular proliferation16. Furthermore, the interplay between NAD(P)H and FP allows for 109 

the measurement of tissue oxido-reductive state, providing a unique avenue for 110 

understanding cancer-induced metabolic changes. 111 

Previous work by our group demonstrated the diagnostic potential of 2P 112 

morphological and metabolic metrics in the context of the cervix, with a particular 113 

emphasis on differentiating between SIL and non-SIL tissues17. In this extended study, 114 

we significantly expand our dataset and refine our analysis to offer a comprehensive 115 

evaluation of HSIL detection using 2PM. We aim to develop a rapid and robust approach 116 

that optimizes the number of 2P measurements without sacrificing performance. We also 117 

aim to underscore the effectiveness of metabolic measurements, which are not currently 118 

utilized in the diagnostic scheme, especially in scenarios where false positives may arise. 119 

To validate the origins of the optical metabolic changes we detect, we supplement our 120 

findings with gene pathway enrichment analysis of publicly available cervical tissue 121 

microarray data from several teams18–20. 122 
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This study contributes to the evolution of cancer diagnostics by emphasizing the 123 

clinical utility of 2PM in providing both metabolic and morphological insights. By 124 

addressing the limitations of current diagnostic methods, our study presents a significant 125 

step towards improving the accuracy and efficiency of high-grade preinvasive cervical 126 

cancer detection in a clinical setting. 127 

Materials and Methods 128 

Ethical Approval and Patient Consent 129 

All procedures pertaining to biopsy acquisition, processing, imaging, and storage 130 

were approved by the Tufts Health Sciences Institutional Review Board protocol #10283. 131 

Informed consent was obtained from all patients contributing biopsy data.  132 

 133 

 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 
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Table 1. Patient demographic information. 143 

 144 

Specimen Procurement 145 

Premenopausal women over the age of 18 with an abnormal low-grade squamous 146 

intraepithelial lesion (LSIL) or high-grade squamous intraepithelial lesion (HSIL) 147 

Papanicolaou test undergoing colposcopy or loop electrosurgical excision procedure 148 

      

                    

 3  3         3    

    3     3     

                

           

 3                 

                                   

33   3         

               

33   3                   

             

             

                    

                      

                          

          3  33 3  3                      

     3                     
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(LEEP) were recruited to participate in the study. Research biopsies (~5- x 5-mm) were 149 

 x      b           ’               using Tischler or Rongeur forceps, depending on 150 

clinician preference, from the second-most visibly abnormal region of ectocervix following 151 

the application of 3% acetic acid during the routine procedure. Premenopausal women 152 

undergoing hysterectomy for benign gynecological disease were recruited as control 153 

patients. Strips of tissue (~5- x 25-mm) containing both endo- and ecto-cervix were 154 

sectioned from freshly excised, visibly normal uterine cervical specimens under sterile 155 

conditions by a board-certified Pathologist in the Tufts Medical Center (TMC) department 156 

of Pathology and Laboratory Medicine. Tissue samples were transported back to the Tufts 157 

Advanced Microscopic Imaging Center (TAMIC) in a specimen cup containing a custom-158 

built tissue carrier and a small volume of keratinocyte serum-free medium (Lonza) to 159 

provide protection and physiologically relevant hydration. Samples were imaged within 4-160 

hours of excision. Biopsies were placed in 10% neutral buffered formalin following 161 

imaging and were returned to the TMC department of Pathology and Laboratory Medicine 162 

for standard histopathological diagnosis. For five biopsies, tattoo inks were used to mark 163 

the epithelial surface, allowing for the determination of TPEF imaging locations. One H&E 164 

section was acquired per optical region of interest (ROI). In such cases, all ROIs from a 165 

single biopsy had an agreement in diagnosis (Supplemental Methods, Supplemental 166 

Figure S1). For all other biopsies, a diagnosis for all optical ROIs was rendered from one 167 

hematoxylin and eosin (H&E)-stained tissue section.  168 

Patient Cohort 169 

 Eighty-eight (88) total patients consented to participate in the study between 2019 170 

and 2023. Twenty-six (26) patients were excluded due to issues of quality control and 171 
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specimen access (Supplemental Methods, Supplemental Table S1). Data from 62 172 

patients were included for analysis (Table 1). All 19 samples resected from hysterectomy 173 

specimens contained benign squamous mucosa. Of the LEEP and colposcopy biopsies, 174 

15 were HSIL, 14 were LSIL, and 14 were benign.  175 

Imaging 176 

A commercial Leica SP8 microscope equipped with a femtosecond laser (Insight, 177 

Spectra-Physics) was used for imaging. The microscope utilized an inverted scheme in 178 

which light was delivered and collected with a 40X/1.1 numerical aperture (NA) water-179 

immersion objective lens. Twelve-bit depth images were formed using bidirectional raster 180 

scanning at a rate of 600 lines per second. At each depth within the tissue, six individual 181 

1024- x 1024-pixel (290- x 290-μ                were acquired. Images were sampled 182 

every 4-μ      u        u                        u          u       u  v  u    were first 183 

excited in their entirety with 755 or 775 (755/775) nm light, and then subsequently with 184 

860 nm light. 16 specimens were excited with 775 nm light to compare metabolic readouts 185 

with those acquired with 755 nm, the NAD(P)H excitation wavelength our group 186 

traditionally uses. Studies by other groups have indicated that NAD(P)H fluorescence 187 

signatures do not vary over this excitation range21,22. Incident laser power was linearly 188 

varied through depth, with approximately 10 mW being delivered to superficial optical 189 

sections and 60 mW to basal cell layers. A previous study determined that 60 mW of near-190 

infrared light, focused with a 40X/1.3 NA oil-immersion objective lens, from a femtosecond 191 

laser delivers a 0.6 minimal erythema dose (MED), equivalent to approximately 15 192 

minutes of summer sun-exposure; by comparison, 1.0 MED is the threshold of sun burn 193 

development23. Thus, an incident power threshold of 10 – 60 mW allowed for the 194 
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acquisition of high signal-to-noise ratio images at safe irradiation levels. Two to four tissue 195 

volumes, or ROIs, were imaged per biopsy. Images were collected with two hybrid 196 

photodetectors (HyDs) and two photomultiplier tubes (PMTs). One HyD was equipped 197 

with a 460/50 nm bandpass filter and the other with a 525/50 nm bandpass filter. One 198 

PMT was equipped with a 430/20 nm bandpass filter and the other with a 624/40 nm 199 

bandpass filter. 200 

Image Processing 201 

Signal acquired from the 460/50 nm bandpass-filtered HyD during 755/775 nm 202 

excitation was attributed to NAD(P)H two-photon excited fluorescence (TPEF)17.  Signal 203 

acquired from the 525/50 nm bandpass-filtered HyD during 860 nm excitation was 204 

attributed to oxidized flavoprotein (FP) TPEF24. Signal acquired from the 624/40 nm 205 

bandpass-filtered PMT during 860 nm excitation was attributed to hyperfluorescent cells 206 

that were removed from analysis. Signal acquired from the 430/20 nm bandpass-filtered 207 

PMT during 860 nm excitation was attributed to collagen second harmonic generation 208 

(SHG). SHG is a 2nd order non-linear scattering process produced by non-209 

centrosymmetric molecules, such as collagen, where two incident photons are 210 

simultaneously upconverted into a single photon of exactly twice the energy. All raw pixel 211 

intensities were normalized by detector gain and squared laser power. Each of the six 212 

individual frames acquired at a particular depth were averaged. Images were down-213 

sampled into 512- x 512-pixels. All 755/775 nm excitation and 860 nm excitation images 214 

were co-registered in 3D using data collected from the 525/50 nm bandpass-filtered HyD 215 

(Supplemental Methods, Supplemental Figure S2).  216 
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Several masks were generated automatically to isolate cellular cytoplasm 217 

(Supplemental Figure S3). The intraepithelial tissue region was defined based on percent 218 

cell coverage and signal-to-noise ratio (SNR) (Supplemental Figure S4).  SNR was 219 

calculated as 10 times the log base 10 of the ratio between the mean NAD(P)H power 220 

spectral density (PSD) for frequencies corresponding to 7 – 50-μ               , the 221 

approximate size of cells and, thus, attributed to the signal of interest, and the NAD(P)H 222 

PSD for the highest discrete spatial frequency, corresponding to a measure of noise. A 223 

PSD curve was generated by taking the squared amplitude of the 2D Fourier transform 224 

of an image, and it quantified the relative contributions of discrete spatial frequencies. 225 

Morphological metrics of epithelial thickness and differentiation gradient were 226 

calculated on a per ROI basis. Epithelial thickness was defined as the distance from the 227 

superficial cell layer to the depth at which epithelial cells occupied more than 30% of the 228 

field of view (as opposed to collagen and stromal cells). The differentiation gradient was 229 

calculated from integrated TPEF intensity images, defined as the sum of the FP and 230 

NAD(P)H image channels. The log base 10 of the noise-normalized PSD was calculated 231 

for each integrated TPEF image in a ROI. Nuclear and cell borders feature prominently 232 

in these PSDs (Supplemental Figure S5). The variance of the noise-normalized PSD at 233 

each discrete spatial frequency was calculated for either all included depths, or the 234 

absolute depths specified. The coefficient of variation of the PSD variance across the 235 

epithelial depth for frequencies corresponding to 7 – 50-μ                (i.e. the typical 236 

size of cells from the basal to the superficial layer) was reported as our metric of 237 

differentiation gradient. The PSD generated by a TPEF image in this manner was 238 

sensitive to changes in the length scales of morphological features such as nuclei and 239 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2024. ; https://doi.org/10.1101/2024.05.10.593564doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.10.593564
http://creativecommons.org/licenses/by-nc-nd/4.0/


cell size. A high differentiation gradient corresponded to high morphological variability 240 

between cell layers17,25,26. 241 

The cellular cytoplasm mask was used to extract metabolic tissue metrics of optical 242 

redox ratio (RR) and mitochondrial clustering. Metrics of RR were extracted from 243 

cytoplasm-positive regions using the pixel-wise intensity relationship outlined in equation 244 

1. 245 

𝑅𝑅 =
𝐹𝑃

𝑁𝐴𝐷(𝑃)𝐻+𝐹𝑃
     (1) 246 

The mean and interquartile range (IQR) of the RR distribution for a given optical section 247 

were used as measures of overall and intrafield heterogeneity of tissue oxido-reductive 248 

state, respectively. 249 

Mitochondrial clustering was calculated from cytoplasm-positive variations in 250 

NAD(P)H intensity, as previously described15,25–28 (Supplemental Figure S6A). Although 251 

NAD(P)H can be either mitochondrial or cytosolic, NAD(P)H bound to enzymes of the 252 

K  b’                electron transport chain (ETC) fluoresces 2 – 10-times more 253 

efficiently than free NAD(P)H14. For this reason, bright NAD(P)H fluorescence is assumed 254 

to emanate primarily from mitochondria, with NAD(P)H intensity fluctuations informing 255 

mitochondrial organization. To provide a quantitative metric of this organization relying on 256 

a fast, robust, and relatively simple to implement approach, it is important to remove from 257 

the images prominent features associated with cell and nuclear borders. For this reason, 258 

following identification of cell cytoplasmic regions, we populated void regions 259 

(Supplemental Figure S6B) by randomly cloning cytoplasm-positive pixels across the field 260 

of view until full (Supplemental Figure S6C). The Fourier-analysis based PSD was utilized 261 
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once more to quantify the relative abundance of features corresponding to different 262 

characteristic sizes or spatial frequencies. The average PSD from five cloned images was 263 

fit with equation 2 for frequencies (k) corresponding to length scales less than 8.5-μ    264 

𝑅(𝑘) = 𝐴𝑘−𝛽      (2) 265 

     b   u   v  u                 x        β  was reported as a quantitative metric of 266 

mitochondrial clustering, as several previous studies performed with cell monocultures 267 

and living tissues   v                    β v  u                          v       268 

mitochondrial fragmentation15,25,26 (Supplemental Figure S6D). The mean, median, 269 

variance, and range were calculated for metrics of RR, RR IQR and mitochondrial 270 

clustering for either all included depths, or the absolute depths specified. All image 271 

processing steps were completed using MATLAB version 2021b. 272 

Statistical Analysis and Classification 273 

 Statistical comparisons were made between HSIL and non-HSIL tissues for 274 

all metabolic and morphological metrics derived from the full epithelial thickness. 275 

Comparisons were also made between mature and immature non-HSIL tissues. Well-276 

differentiated, mature benign tissues contained superficial exfoliating layers characterized 277 

by low SNR in the NAD(P)H TPEF channel. Benign tissues were classified as mature if 278 

the first high SNR (>9) optical section was beyond 60-μ               u                   279 

comparisons were made in SAS JMP Pro 16. Nested t-tests were used to make statistical 280 

comparisons at the patient level while considering the intratissue variations among 281 

multiple ROIs.  282 
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The MATLAB Classification Learner application, which includes decision trees, 283 

discriminant analyses, support vector machines, low-level machine learning algorithms, 284 

and several other classifiers, was used to select the optimal diagnostic framework. Non-285 

colinear metrics (r < 0.7) with the highest statistically significant differences between HSIL 286 

and non-HSIL tissues were used as predictor variables. An 80/20 train-test split, and 5-287 

fold cross validation were used to evaluate classifiers. An 80/20 train-test split was used 288 

to provide sufficient training data for the machine learning-type models. Exploratory 289 

quadratic discriminant analyses (QDAs), which utilized no train-test split, were used to 290 

determine final predictor variables. Exploratory QDAs considering full thickness tissue 291 

metrics were evaluated in SAS JMP Pro 16.  Exploratory QDAs considering metrics 292 

derived from 2-, 3-, and 4-optical section combinations were evaluated in MATLAB. 293 

Performance for 2-, 3-, and 4-depth exploratory QDAs was assessed using the sum of 294 

HSIL sensitivity and specificity. The highest performing 2-depth combinations that 295 

included all or 80% of the total specimens were further investigated. Featured 3- and 4-296 

depth combinations were the best performing combinations that included the previous 297 

depths. ROIs were held constant for alike 2-, 3-, and 4-depth combinations. Predictive 298 

QDAs, which leveraged 10 randomly initialized seeds with equal class-proportioned 70/30 299 

train/test splits, were evaluated in MATLAB. Whether classification was done in SAS JMP 300 

Pro 16 or MATLAB was based on ease of use. MATLAB facilitated the ability to rapidly 301 

iterate through multiple randomly initialized seeds and multiple depth combinations. A 302 

70/30 train-test split was used to provide a sufficient test set for predictive QDAs. 303 

 304 

 305 
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Gene expression analysis 306 

Differentially expressed genes across HSIL and non-HSIL tissues were identified 307 

using the web-based tool GEO2R with default settings separately for three different gene 308 

expression data sets of cervical epithelial samples. In the first data set (obtained from 309 

Gene Expression Omnibus (GEO) using accession number GSE27678 and Platform 310 

GPL571), the HSIL group contained 21 HSIL samples and the non-HSIL group contained 311 

12 benign and 11 LSIL samples. For the second data set (obtained from GEO using 312 

accession number GSE63514), the HSIL group was formed by 22 cervical intraepithelial 313 

neoplasia grade 2 (CIN2) and 40 CIN3 samples, whereas the non-HSIL group contained 314 

24 benign and 14 CIN1 samples. For the third data set (obtained from GEO using 315 

accession number GSE7803), the HSIL group contained 7 HSIL samples and 10 benign 316 

samples). For all data sets, the differential expression of genes in the HSIL group as 317 

compared to the non-HSIL group was measured in terms of t-score. 318 

Pathway enrichment 319 

The gene t-scores were used to rank the differentially expressed genes. The 320 

ranked list of genes was subsequently used to perform pathway enrichment for each gene 321 

expression data set. Pathway enrichment was performed using R-package fGSEA29 322 

against two different pathway gene sets: (i) hallmark gene sets downloaded from the 323 

Human Molecular Signatures Database (MSigDB)30 and (ii) custom mitochondrial 324 

pathway gene sets31. Using fGSEA, a Normalized Enrichment Score (NES) was obtained 325 

for each pathway and its statistical significance was determined by Benjamini-Hochberg 326 

(BH)-adjusted p-value (padj), also called False Discovery Rate (FDR). Results were 327 

reported for pathways with padj ≤       328 
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Results 329 

Label-free TPEF metrics capture metabolic and morphological perturbations in 330 

HSIL tissues 331 

Redox ratio-coded images from representative benign, LSIL, and HSIL tissues at 332 

several depths, and their corresponding depth trends in metabolism are illustrated in Fig. 333 

1A. Cells in 2P metabolic images are characterized by dark nuclei and bright cytoplasm. 334 

Cells at 20- and 60-μ     b                   u       v   b          than those in HSIL 335 

tissues. At a depth of 120-μ , cell size is largely similar between the three groups. It can 336 

also be noted that the hues in the images, which have metabolic implications, are more 337 

uniformly blue-shifted, indicating a lower redox state, as a function of precancer status. 338 

Metrics pertaining to tissue morphology and function were extracted from the full 339 

collection of intraepithelial TPEF images acquired from a single region of interest. 340 

Although it is not a traditional morphological indicator of cervical intraepithelial neoplasia, 341 

HSIL tissues exhibited a thinner epithelium compared to non-HSIL tissues (Fig. 1B). This 342 

observation can be attributed to the many exfoliating cell layers present in areas of fully 343 

differentiated benign tissue. Precancerous lesions of the human cervix are traditionally 344 

diagnosed using depth-dependent changes in intraepithelial nuclear-to-cytoplasm (N:C) 345 

ratio as visualized by hematoxylin and eosin-stained tissue cross-sections. Reduced 346 

variation in N:C as a function of depth in HSIL tissues was captured by the TPEF-based 347 

metric of differentiation gradient (Fig. 1C). Thus, morphological metrics derived from 348 

TPEF images capture known high-grade precancerous change and can do so in a non-349 

invasive, label-free manner. 350 
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The use of NAD(P)H and FP as endogenous sources of contrast also allows for 351 

the measurement of tissue metabolic state for HSIL vs. non-HSIL tissues. The 352 

involvement of NAD(P)H and FP in several metabolic pathways including, but not limited 353 

to, glycolysis, fatty acid oxidation, glutaminolysis, and oxidative phosphorylation allow for 354 

functional conclusions to be derived from TPEF images. Functional metabolic metrics 355 

such as mitochondrial clustering, mean RR, and RR IQR (a metric of RR heterogeneity) 356 

were extracted on a per image basis. Summary metrics such as the mean, median, 357 

sample variance, and range were derived from the full collection of images as a function 358 

of depth for 3D tissue volumes (Fig. 1D - I).  359 

All summary metrics associated with RR carried statistically significant differences 360 

between HSIL and non-HSIL tissues. In terms of RR variations, the RR range, RR IQR 361 

range, and mean RR IQR values were significantly lower in HSIL tissues compared to 362 

non-HSIL tissues. RR Range represents a measure of RR heterogeneity as a function of 363 

depth. Mean RR IQR represents an absolute measure of lateral heterogeneity present in 364 

the tissue. RR IQR range measures the variation of lateral heterogeneity as a function of 365 

depth. Our results indicate that cell layers in HSIL tissues are more homogenously aligned 366 

in metabolic state, both laterally and as a function of depth, due to the occupation of 367 

proliferative cells spanning the full epithelial thickness (Fig. 1E - G). Median redox ratio 368 

was significantly lower in HSIL tissues compared to non-HSIL tissues. A decrease in 369 

redox ratio can be attributed to several metabolic perturbations including hypoxia, 370 

enhanced fatty acid metabolism, and activation of glycolytic pathways32 (Fig. 1D). Metrics 371 

of median redox ratio and mean redox ratio IQR were colinear, and not simultaneously 372 

included in classification schemes that are described later. Metrics of mitochondrial 373 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2024. ; https://doi.org/10.1101/2024.05.10.593564doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.10.593564
http://creativecommons.org/licenses/by-nc-nd/4.0/


clustering did not carry statistically significant differences between HSIL and non-HSIL 374 

tissues. However, HSIL tissues trended towards higher (p = 0.14, Fig. 1H) and less varied 375 

(p = 0.37, Fig. 1I) values of mitochondrial clustering through depth. Such trends in 376 

mitochondrial clustering indicate a more homogenous distribution of fragmented 377 

mitochondria (associated with enhanced glycolysis) spanning the full thickness of HSIL 378 

tissues. Together, these results highlight that functional metrics derived from TPEF 379 

images are consistent with an overall increase in the activity of glycolysis and/or fatty acid 380 

oxidation compared to oxidative phosphorylation within high-grade precancerous 381 

changes leading to significant decreases in metabolic heterogeneity present throughout 382 

the epithelium when compared to non-HSIL tissues. 383 
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Figure 1. HSIL tissues differ from non-HSIL tissues in metabolism and morphology. 385 
(A) Representative redox ratio-coded images and the corresponding traces of mean 386 

redox ratio, redox ratio IQR, and mitochondrial clustering as a function of depth for benign, 387 
LSIL, and HSIL tissue biopsies. Morphologically, HSIL tissues are thinner (B) and lack 388 
depth-dependent variation in N:C (C). In terms of metabolic function, HSIL tissues are 389 
characterized by overall lower levels of oxidation (D). HSIL tissues are also characterized 390 
by a lack of heterogeneity in redox state both laterally (F) and as a function of depth (E, 391 

G). Although not significantly different, HSIL tissues are characterized as having more 392 
fragmented mitochondria (H), more homogenously distributed through the epithelium (I). 393 

 394 

A loss of metabolic and morphological heterogeneity is essential to differentiating 395 

HSILs from LSILs and less-differentiated benign tissues. 396 

C           b       “   u  ”     “     u  ” b                     drawn to 397 

highlight the relevance of the present non-HSIL dataset to benign lesions that are most 398 

frequently biopsied because their morphology bears similarities to HSILs8,9. Specifically, 399 

we aimed to emphasize the importance of making comparative non-HSIL measurements 400 

from locations within the transformation zone, as opposed to nearby tissue, further from 401 

the cervical OS.  Benign tissue stacks characterized by low N:C superficial cells with 402 

pyknotic nuclei and an exfoliating region exceeding 60-μ  were classified as mature, 403 

more-differentiated benign tissues. Included in the immature class were benign tissues 404 

containing squamous metaplasia and non-metaplastic tissues with higher N:C superficial 405 

cells. Redox ratio-coded images from representative mature and immature benign tissues 406 

at several depths, and their corresponding depth trends in metabolism are illustrated in 407 

Fig. 2A.  Cells at 20- and 60-μ                          -differentiated benign tissues. The 408 

image hues are also more uniformly blue-shifted. Observing the metabolic metrics’ 409 

dependence on depth, we note that immature benign tissues followed trends similar to 410 

LSIL tissues. The differences in tissue morphology that motivated the distinction between 411 

mature and immature benign tissues were reflected in the morphological TPEF metrics. 412 
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Mature benign tissues were significantly thicker than immature benign tissues, supporting 413 

the claim that differences in epithelial thickness between HSIL and non-HSIL tissues can 414 

be attributed to the exfoliating regions of more differentiated benign regions (Fig. 2B). The 415 

differentiation gradient of mature benign tissues was significantly greater than that of 416 

immature benign tissues. This observation is consistent with the expectation that more 417 

differentiated benign tissues would have a greater range of N:C ratios through depth (Fig. 418 

2C). Mature and immature benign tissue stacks also demonstrated differences in terms 419 

of extracted metabolic function metrics. The trends in mitochondrial clustering, mean RR, 420 

and RR IQR for immature benign tissues as a function of depth presented similarly to 421 

those of LSIL and HSIL tissues. The median and range of redox ratio values were 422 

significantly lower in immature benign tissues compared to mature benign tissues. 423 

Immature benign tissues are not fully differentiated and therefore contain proliferative 424 

cells spanning the full thickness of the epithelium. As expected, immature tissues 425 

exhibited a lower range and absolute level of RR values through depth, more consistent 426 

with SIL tissues (Fig. 2D-E). After removing the 23 mature non-HSIL tissues stacks, only 427 

metrics of differentiation gradient, redox ratio range, and redox ratio IQR range remained 428 

significantly different between HSIL and non-HSIL tissues (Fig. 2F). Thus, despite the 429 

similarities between HSIL and immature non-HSIL tissues, metrics of tissue differentiation 430 

and RR spatial heterogeneity persist as the major biomarkers of high-grade cervical 431 

precancerous changes.  432 
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 434 

Figure 2. Diagnostically challenging, immature benign tissues are markedly 435 
different from well-differentiated, mature benign tissues; HSIL tissues and 436 
immature non-HSIL tissues differ in metabolism and morphology. (A) 437 

Representative redox ratio-coded images and the corresponding traces of mean redox 438 
ratio, redox ratio IQR, and mitochondrial clustering as a function of depth for mature and 439 
immature benign tissue biopsies. Morphologically, immature non-HSIL tissues are thinner 440 
(B) and have a lower variation in N:C (C) compared to mature non-HSIL tissues. In terms 441 
of metabolic function, immature non-HSIL tissues are characterized by overall lower (D), 442 

more homogenous (E) levels of oxidation. HSIL tissues are still characterized by lack of 443 
variation in N:C and lack of metabolic heterogeneity as a function of depth (F). 444 

Quantitative, label-free morphofunctional metrics enable HSIL detection with high 445 

sensitivity and specificity  446 

 MATLAB Classification Learner models were tested both with and without the 447 

inclusion of mitochondrial clustering metrics. The quadratic discriminant analysis (QDA)-448 

based classifier that included metrics of mitochondrial clustering yielded the highest 449 

validation accuracy, and therefore motivated the use of QDA for future classification 450 

investigations. In the exploratory QDAs, addition of each morphofunctional metric 451 

improved the receiver operating characteristic (ROC) area under the curve (AUC) (Table 452 

S2). Ultimately, based on stepwise variable selection, the metrics considered for 453 

predictive QDA were epithelial thickness, differentiation gradient, median RR, RR 454 

     b     ,     Q       , β v    b     ,            β. When discriminating from mature-455 

containing non-HSIL tissues, HSILs were identified with a 90.8 ± 6.1% sensitivity and 72.3 456 

± 11.3% specificity (Fig. 3A). Thus, HSIL sensitivity achieved using label-free, TPEF 457 

imaging-based metrics was comparable to the sensitivity achieved by the acquisition of 458 

multiple invasive biopsies7, while specificity was significantly improved compared to the 459 

wide range of specificities reported for colposcopy and biopsy (6% - 88%)8,10,33. However, 460 

this specificity comparison is not necessarily a direct one, since for the colposcopy and 461 
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biopsy studies, most of the non-HSIL biopsied tissues were immature epithelia. When we 462 

removed fully differentiated mature epithelia from our non-HSIL group, HSIL sensitivity 463 

(83.8 ± 9.2%) and specificity (69.7 ± 9.0%) were maintained. Similarly, the introduction of 464 

each morphofunctional metric improved ROC AUC (Table S3). Also of interest, metric 465 

diagnostic importance order was slightly modified (Fig. 3B). The RR IQR Range became 466 

the most important factor, highlighting the loss of metabolic heterogeneity, as opposed to 467 

morphological heterogeneity, as the principal factor in the identification of HSILs in this 468 

case. Collectively, these results demonstrate that the combination of quantitative tissue 469 

metabolic dysfunction metrics with tissue morphology characteristics yields high 470 

sensitivity and specificity of HSIL detection, even when compared. 471 

 472 
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Figure 3. A combination of metabolic and morphological 2P biomarkers derived 474 
from the full thickness epithelium classify HSILs with high sensitivity and 475 

specificity. Receiver operating characteristic (ROC) curves are generated from quadratic 476 
discriminant analysis-based classifiers of HSILs vs. all non-HSILs (A) and immature non-477 
HSILs (B). The importance order of metabolic and morphological metrics, ROC area-478 
under-the-curve, sensitivity, and specificity slightly change with the exclusion of mature, 479 
benign tissues. Metabolic and morphological metrics are highlighted in orange and blue, 480 

respectively. Representative canonical plots from one randomly initialized seed are 481 
plotted, where each point represents an ROI in the test dataset. Dotted lines represent 482 
95% confidence intervals and solid lines contain 50% of the population for each group. 483 

 484 

Highly accurate HSIL detection is maintained with morphofunctional assessments 485 

from two depth-resolved, label-free TPEF images 486 

When considering clinical translation of 2PM, measurements must be fast and 487 

accurate. For this reason, it is important to identify the optimal number of optical sections 488 

that can be sampled without compromising diagnostic performance, enabling 489 

measurements within a few seconds. For models that considered data from all 15 HSIL 490 

specimens, using metrics from a combination of 3 depths had the highest AUC (0.683 ± 491 

0.039), and therefore may the be most diagnostically useful (Fig. 4A - B). Considering 492 

depth combinations inclusive of all HSIL tissues was limiting, as some lesions only 493 

extended as far as 40-µm. The average epithelial thickness for HSIL tissues was 110 ± 494 

50-µm. We aimed to evaluate a depth combination in this range, to be more 495 

representative of the full dataset. The 2-depth combination of 12- and 72-µm had a high 496 

combined sensitivity and specificity during exploratory QDA and considered 80% of the 497 

specimens, so this depth combination was investigated further. HSIL sensitivity (91.4 ± 498 

12.0%) and specificity (77.5 ± 12.6%) using measurements from 12- and 72-µm 499 

outperformed the similar 3- and 4-depth combinations.  In this dataset, additional 500 

diagnostic accuracy was not afforded through the acquisition of additional measurements, 501 
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motivating the use of just 2 depths during clinical implementation (Fig. A - B). Models 502 

were also evaluated without the use of mitochondrial clustering metrics, as their extraction 503 

relies in principle on high resolution imaging (Fig. 4C). For models considering 504 

measurements from 12- and 72-μ ,     u                      u                     v   505 

the ROC AUC by 0.08 (Fig. 4). These results suggest that a two-depth sampling scheme 506 

from 1 superficial and 1 deep optical section is suitable for HSIL detection. A clinical 507 

imaging device should prioritize high NA acquisition, with the aim of measuring the 508 

diagnostically useful metric of mitochondrial clustering.  509 
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 511 

Figure 4.  High sensitivity and specificity HSIL detection is achieved after reducing 512 
the number of depth-resolved optical sections considered for metric extraction. (A) 513 
Receiver operating characteristic (ROC) curves are generated from quadratic 514 
discriminant analysis-based classifiers of HSILs vs. immature non-HSILs when 515 

considering metrics derived from the listed depths. (B) The performance of algorithms 516 
considering morphological, redox ratio and mitochondrial organization-based metrics was 517 
similar for combinations derived using images of sections at two, three or four different 518 
depths. Utilization of information from a combination of shallow (12-μm) and deeper (72-519 

m) resulted in optimal classification. (C) The performance of algorithms considering only 520 

morphological and redox ratio-based metrics was reduced by very moderate levels 521 
compared to the algorithms in panel (B) for combinations derived using images of 522 
sections at two, three or four different depths. Utilization of information from a combination 523 

of shallow (12-m) and deeper (72-m) resulted in optimal classification. 524 

 525 

Pathway analysis captures HSIL metabolic complexity and validates metabolic 526 

image readouts 527 

 Custom gene sets31 were used to assess differential gene expression related to 528 

mitochondrial metabolism in HSIL tissues from three independent datasets, GSE2767819, 529 

GSE6351420, and GSE780318. Oxidative phosphorylation (OXPHOS) activity was 530 

enhanced for HSILs in all three datasets (Fig. 5A). Additionally, glycolysis and fatty acid 531 

oxidation (FAO) were upregulated for HSIL tissues in two and one dataset, respectively 532 

(Fig. 5A). Anabolic pathways, including hypoxia inducible factor (HIF)34,35, mammalian 533 

target of rapamycin (mTOR)36, and nucleotide synthesis were also upregulated for HSIL 534 

tissues in all three datasets (Fig. 5A). Upregulation of the peroxisome and antioxidant 535 

defense pathways indicate the presence of reactive oxygen species (ROS) for HSILs in 536 

two of the datasets (Fig. 5A). Moreover, cellular stress pathways such as the unfolded 537 

protein response (UPR) and mitophagy were upregulated for HSIL tissues in three and 538 

one dataset, respectively (Fig. 5A).  539 
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MSigDB Hallmark gene sets broadened the assessment of metabolic pathway 540 

analysis30. Consistency in the differential expression of OXPHOS, mTOR and UPR 541 

pathways was observed between Hallmark and custom mitochondrial gene sets (Fig. 5B). 542 

Hallmark gene sets indicated increased activity of glycolysis and fatty acid metabolism in 543 

all datasets (Fig. 5B). Unique to Hallmark, Myc, transcription factor E2 targets, and G2/M 544 

cell division checkpoint pathways, additional indicators of increased cellular proliferation, 545 

were upregulated in all datasets30,37,38 (Fig. 5B). Conflicting findings emerged for the 546 

Hallmark hypoxia pathway, showing upregulation in one dataset, downregulation in 547 

another, and no change in the third (Fig. 5B). The Hallmark ROS and peroxisome 548 

pathways were upregulated in two and three datasets, respectively, aligning with 549 

increased antioxidant defense from custom sets (Fig. 5B). 550 

In summary, fGSEA indicates that HSIL tissues have significant anabolic 551 

demands, leverage several pathways for catabolic ATP generation, and experience 552 

several forms of cellular stress. 553 
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 554 

                                              Fast gene set enrichment analysis 555 
(fGSEA) using custom mitochondrial (A) and Hallmark (B) gene sets was used to 556 

compare HSIL and non-HSIL tissues in 3 independent datasets (GSE27678, 557 
GSE63514, and GSE7803).         v         z                      E             558 

             u               u    u                  u                            u    559 
      z                       z                                            u           560 
       b                u         j          b           ju       v  u   561 

 562 

Discussion 563 

Label-free, 2PM is emerging as a transformative clinical imaging technique, with 564 

the potential to offer insights into single cell metabolism and morphology in living tissues 565 

non-invasively. 2PM has been extensively studied in vivo for dermatological conditions 566 

such as melanoma, basal cell carcinoma, melasma, and vitiligo26,39,40. This study unveils 567 

the translational potential for the rapid and accurate diagnosis of HSILs using signals 568 
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derived from NAD(P)H and FP TPEF, supported by a robust dataset of 15 HSIL patients, 569 

14 LSIL patients, and 33 benign patients. 570 

 Altered cellular metabolism is a hallmark of carcinogenesis. However, current 571 

standard-of-care detection for HSILs lacks the incorporation of metabolic biomarkers. Our 572 

imaging approach relies on NAD(P)H and FP signals, providing critical information about 573 

tissue metabolism. HSILs exhibit distinct metabolic features, including a loss of spatial 574 

heterogeneity in tissue oxido-reductive state and a lower redox potential (Fig. 1D-G, Fig. 575 

2F). These findings align with previous studies using engineered epithelial tissues and ex 576 

vivo tissue biopsies, reinforcing the robustness of our observations17,28.  577 

 To explore in more depth the metabolic landscape of HSILs, we conducted gene 578 

set enrichment analysis relying on publicly available epithelial-cell-enriched microarray 579 

datasets. The results indicate the occupation of a complex metabolic profile that includes 580 

overexpression of OXPHOS, glycolysis, and fatty acid metabolism along with higher 581 

levels of cellular stress (Fig. 5)34,36,38. Previous work by our group aimed to characterize 582 

the effects of several metabolic processes on 2P optical readouts32. Our observations of 583 

a decreased redox potential and an increase in mitochondrial clustering for HSIL tissues 584 

are consistent with enhanced glycolysis and fatty acid oxidation, since both are 585 

associated with decreased redox ratio values and enhanced mitochondrial clustering, i.e. 586 

more fragmented mitochondria. In contrast, enhancements in oxidative phosphorylation 587 

lead to higher redox ratio and lower mitochondrial clustering levels. 588 

Enhanced levels of glycolysis lead to lower levels of utilization of NADH in the 589 

mitochondria and enhanced levels of NADH in the cytosol, both of which contribute to a 590 

lower redox ratio. Fragmented mitochondria are also typically more prevalent when they 591 
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are not utilized aggressively for energy production. The NADH produced during fatty acid 592 

oxidation can either bind directly to the electron transport chain or be shuttled to the 593 

cytoplasm, replenishing cytosolic NADH, which is depleted in a rapidly proliferating 594 

cell41,42. Activation of Myc, mTOR, and HIF pathways, which are all overexpressed in 595 

HSIL tissues (Fig. 5), are tightly associated with cellular growth and proliferation; they 596 

also serve as activators for many glycolytic genes and glucose transporters38,43–45. 597 

Observations in cellular anabolism are also consistent with the known mechanisms of 598 

HPV viral oncoproteins E6 and E7. Oncoprotein E6 degrades p53, a key regulator of the 599 

Myc, mTOR, and HIF- α         46,47. Oncoprotein E7 has been shown to dimerize 600 

pyruvate kinase type M2, increasing the rate of cellular proliferation and nucleotide 601 

synthesis48. The fact that the overall optical redox ratio of HSILs is reduced while the 602 

mitochondrial clustering is enhanced relative to non-HSILs indicates that while HSILs may 603 

produce more energy via oxidative phosphorylation to meet ATP demands, they break 604 

down glucose and fatty acids at even higher rates to maintain high levels of molecular 605 

biosynthesis. Higher levels of NADPH biosynthesis that are expected to occur as cells 606 

attempt to mitigate higher levels of oxidative stress (as indicated by UPR and antioxidant 607 

defense pathway upregulation) are also consistent with lower optical redox ratios. A 608 

greater concentration of cytosolic NAD(P)H is consistent with the significant decrease in 609 

NAD(P)H intensity in HSIL tissues, since the quantum efficiency of unbound NAD(P)H is 610 

two- to ten-fold lower than that of bound NAD(P)H, typically prevalent in mitochondria14 611 

(Supplemental Figure S8). Furthermore, a decrease in NAD(P)H intensity is consistent 612 

with increased NAD(P)H consumption that would accompany an increase in gene 613 

expression for ETC Complex I subunits (Supplemental Figure S8, S9A). As for the 614 
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decrease in FP intensity, underexpression of electron transfer flavoprotein 615 

dehydrogenase (ETFDH) directly prevents the oxidation of ETF, resulting in an increased 616 

proportion of non-fluorescent FADH2
49 (Supplemental Figure S8, S9B). Underexpression 617 

of the GDP/ADP-forming subunit alpha of succinate-CoA ligase (SUCLG1) indirectly 618 

decreases FP intensity, by inhibiting the generation of succinate, the substrate for ETC 619 

Complex II, which utilizes FADH2 as a reducing equivalent50 (Supplemental Figure S8, 620 

S9B). Thus, the integration of optical and genomic results allows improved understanding 621 

of overall metabolic function. Nevertheless, we note that such functional insights are 622 

provided with micron scale resolution by label-free, two-photon imaging, yielding 623 

additional important information regarding the loss of spatial metabolic heterogeneity 624 

across the depth of the HSIL epithelia.  625 

Current standard of care histopathological diagnosis relies on expert interpretation 626 

of tissue morphology, only after visual inspection of the cervix using non-specific contract 627 

agents, which results in a false positive biopsy rate of up to 94%10. Not only does 2PM 628 

allow for the non-invasive surveillance of multiple tissue regions, which has been shown 629 

to improve HSIL sensitivity up to 35%7, but overall, our study suggests that classification 630 

utilizing 2P morphofunctional biomarkers may achieve higher diagnostic accuracy (Fig. 631 

3A)8. Specifically, we achieved a high 90.8 ± 6.1% sensitivity and 72.3 ± 11.3% specificity 632 

of HSIL detection by integrating metabolic and morphological 2P-derived metrics from 633 

finely sampled, full-thickness epithelia. Importantly, even when discriminating HSILs from 634 

immature non-HSIL cases, sensitivity and specificity were preserved (Fig. 3B). When 635 

using only 2 measurements from a superficial optical section, such as 12-µm, and a more 636 

basal optical section, such as 72-µm, we achieved a high sensitivity (91.4 ± 12.0%) and 637 
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specificity (77.5 ± 12.6%) of detection, demonstrating the potential for rapid, sub-638 

micrometer resolution screening and laying the groundwork for future clinical applications.  639 

 Despite the novel findings, the present study poses several limitations. The main 640 

limitation of the study is that conclusions regarding in vivo diagnosis are drawn from 641 

freshly excised human cervical tissue biopsies. The data acquired here remains clinically 642 

relevant due to the extensive efforts that have been made to preserve the in vivo 643 

condition, such as regularly hydrating the sample and limiting imaging time. By limiting 644 

the imaging time to maintain clinical relevance, we suffer in the quality of our 645 

autofluorescence signals and the range of locations which we can sample. NAD(P)H and 646 

FP autofluorescence is inherently weak. The use of 6-frame averaged images allows us 647 

to collect data of suitable SNR from several regions of interest. The use of deep-learning-648 

based denoising algorithms would have the potential to improve the SNR of our images 649 

without the need to integrate multiple frames51. 650 

 The findings provided in this study motivate several areas of future investigation. 651 

The use of deep-learning-based classification methods that can integrate quantitative 2P 652 

image data and qualitative information, such as patient HPV-type, age, menstrual status, 653 

and menopausal status, have the potential to improve diagnosis52. Future predictive 654 

models that utilize 2P image data can also leverage morphological and metabolic 655 

measurements from the tissue stroma. ECM remodeling and patient immune response 656 

are dictated by the complex interactions that occur between epithelial cells and stromal 657 

cells20,53–55. 2PM can capture high-resolution, spatially preserved signatures of stromal 658 

autofluorescence and collagen SHG in 3D, in situ. Characterizing the tissue stroma and 659 

immune response may provide insights into why some lesions progress into invasive 660 
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carcinomas. In fact, a quantitative multiphoton melanoma index, which integrates depth-661 

dependent variations in epithelial autofluorescence and collagen SHG intensity, have 662 

been used to characterize skin cancer lesions imaged in vivo56,57. We have further shown 663 

that the lack of depth dependent mitochondrial clustering variations and N:C variations as 664 

assessed from analysis of in vivo NAD(P)H 2P images can differentiate human melanoma 665 

and basal cell carcinoma lesions from healthy skin26. Spectroscopic studies have 666 

highlighted the presence of similar epithelial and stromal autofluorescence changes 667 

associated with oral, esophageal, lung, and colorectal cancers. Portable, multi-modal, 668 

2PM systems for assessment of morphofunctional characteristics of excised tissues at 669 

the bedside have been reported already for breast cancer58, lung cancer59, and head and 670 

neck squamous cell carcinoma60. 671 

 In summary, this study demonstrates the potential for rapid and robust cervical 672 

HSIL detection using non-destructive, high-resolution 2P measurements. We reveal that 673 

a loss in metabolic and morphological heterogeneity is a fundamental indicator of high-674 

grade precancerous changes, even when comparisons are made with metaplastic and 675 

low-grade precancerous tissues. We highlight that such morphofunctional homogeneity 676 

can be captured when 2P images acquired at only two distinct epithelial depths, indicating 677 

the potential for acquiring the needed information rapidly. Using GSEA, we demonstrate 678 

that 2PM images capture functional shifts towards a more complex metabolic state that 679 

involves enhanced glycolysis, FAO, and OXPHOS.  Overall, this study establishes the 680 

potential to translate non-destructive, depth-resolved, high-resolution 2P imaging to 681 

improve detection of human cervical HSILs through the quantitative assessment of 682 

spatially resolved cellular metabolic function and morphology metrics. 683 
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