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Background. Human papillomavirus–related biomarkers such as p16/Ki-67 “dual-stain” (DS) cytology have shown promising 
clinical performance for anal cancer screening. Here, we assessed the performance of automated evaluation of DS cytology (auto-
mated DS) to detect anal precancer in men who have sex with men (MSM) and are living with human immunodeficiency virus 
(HIV).

Methods. We conducted a cross-sectional analysis of 320 MSM with HIV undergoing anal cancer screening and high-resolution 
anoscopy (HRA) in 2009–2010. We evaluated the performance of automated DS based on a deep-learning classifier compared to 
manual evaluation of DS cytology (manual DS) to detect anal intraepithelial neoplasia grade 2 or 3 (AIN2+) and grade 3 (AIN3). 
We evaluated different DS-positive cell thresholds quantified by the automated approach and modeled performance compared with 
other screening strategies in a hypothetical population of MSM with HIV.

Results. Compared with manual DS, automated DS had significantly higher specificity (50.9% vs 42.2%; P < .001) and similar 
sensitivity (93.2% vs 92.1%) for detection of AIN2+. Human papillomavirus testing with automated DS triage was significantly more 
specific than automated DS alone (56.5% vs 50.9%; P < .001), with the same sensitivity (93.2%). In a modeled analysis assuming a 
20% AIN2+ prevalence, automated DS detected more precancers than manual DS and anal cytology (186, 184, and 162, respectively) 
and had the lowest HRA referral rate per AIN2+ case detected (3.1, 3.5, and 3.3, respectively).

Conclusions. Compared with manual DS, automated DS detects the same number of precancers, with a lower HRA referral rate.
Keywords. anal cancer; p16/Ki-67 dual stain; human papillomavirus; screening; artificial intelligence.

Anal cancer incidence and mortality rates have been increasing 
in the United States [1], particularly among certain populations 
with elevated risk, most notably, men who have sex with men 
(MSM) and are living with human immunodeficiency virus 
(HIV) [2, 3]. Most anal squamous cell carcinomas are caused 
by high-risk human papillomavirus (HPV) infection [4]. A ma-
jority of these infections will clear on their own without causing 
disease, but a subset will persist and progress to precancer, and 
an even smaller subset will progress to invasive cancer [5]. 
Individuals living with HIV are more likely to have persistent 
HPV infection, harbor a broader range of high-risk HPV types, 

and have higher rates of anal precancer and cancer than those 
without HIV [6].

The Anal Cancer/HSIL Outcomes Research (ANCHOR) 
study recently demonstrated that treating high-grade squamous 
intraepithelial lesions (HSILs) significantly reduced the risk of 
anal cancer in people with HIV, highlighting the importance 
of anal cancer screening [7]. While screening is conducted 
in some specialty clinics for MSM with HIV, there are no na-
tional screening guidelines; practices are not standardized and 
tend to vary across different clinical settings and providers [8]. 
Current practice may include anal cytology and high-resolution 
anoscopy (HRA) with targeted biopsies [8]; however, anal cy-
tology has limited reproducibility and sensitivity and therefore 
needs to be repeated frequently [9]. Furthermore, performing 
HRA requires specialized training and expertise that is not 
widely available [9]. These challenges emphasize the need for 
objective biomarkers with high specificity to limit unneces-
sary HRA referral while maintaining high sensitivity for anal 
precancers.
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Although cervical cancer screening is shifting toward primary 
HPV testing owing to its high sensitivity, the high prevalence of 
HPV in MSM living with HIV may limit the effectiveness of 
HPV testing for primary screening [10]. HPV triage biomarkers 
for cervical cancer screening may have applications as primary 
anal cancer screening tools, alone or in combination with HPV 
testing. p16/Ki-67 “dual-stain” (DS) cytology, a Food and Drug 
Administration–approved triage test for HPV-positive women 
in cervical cancer screening, has shown promising cross-sec-
tional and long-term clinical performance in the detection of 
anal precancer [11, 12]. The DS technique is amenable to au-
tomated detection using scanned cytology slides. Previously, 
our group developed a deep learning approach for automated 
evaluation of DS cytology (hereafter, automated DS) for cervical 
and anal precancer detection [13]. In the current study, we per-
formed an in-depth clinical analysis of this algorithm compared 
with manual evaluation of DS cytology (manual DS) for the de-
tection of anal precancer in MSM living with HIV.

METHODS

Study Population

We enrolled MSM living with HIV who were aged ≥18 years and 
undergoing anal cancer screening and HRA at the Anal Cancer 
Screening Clinic at Kaiser Permanente Northern California 
(KPNC) in San Francisco. Participants with no history of anal 
cancer were identified through the Kaiser HIV registry. For this 
cross-sectional analysis, we used the baseline data from 363 
men enrolled between August 2009 and June 2010. Only parti-
cipants with manual and automated DS results of adequate slide 
quality were included in our analysis. This study was reviewed 
and approved by the National Cancer Institute and KPNC.

Clinical Evaluation

Two anal swab specimens for liquid cytology were collected 
during clinical examination and transferred to PreservCyt 
medium (Hologic). Results were reported, according to the 
Bethesda system [14], as negative for intraepithelial lesion or 
malignancy (NILM); atypical squamous cells of undetermined 
significance (ASC-US); atypical squamous cells, cannot rule 
out HSIL (ASC-H); low-grade squamous intraepithelial lesion 
(LSIL); or HSIL [14]. All patients underwent a digital anorectal 
examination followed by HRA. Biopsies of suspicious lesions 
identified by HRA were performed, and biopsy specimens were 
reviewed by KPNC pathologists, according to clinical prac-
tice. Results were reported as negative, condyloma, or anal 
intraepithelial neoplasia (AIN) grades 1–3.

Clinical End Points

We created composite cytologic and histologic end points to 
maximize disease ascertainment and minimize misclassification 
by HRA, as described elsewhere [12]. We classified precancers 
as having either HSIL with cytology and/or AIN grade 2 or 3 

(AIN2+) or AIN grade 3 (AIN3) with histology. Cytologic diag-
noses of NILM, ASC-US, ASC-H, or LSIL and histologic results 
of negative, condyloma, or AIN1 were categorized as AIN less 
than grade 2 (<AIN2).

p16/Ki-67 DS Biomarker Testing and Automation

p16/Ki-67 dual immunostaining was performed on residual 
cytologic specimens by Roche MTM Laboratories, using the 
CINtec PLUS Kit according to the manufacturer’s guidelines. 
Trained cytotechnologists reviewed all cases and considered a 
slide positive if ≥1 anal squamous epithelial cell stained posi-
tive for both p16 and Ki-67. The number of positive cells was 
also reported in semiquantitative categories as 0, 1, 2–5, 6–50, 
or >50 cells.

Development and validation of the automated DS tech-
nology is described in detail elsewhere [13]. Briefly, the deep 
learning approach (convolutional neural network with 4 
layers) for automation of DS technology uses an algorithm to 
quantify the number of DS-positive cells on a ThinPrep slide 
by detecting the number of tiles above a specific likelihood 
threshold (0.5). A slide is considered positive if the number 
of DS-positive tiles exceeds a predetermined threshold of ≥3 
tiles per cell, as described elsewhere (hereafter referred to as a 
“3-cell threshold”) [13].

HPV DNA Testing

HPV DNA testing was performed on the second liquid cytologic 
specimen, using the cobas 4800 HPV assay (Roche Molecular 
Systems), which provides results for HPV-16, HPV-18, and 12 
other pooled high-risk HPV genotypes (type 31, 33, 35, 39, 45, 
51, 52, 56, 58, 59, 66, and 68; “other high-risk 12”) [15].

Statistical Analyses

We used descriptive statistics and χ2 tests to summarize dem-
ographics and risk factors by disease status. We calculated the 
percentage of patients with a positive test result (ie, positivity), 
sensitivity, specificity, and predictive values for detection of 
AIN2+ and AIN3 for manual and automated DS alone and in 
combination with HPV results, including triage of HPV-positive 
results (ie, positive if both HPV and DS results are positive), 
partial HPV-16/18 genotyping with DS triage for the other 12 
high-risk HPV types (ie, positive for HPV-16/18 and DS pos-
itive for the remainder of those positive for another high-risk 
HPV type), and cotesting with HPV-16/18 partial genotyping 
(ie, positive if either HPV-16/18 or DS positive). 
We used the McNemar χ2 test to compare the paired positivity, 
sensitivity, and specificity of automated and manual DS for de-
tection of AIN2+ and AIN3; differences in predictive values 
were evaluated using the R package DTComPair and the gen-
eralized score statistic. We performed a receiver operating char-
acteristic (ROC) curve analysis to evaluate the performance of 
automated DS at different thresholds for detecting AIN2+ and 
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AIN3, and we calculated the respective area under the ROC 
curve (AUC). For comparison, we plotted the coordinates for 
manual DS sensitivity and specificity at the 1-cell and >50-cell 
thresholds, which our group previously demonstrated approxi-
mates the performance of HSIL cytology in cervical cancer 
screening [16], a result that may be used for clinical decision 
making in anal cancer screening [17].

We modeled the performance of automated DS in a hypo-
thetical population of 1000 MSM living with HIV assuming a 
lower (20%) and higher (40%) prevalence of AIN2+. Estimates 
were selected based on a systematic review and meta-analysis 
of the prevalence of AIN2+ in studies restricted to MSM 
with HIV, which ranged from 7.5% to 54.5% [18]. We com-
pared different automated and manual DS thresholds alone 
and with HPV testing and applied external summary perfor-
mance estimates of cytology (ASC-US or worse [ASC-US+] 
and HSIL or worse [HSIL+] thresholds) from a meta-analysis 
of studies of MSM with HIV [9]. We calculated hypothetical 
HRA referral rates based on test positivity, and the number of 
AIN2+ cases detected based on sensitivity and specificity es-
timates for each test. All analyses were performed using Stata 
(version 17.0) and R (version 4.1.1) software. Differences 
were considered statistically significant at P < .05 for all tests 
of significance.

RESULTS

Study Population Characteristics

Of the 363 individuals enrolled in the study, 43 (11.8%) were ex-
cluded, leaving 320 individuals included in our analysis (Figure 
1). Based on a combined cytologic and histologic end point, 232 
men (72.5%) had <AIN2 and 88 (27.5%) had AIN2+. Of those 
with AIN2+, 50 (56.8%) had AIN3. Most were white (83.4%) 
and non-Hispanic (70.9%), with a mean age of 52.8 years. The 

overall high-risk HPV positivity rate was 80.9%, with 45.9% 
testing positive for HPV-16 and/or HPV-18. All cases tested 
HPV positive, with 65.9% positive for HPV-16/18. HPV posi-
tivity was significantly lower among those with <AIN2 (73.7% 
for all high-risk HPV types and 35.7% for HPV-16/18; P < .001). 
Those with <AIN2 had higher CD4 cell counts than those with 
AIN2+ (≥350/µL in 81.9% vs 70.5%, respectively; P = .03) and 
were less likely to have ever smoked (43.1% vs 55.7%; P = .04) 
(Table 1).

Performance of Manual and Automated DS

The rate of positivity was significantly higher for manual DS 
(67.2%) than for automated DS (61.3%) (P = .001; Table 2). 
The sensitivity for detecting AIN2+ was similar for automated 
and manual DS (93.2% and 92.1%, respectively), whereas the 
specificity of automated DS was significantly higher (50.9% vs 
42.2%; P < .001). Likewise, the positive predictive value of au-
tomated DS was significantly higher than that of manual DS 
(41.8% vs 37.7%; P < .001), whereas the negative predictive 
values were similar. For detecting AIN3, automated DS, com-
pared with manual DS, had comparable sensitivity (96.0% vs 
94.0%, respectively), significantly higher specificity (45.2% vs 
37.8%; P < .001), and significantly higher positive predictive 
value (24.5% vs 21.9%; P < .001).

Evaluating Different Thresholds for Automated DS

We evaluated the absolute number of DS-positive cells 
quantified by the automated algorithm compared with the 
semiquantitative categories derived from manual DS. In ge-
neral, there was a shift toward higher positive DS cell counts 
for the automated approach within each manual DS category, 
and at each threshold, automated DS had higher positivity 
(Supplementary Table 1).

We generated an ROC curve evaluating the number of cells 
positive with automated DS for detection of AIN2+ (AUC, 0.85) 
and AIN3 (AUC, 0.87) (Figure 2). For comparison, we plotted 
the sensitivity and specificity coordinates for manual DS at the 
1-cell and >50-cell thresholds, demonstrating that automated 
DS improves detection of AIN2+ and AIN3 compared with 
manual DS.

We used the ROC curves to determine a threshold at which 
the performance of automated DS was equivalent to or better 
than that of manual DS at the 50-cell threshold, to approxi-
mate the high specificity of cytologic HSIL, which may be used 
for clinical decision making [16, 17]. For AIN2+ detection, a 
threshold of 58 positive cells for automated DS achieved higher 
sensitivity and specificity (62.5% and 91.8%, respectively) 
compared with manual DS at the 50-cell threshold (55.7% 
and 90.1%, respectively) (Figure 2A). For AIN3, at the 50-cell 
threshold, automated DS achieved slightly higher sensitivity 
than manual DS (74.0% vs 72.0%, respectively), with equivalent 
specificity (86.3% vs 86.7%) (Figure 2B).

Figure 1. CONSORT diagram illustrating the study population. Abbreviations: 
<AIN2, anal intraepithelial neoplasia (AIN) less than grade 2 by cytology and his-
tology; AIN2+, AIN grade 2 or 3 by cytology and/or histology; DS, dual-stain cy-
tology; HIV+, human immunodeficiency virus positive; MSM, men who have sex 
with men. 
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Table 1. Characteristics of the Study Populationa

Characteristic 

Study Participants, No. (Column %)b

P Value Total (n = 320) 
<AIN2

(n = 232) 
AIN2+
(n = 88) 

Age, mean (SD), y 52.8 (9.1) 53.1 (9.4) 51.8 (8.3) .30

Race

  White 267 (83.4) 190 (81.9) 77 (87.5) .23

  Nonwhite 41 (12.8) 32 (13.8) 9 (10.2) .39

  Data missing 12 (3.8) 10 (4.3) 2 (2.3) …

Ethnicity

  Non-Hispanic 227 (70.9) 165 (71.1) 62 (70.5) .91

  Hispanic 29 (9.1) 24 (10.3) 5 (5.7) .19

  Data missing 64 (20.0) 43 (18.5) 21 (23.9) …

HPV statusc

  Positive 259 (80.9) 171 (73.7) 88 (100.0) <.001d

  Negative 59 (18.4) 59 (25.4) 0 (0.0)

  Data missing 2 (0.6) 2 (0.9) 0 (0.0) …

HPV genotypee

  HPV-16/18f 119 (45.9) 61 (35.7) 58 (65.9) <.001d

  HPV-16 positiveg 97 (37.5) 45 (26.3) 52 (59.1) <.001d

  HPV-18 positive, HPV-16 negativeh 22 (8.5) 16 (9.4) 6 (6.8) .49

  Other HR-HPVi 140 (54.1) 110 (64.3) 30 (34.1) <.001d

HIV viral load 

  <75 Copies/mL 277 (86.6) 201 (86.6) 76 (86.4) .95

  ≥75 Copies/mL 31 (9.7) 25 (10.8) 6 (6.8) .29

  Data missing 12 (3.8) 6 (2.6) 6 (6.8) …

CD4 cell count 

  ≥350/µL 252 (78.8) 190 (81.9) 62 (70.5) .03d

  <350/µL 56 (17.5) 36 (15.5) 20 (22.7) .13

  Data missing 12 (3.8) 6 (2.6) 6 (6.8) …

Any prior anal cancer screening

  Yes 160 (50.0) 114 (49.1) 46 (52.3) .62

  No 15 (4.7) 13 (5.6) 2 (2.3)

  Data missing 145 (45.3) 105 (45.3) 40 (45.5) …

Ever smoker

  Yes 149 (46.6) 100 (43.1) 49 (55.7) .04d

  No 119 (37.2) 98 (42.2) 21 (23.9)

  Data missing 52 (16.3) 34 (14.7) 18 (20.5) …

Lifetime no. of male partners

  0–4 46 (14.4) 38 (16.4)  8 (9.1) .10

  5–39 112 (35.0) 88 (37.9) 24 (27.3) .07

  ≥40 101 (31.6) 66 (28.4) 35 (39.8) .05

  Data missing 61 (19.1) 40 (17.2) 21 (23.9) …

Abbreviations: AIN, anal intraepithelial neoplasia; <AIN2, AIN less than grade 2 by cytology and histology; AIN2+, AIN grade 2 or 3 by cytology and/or histology; HIV, human immunodefi-
ciency virus; HPV, human papillomavirus; HR-HPV, high-risk human papillomavirus; SD, standard deviation.
aUnivariate analyses of study population demographics and risk factors dichotomized by case status. All information was collected from a self-administered questionnaire completed by 
study participants or extracted from electronic medical records, and χ2 tests were used to identify statistically significant differences (P < .05) between participants with <AIN2 and those 
with AIN2+. 
bData represent no. (column %) except where identified as mean (SD).
cDefined as positive for HPV type 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, or 68; otherwise considered negative.
dSignificant at P < .05 for comparison between <AIN2 and AIN2+ groups.
eHPV genotypes for participants with positive HPV results; percentages represent proportion of those with positive results.
fPositive for HPV-16 or HPV-18, regardless of other positive HPV results.
gPositive for HPV-16, regardless of other positive HPV results.
hPositive for HPV-18 but negative for HPV-16.
iNegative for HPV-16 or HPV-18 but positive for any of the other 12 high-risk HPV types: 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, or 68.
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Automated and Manual DS With Different HPV Testing Strategies

We evaluated the performance of automated and manual DS 
in combination with 3 different HPV testing strategies (Table 
3). For both automated and manual DS approaches, primary 
HPV testing with DS triage (ie, with results considered posi-
tive if both HPV and DS results are positive), compared with 
DS approaches alone, had significantly lower positivity and sig-
nificantly higher specificity at equal sensitivity for AIN2+ and 
AIN3. Partial HPV-16/18 genotyping with DS triage of other 
high-risk HPV types had higher positivity and sensitivity but 
equal or worse specificity, respectively, than automated and 

manual DS alone. Similarly, cotesting with HPV-16/18 par-
tial genotyping and DS had significantly higher positivity and 
high sensitivity but the lowest specificity for any testing strategy 
(Table 3).

Modeled Performance of Different Testing Strategies for Anal Cancer 
Screening

To put our findings in clinical context and to compare our re-
sults with the performance of anal cytologic testing, we mod-
eled the performance of different screening approaches in a 
hypothetical population of 1000 MSM with HIV, assuming 
2 different population prevalence estimates for AIN2+ (20% 
and 40%; Table 4) and using external estimates of sensitivity 
and specificity for cytology based on a meta-analysis in MSM 
living with HIV [9]. In these strategies, participants positive 
with individual tests or test strategies would be referred to 
HRA. 
For the 20% prevalence scenario, automated DS at a 3-cell 
threshold detected more cases of AIN2+ than cytology 
(ASC-US+) or manual DS. with a sensitivity of 93.2% (vs 
80.8% and 92.1%, respectively) and had lower HRA referral 
rate (ie, lower test positivity) than manual DS (57.9% vs 64.6%, 
respectively). Although the proportion referred to HRA based 
on a positive cytologic (ASC-US+) result was slightly lower 
than that with automated DS (53.0%), the ratio of HRA refer-
rals per cases detected was lower for automated DS owing to 
its superior sensitivity. Primary HPV testing with automated 
DS triage resulted in a lower HRA referral rate than automated 
DS alone (53.4% vs 57.9%, respectively) for the same number 
of cases detected (n = 186). Patterns were similar in the 40% 
AIN2+ prevalence setting, with greater efficiency observed for 
all strategies than with a setting with 20% prevalence, dem-
onstrated by lower ratios of HRA referrals per case of AIN2+. 
For strategies designed to maximize specificity (ie, prioritizing 

Table 2.  Performance of Manual and Automated Dual-Stain Cytology for 
Detection of Anal Precancer Among 320 Human Immunodeficiency Virus–
Positive Men Who Have Sex With Mena

Variable 

DS Result, No./Total No. (%)

Manual DS Automated DS 

Threshold 1 Cell positive 3 Cells positive

Positivity 215/320 (67.2)a 196/320 (61.3)a

Detection of AIN2+

  Sensitivity 81/88 (92.1) 82/88 (93.2)

  Specificity 98/232 (42.2)a 118/232 (50.9)a

  PPV 81/215 (37.7)b 82/196 (41.8)b

  NPV 98/105 (93.3) 118/124 (95.2)

Detection of AIN3

  Sensitivity 47/50 (94.0) 48/50 (96.0)

  Specificity 102/270 (37.8)a 122/270 (45.2)a

  PPV 47/215 (21.9)b 48/196 (24.5)b

  NPV 102/105 (97.1) 122/124 (98.4)

Abbreviations: AIN2+, anal intraepithelial neoplasia (AIN) grade 2 or 3 by cytology and/or 
histology; AIN3, AIN grade 3 by cytology and/or histology; DS, dual-stain cytology; NPV, 
negative predictive value; PPV, positive predictive value.
aSignificant at P < .05 for comparison between automated and manual DS (McNemar 
χ2 test). 
bSignificant at P < .05; predictive values were evaluated with the R package DTComPair, 
using the generalized score statistic. 

Figure 2. Receiver operating characteristic (ROC) curve analysis of “positive” tiles identified by automated dual-stain (DS) technology for the detection of anal intraepithelial 
neoplasia (AIN) grade 2 or 3 (AIN2+) (A) and AIN grade 3 (AIN3) (B). Manual DS sensitivity and specificity estimates at the 1-cell and 50-cell thresholds are plotted for 
reference. 
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HRA referral for only those individuals with the highest risk 
of precancer), including cytology (HSIL+), >50 cells positive 
with manual DS, and >58 cells positive with automated DS, au-
tomated DS referred a higher or nearly equivalent number of 
individuals to HRA than cytology (HSIL+) or manual DS but 
detected the most AIN2+ cases in both the higher- and lower-
prevalence settings.

DISCUSSION

The high burden of HPV-associated anal disease among MSM 
living with HIV and the limitations of cytology and high-
quality HRA practice underscore the need for molecular bio-
markers for anal cancer screening. To our knowledge, we are 

the first to develop and clinically validate an algorithm for auto-
mated evaluation of DS cytology slides. Our data demonstrate 
that p16/Ki-67 DS cytology can detect precancer with high sen-
sitivity and specificity and that using an automated approach 
further improved specificity. Primary HPV testing with auto-
mated DS triage had similar sensitivity and improved specificity 
compared with automated DS alone, while algorithms involving 
HPV-16/18 partial genotyping in conjunction with automated 
DS had much lower specificity.

Our findings are in line with findings of a prior study by our 
group that showed similar sensitivity and improved specificity 
of automated compared with manual DS evaluation in HPV-
positive women undergoing cervical cancer screening [13]. Of 
note, we applied an automated DS algorithm that was primarily 

Table 3.  Performance of Automated and Manual Dual-Stain Cytology in Various Combinations With Human Papillomavirus Testing and Partial Genotypinga

DS Testing Strategy Positivity, % 

AIN2+ AIN3

Sensitivity, % Specificity, % Sensitivity, % Specificity, % 

Automated evaluation (3-cell threshold) 

  HPV and DSb 57.2c 93.2 56.5c 96.0 50.0c

  HPV-16/18 with DS triage of other HR- HPVd 64.1 96.6 47.8 98.0 41.8

  HPV-16/18 or DSe 68.1c 96.6 42.7c 98.0 37.4c

Manual evaluation (1-cell threshold)

  HPV and DSb 61.9f 92.1 49.6f 94.0 44.1f

  HPV-16/18 with DS triage of other HR-HPVd 67.2 95.5 43.0 98.0 38.1

  HPV-16/18 or DSe 72.5f 95.5 36.2f 98.0 32.2f

Abbreviations: AIN2+, anal intraepithelial neoplasia (AIN) grade 2 or 3 by cytology and/or histology; AIN3, AIN grade 3 by cytology and/or histology; DS, dual-stain cytology; HPV, human 
papillomavirus; HR-HPV, high-risk HPV.
aAutomated and manual evaluation of DS combined with 3 different strategies incorporating HPV testing with or without partial HPV-16/18 genotyping, in the detection AIN2+ and AIN3 
among 320 men who have sex with men and are living with human immunodeficiency virus. 
bConsidered positive if both HPV (types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, or 68) and DS results are positive; otherwise considered negative.
cSignificant at P < .05 (McNemar χ2 test) for difference between HPV testing with automated DS and automated DS alone.
dConsidered positive if HPV-16 or HPV-18 results are positive, with DS triage of the other 12 high-risk HPV types.
eConsidered positive if either HPV-16 or HPV-18 results are positive or if DS results are positive; otherwise considered negative.
fSignificant at P < .05 (McNemar χ2 test) for difference between HPV testing with manual DS and manual DS alone.

Table 4.  Simulated Clinical Performance of Screening Strategies to Detect Anal Precancer in a Hypothetical Population of 1000 Men Who Have Sex With 
Men and Are Living with Human Immunodeficiency Virusa

Cytologic Screening Strategy
 Sensitivity, % Specificity, % 

Value for 20% AIN2+ Prevalence/Value for 40% AIN2+ Prevalence 

Test
Positivity, % 

No. Referred 
to HRA  

No. of Precancer 
Cases Detected  

No. Referred to HRA per 
Precancer Case Detected 

ASC-US+ 80.8 54.0 53.0; 59.9 530; 599 162; 323 3.3; 1.9

HSIL+ 40.0 92.5 14.0; 20.5 140; 205 80; 160 1.8; 1.3

Manual DS (1-cell threshold) 92.1 42.2 64.6; 71.5 646; 715 184; 368 3.5; 1.9

Manual DS (>50-cell threshold) 55.7 90.1 19.0; 28.2 190; 282 111; 223 1.7; 1.3

Automated DS (3-cell threshold) 93.2 50.9 57.9; 66.8 579; 668 186; 373 3.1; 1.8

Automated DS (>58-cell threshold) 62.5 91.8 19.1; 29.9 191; 299 125; 250 1.5; 1.2

HPV and automated DSb 93.2 56.5 53.4; 63.4 534; 634 186; 373 2.9; 1.7

HPV-16/18 with automated DS 
triage of other HR-HPVc

96.6 47.8 61.1; 69.9 611; 699 193; 386 3.2; 1.8

Abbreviations: AIN2+, anal intraepithelial neoplasia grade 2 or 3 by cytology and/or histology; ASC-US+, cytology result worse than atypical squamous cells of undetermined significance; 
DS, dual-stain technique; HPV, human papillomavirus; HR-HPV, high-risk HPV; HRA, high-resolution anoscopy; HSIL+, cytology result worse than high-grade squamous intraepithelial lesion. 
aPopulation prevalence estimates of AIN2+ for men who have sex with men and are living with human immunodeficiency virus, selected from a systematic review and meta-analysis [17]. 
bConsidered positive if both HPV and DS results are positive.
cConsidered positive if either HPV-16/18 or DS results are positive.
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trained for cervical cytology. This algorithm showed good per-
formance in anal cytology, demonstrating the robustness of 
the approach. While manual DS has well-established superior 
performance compared with cytology for HPV triage in cer-
vical cancer screening, few studies have evaluated manual DS 
for anal cancer screening, with estimates varying from 41% to 
84% for sensitivity and from 65% to 72% for specificity [19–21]. 
Differences in performance may be attributed to the composi-
tion of study participants (ie, differences in HIV prevalence or 
recruitment approach), disease prevalence and outcome def-
initions, and/or differences in slide preparation (ie, using the 
same slide for cytology and DS testing) and/or adequacy (eg, 
low cellularity) [19–21].

The heterogeneity in the literature surrounding the perfor-
mance of manual DS underscores the importance of an auto-
mated approach, which would reduce subjective interpretation 
and could be used for quality control of a manual DS program. 
Automation would also allow for many slides to be evaluated 
in a shorter time frame, with a subset identified for manual re-
view, particularly in settings with few skilled cytotechnologists. 
Furthermore, automated DS provides fully quantitative results, 
so thresholds can potentially be shifted to meet the needs of 
the clinical setting. For example, if HRA capacity is limited, a 
higher threshold could be used to optimize specificity and refer 
only the highest-risk patients. However, in settings where it is 
desirable to maximize sensitivity, the positivity threshold could 
be lowered. 

In the current study, we primarily focused on automated 
thresholds with higher specificity, because lowering the 
threshold to 1 or 2 positive cells would not have changed the 
sensitivity but would have lowered specificity. In our modeled 
analysis, we demonstrated that an automated threshold of 58 
DS-positive cells had higher sensitivity than HSIL cytology for 
AIN2+, with approximately equivalent specificity. This has po-
tential clinical implications, because HSIL is often used as a 
cytologic indicator of underlying anal precancer risk to guide 
clinical management. More research is needed to evaluate a 
head-to-head comparison of automated DS and anal cytology 
within the same study population, as we could only model this 
scenario based on published estimates for cytology.

The strengths of our study include a large, clinical popu-
lation of MSM living with HIV, with cytology and HRA per-
formed in all participants. We created combined cytologic 
and histologic end points to account for potential disease 
misclassification resulting from HRA; however, misclassi-
fication is still possible. Our study population was over-
whelmingly white and non-Hispanic with well-controlled 
HIV infection, and our results may not be generalizable to 
all MSM living with HIV. More research is needed in other 
populations at risk of anal cancer, such as MSM without HIV 
and women living with HIV, who may also benefit from anal 
cancer screening. Future studies are also required to assess 

issues related to implementation of this technology in a clin-
ical setting.

In conclusion, automated evaluation of p16/Ki-67 DS cy-
tology is a promising biomarker for anal cancer screening in 
MSM living with HIV. In particular, it shows great clinical utility 
for optimizing sensitivity and specificity, either alone or in com-
bination with primary HPV screening. Future research should 
evaluate the performance of automated DS for long-term risk 
stratification in prospective studies, as well as in other popula-
tions at risk for development of anal cancer.
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