Proliferation scores in canine anal sac adenocarcinomas: Ki67 global score is superior to Ki67 hotspot indices and mitotic count for prognosis

Barbara Bacci1, Barbara Brunetti1, Giancarlo Avallone1, Ambra Morisi2, Ginevra Martinoli1, Nicholas J. Bacon3,4

1 Department of Veterinary Medical Sciences, University of Bologna, Italy
2 Vita Referrals, Wetherby, United Kingdom
3 AURA Veterinary, 70 Priestley Road, Surrey Research Park, Guildford, United Kingdom
4 Department of Veterinary Medicine, University of Surrey, Guildford, United Kingdom





	





Corresponding author:
Barbara Bacci
e-mail: barbara.bacci@unibo.it
Tel: +39 051302964
Address: Department of Veterinary Medical Sciences (DIMEVET), University of Bologna, Via Tolara di Sopra 50, 40064 Ozzano dell’Emilia (BO), Italy.
Abstract
Canine anal sac adenocarcinoma (ASAC) is an aggressive malignancy with high metastatic potential. Histologic and proliferation parameters such as mitotic count and Ki67 scores have limited prognostic value according to the published literature. 
Using pathologist-supervised digital image analysis methods with the image analysis software QuPath, we analyzed 58 cases of ASAC to evaluate mitotic count (MC) and Ki67 indices, explore relationships between different Ki67 indices [semi-automatic Ki67 digital hotspot score (Ki67-saHDS), Ki67 global digital score (Ki67-GDS) fully automatic Ki67 digital hotspot score (Ki67-faHDS)], and MC, and to verify which method carries the most significant prognostic value. MC did not impact median tumor-related survival (TRS) time. Although high correlation coefficients were observed between the three Ki67 scores, Ki67-GDS had more prognostic relevance than hotspot-based scores (Ki67-saHDS and Ki67-faHDS). Dogs with Ki67-GDS ≥ 26 had significantly shorter survival times (175 days 95% confidence interval (95%CI)123-540) compared to dogs with Ki67GDS< 26 (median survival time (MST) 650 days 95%CI 503->1579). No association was observed between TRS and Ki67-faHDS or Ki67-saHDS. On multivariate analysis, anisokaryosis and Ki67-GDS, but not tumor size, lymphovascular invasion or MC, were independent prognostic markers for survival. 
These results demonstrate the advantage of Ki67 GDS over hotspot-based scores; however, these data need to be validated in a larger cohort of cases before clinical implementation.
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Introduction
In dogs, anal sac adenocarcinoma (ASAC, also previously referred to as anal sac gland adenocarcinoma-AGASACA) is an aggressive malignancy with high metastatic potential. Prevalence of metastatic disease at the time of diagnosis ranges from 26% to 96% according to different studies.26,31,33 In general, metastases initially develop in the sublumbar lymph nodes and then spread over time to other lymph nodes, the spleen, liver, lungs, and other organs.5,14,33 Tumor size is reportedly one of the main prognostic factors; a significantly higher number of dogs with tumors ≥ 2 cm in greatest diameter have metastasis at presentation.18,36 However, variability of tumor behavior is suspected, as dogs may present with large primary tumors without overt metastatic disease, whereas others may have a small primary tumor with confirmed metastasis to distant sites.11,18 Several histologic and immunohistochemical features have been previously evaluated as possible prognostic indicators of tumor behavior and outcome. Specifically, significantly poorer outcome was identified for tumors with a solid growth pattern, necrosis and lymphovascular invasion.27,36 Mitotic count (MC) has been evaluated as a potential prognostic indicator in several studies but has consistently failed to predict survival.24,27,31,36 Other studies evaluated Ki67 labelling index as a potential prognostic factor and found no association between proliferative index and outcome.24,27,31
Quantification of both Ki67 positivity and MC are well-known independent prognostic factors in many human and domestic animal tumors; however, their evaluation is time-consuming and subject to inter-observer variabilities.22,23,29 Both MC and Ki67 counts rely on the choice of selected regions that contain the highest number of mitotic figures (MFs) and Ki67-positive nuclei, respectively. The selection of the area is subjective and therefore can lead to significant inter-pathologist variability, which may further lead to discrepancies in other related data such as histological grade. In addition, it has been demonstrated that for some tumors there is high heterogeneity of the MC within different tumor areas.8 Ki67 is routinely assessed by manual counting on a digital image, including at least 500 or 1000 neoplastic cells from the regions of highest labelling (labelling index), or can be performed at the microscope counting the number of immunopositive cells using a 1-cm2 10x10 grid reticule at 400x magnification.35 With the advent of digital image analysis (DIA), it is now possible to evaluate Ki67 cell positivity more objectively and rapidly. Several studies demonstrated improved reproducibility with digital Ki67 assessments outperforming pathologists’ manual assessments.2,32,34 Moreover, Ki67 can be counted in selected regions of interest, as well as whole tumor sections. Although there is some evidence suggesting that global or average scoring of Ki67 is favorable over hotspot scoring methods, the majority of the studies in the literature indicate a strong reliability of the hotspot method for prognostication.32
Regarding MF analysis, it has been demonstrated that image analysis systems and artificial intelligence outperform pathologists in the selection of the fields with the most mitotically active areas of the tumor3,7 and that computer-assisted mitotic count increases accuracy and reproducibility.7 Although computerized automatic detection of MFs is a fast developing field of research,28 and such tools are increasingly available for commercial use,13 automatic tools that allow MF counting on a routine basis are not widely available yet and the vast majority of veterinary pathologists still rely on a manual MC for routine diagnostic work.  
To further investigate whether proliferation scores can predict tumor behavior, histopathologic features including mitotic count and Ki67 proliferation index were evaluated in a large cohort of ASAC. 

Materials and Methods
Case Selection
Client-owned dogs treated for ASAC at Fitzpatrick Referrals Oncology and Soft Tissue, Surrey, now AURA Veterinary (UK), between 2016 and 2019, were included in this study. Dogs were included if they underwent a surgical excision of the primary tumor, irrespective of disease stage and additional treatments and had a histologically confirmed diagnosis. Cases with available formalin-fixed paraffin-embedded blocks were retrieved, and multiple sections were cut from each block for subsequent immunohistochemical analysis. Histological, immunohistochemical and DIA were carried out at the University of Bologna, Department of Veterinary Medical Sciences. 

Clinical Data and Follow-up
Tumor size values were retrieved from sample trimming data and the maximum diameter of the tumor was recorded. Cases were cross-sectioned through the two largest tumor diameters. To compare maximum tumor diameter with other clinical and histological variables, a cut-off value was identified with a receiver operating characteristic (ROC) analysis and applied, as previously reported.10
[bookmark: _Hlk184906189][bookmark: _Hlk184911169]All 58 cases included surgically resected tumors. Forty-eight cases included resected lymph nodes (ranging from 1 to 7 lymph nodes per case), and 4 cases included biopsies of other organs (spleen, liver). Metastasis to lymph nodes and distant organs was evaluated histologically as present or absent, and the site of metastasis was recorded for each case. Clinical stage was not available for each case; therefore, tumor size and metastasis were evaluated as separate variables. 
Follow-up information was retrieved by telephone interviews, a minimum of 2 years after the diagnosis, and was included if there was at least one hospital visit or documented communication with the referring veterinary practice. Cause of death was assessed clinically (e.g. by clinical examination and/or imaging), as retrieved from clinical records or reported by the referring veterinarian. ASAC-related death included euthanasia requested by the owners due to ASAC progression. 

Histopathologic Analysis
Hematoxylin and eosin-stained sections from each tumor were reviewed by 3 board-certified pathologists (BBa, BBr, and GA), who were blinded to the clinical data. Diagnosis of ASAC was confirmed, and 2 to 8 sections of each primary tumor were assessed for the following histopathologic features: mitotic count, predominant tumor pattern, necrosis, peripheral infiltration, lymphovascular invasion, anisokaryosis, and completeness of excision, which were modified from previously published criteria.27 MC was performed by counting the number of mitotic figures in 10 consecutive, nonoverlapping high power fields of 0.237 mm2, for a total area of 2.37 mm2 ,starting in the area with the highest mitotic activity and avoiding areas of hemorrhage, necrosis, and inflammation. MC was performed twice, the first time by three pathologists independently, and the second MC was performed by consensus of 3 pathologists at the multiheaded microscope.26 The pattern of growth was evaluated as solid or non-solid. The pattern was considered solid when the neoplastic cells were closely packed, and arranged in sheets supported by minimal stroma; the non-solid pattern included the presence of rosettes, tubules, and papillae. For each tumor, the histologic pattern was assigned when present in more than 50% of the tumor. 
[bookmark: _Hlk184401416]Necrosis was evaluated as present or absent. Peripheral infiltration was defined as present when at least one aggregate of neoplastic cells was found around and separate from the main mass. Lympho-vascular invasion was defined as the presence of neoplastic emboli within intratumoral and peritumoral endothelial-lined vessels. Surgical excision was evaluated as incomplete when neoplastic cells reached any sample margin.24,27 Anisokaryosis was considered present if a 2-fold variation in nuclear diameter was visible in at least 10% of neoplastic cells in the section (Figs. 1a, b). 
Immunohistochemistry
One 3-micron-thick section was cut from one block for each tumor. Sections were dewaxed in xylene and rehydrated. Endogenous peroxidase was blocked by immersion in 3% hydrogen peroxide for 30 min. Antigen retrieval was performed with citrate buffer pH 6.0 and heating for two 5 min cycles in a microwave oven at 750 W. The Ki67 primary antibody (monoclonal, clone MIB-1, Dako, Denmark, dilution 1:600) was incubated with the tissue sections overnight at 4°C. The reaction was amplified by the avidin-biotin method (ABC kit elite, Vector, Burlingame, CA, USA) and visualized with 3,3′-diaminobenzidine (0.04% for 4 min). Sections were counterstained with Harris hematoxylin, rinsed in tap water, dehydrated, and coverslipped. Normal canine intestine was used as a positive control. Negative controls consisted of slides incubated with omission of the primary antibody.
Digital Image Analysis (DIA)
The Ki67 immunohistochemical slides were scanned with a Grundium Ocus 20 (Tampere, Finland) at 20X magnification (0.25 μm/pixel) to obtain a whole-slide image (WSI). The digital images were analyzed for Ki67 protein expression using the open-source DIA software QuPath v0.5.0.4
[bookmark: _Hlk175239122]To verify the accuracy of the KI67-positive cell detection, 20 regions of interest (ROIs) from 20 different, randomly selected ASACs were counted both manually and digitally and the results were compared. A randomly selected ROI of 0.05 mm2 that only included neoplastic tissue and excluded inflammation, necrosis, and tissue artifacts was drawn in the WSI; a snapshot of the area was taken and imported to Image J for manual counting. The same ROI was counted with DIA platform using the positive cell detection tool. Ki67 proliferation index was calculated by dividing the number of Ki67-positive cells by the total number of positive and negative cells within the area and expressed as a percentage (Supplementary file 1).
Following validation, all Ki67 scores were determined by counting the number of Ki67-positive cells with three different methods. All digital image analysis was performed by one pathologist (BBa). 
An automatic positive cell counter tool in QuPath was used for all Ki67 counts described below. The positive cell detection tool was used as follows: Analyze → cell analysis → positive cell detection. Parameters were adjusted for each case using the following settings; detection image was set as optical density sum; requested pixel size 0.5; background radius 8; median filter radius 0; sigma 1.5; min/max area 8/100 μm; threshold 0.02-0.08; maximum background intensity 3.0; and cell expansion 0 μm. For each case, the threshold value for Ki67 positivity (nucleus DAB OD mean) was assessed and adjusted manually, to best correspond to the visual perception of the nuclear positivity. Before the analysis listed below, one or more randomly sized squares were drawn to adjust settings and establish a threshold for positive cell detection. 
1) Semi-automated Ki67 digital hotspot score (Ki67-saHDS): The percentage of Ki67-positive cells was counted in each WSI in a manually drawn square of 1 mm2 (100x100 µm). Areas with the highest proliferation were visually searched through the WSI and percent of positive nuclei was calculated with the positive cell detection tool.
2) [bookmark: _Hlk181722431]Ki67 global digital score (KI67-GDS): Analysis was performed starting with manual selection of the whole section area avoiding areas of necrosis, inflammation, and artifacts (Fig. 2a). Area selection was performed with the magic wand tool. The positive cell detection command was then applied to the whole area using the same parameters of Ki-67-saHDS (Fig. 2b, Figs. 3a,b). The object classifier tool was applied to separate positive nuclei of tumor and non-tumor (stromal and inflammatory cells). A random forest object classifier was created by annotating representative tumor cells and non-tumor cells (training) and was applied to the whole section to separate non-tumor and tumoral nuclei (Fig. 2c, Fig. 3c). Training annotations were performed for each case and included randomly sized and shaped areas containing tumor and non-tumor positive and negative nuclei, which were then assigned a label as either “tumor” or “stroma”. The number of annotations varied for each case and started with a minimum of ten annotations per class. Then annotations were added until a visually acceptable discrimination between epithelial tumor cell nuclei and stromal nuclei was achieved for each WSI. The Ki67 score for tumor-only cells was recorded.
3) Fully automated Ki67 digital hotspot score (Ki67-faHDS): Ki67-positive cells were calculated in hotspots automatically generated in the WSI. Ki67-positive tumor hotspots were identified by generating heatmaps using the density map and hotspot finder tools in QuPath. Areas with the highest proliferation were visualized as red gradients based on the nuclear positivity (Fig. 2d). Five hotspots containing at least 500 tumor cells were automatically found (Figs. 4a, b). Each hotspot was reviewed, and the highest scoring hotspot was approved if satisfactory detection of positive and negative tumor nuclei was achieved. ROIs with obvious artifacts resulting in false hotspots were manually excluded. 
The entire process of digitalization and DIA took approximately 20 to 40 minutes per case.
Statistical Analysis
[bookmark: _Hlk163049384][bookmark: _Hlk183423313]Statistical analyses were performed with R version 4.2.0. Means and standard deviations were calculated for normally distributed data, while medians (min-max) were reported for non-normally distributed data. Correlations were performed with Chi-square tests for categorical variables and Kruskall-Wallis or one-way ANOVA for continuous variables. The correlation between Ki67 values was assessed with the Pearson correlation coefficient test. Optimal cut-off values for continuous variables were determined by ROC curves. For each variable, the sensitivity-specificity threshold was the value with the highest sum of sensitivity and specificity. The outcome variables used for ROC analysis were survival at 6, 12 and 24 months. Cut-off values were tested based on the lowest p-value obtained with log-rank test at survival analysis. 
[bookmark: _Hlk163049422]For survival, the zero-time point was the date of initial histologic diagnosis. Tumor-related survival (TRS) was deﬁned as the time from diagnosis to death by any cause relatable to ASAC disease. Cases were censored if the dog was alive at the date of data analysis, had been lost to follow-up, or died due to a deﬁned condition unrelatable to ASAC. Survival curves were generated using the Kaplan-Meier product-limit estimates method, with log-rank tests being used to estimate the differences in survival fractions. Values <0.05 were considered statistically significant. 
All variables significant at p <0.05 were subsequently included in a multivariable Cox proportional hazards model, with death or euthanasia due to ASAC or its complications identified as the outcome event. 

Results
Patients and Follow-up Data
Fifty-eight dogs were included in the study. Median age was 8 years (range, 2-14; mean, 7.36 ± 3.41). Thirty-seven dogs were male, of which 31 were neutered (64 %), and 23 were female, of which 21 were neutered (36 %). The most represented breeds were Cocker spaniel (12/58, 20.6%) and Labrador retriever (15/58, 25.8%). The median greatest tumor diameter was 30 mm (range, 5-80; mean 33.5 mm ±18.5). In 3/58 cases (5 %), the tumor was bilateral. Surgical excision was performed in all cases, and 29/58 cases (51%) had lymph node and/or distant metastasis at the time of diagnosis. Twenty-three patients (40%) received post-surgical chemotherapy (specific data on chemotherapy treatment was not included in this study); of these, 17/23 had nodal (n=15) or both distant and nodal (n=2) metastasis at presentation.
Follow-up data was available in all cases. Median TRS was 519 days (95% confidence interval (CI), 362-710). Presence of metastasis at the time of diagnosis did not influence TRS. Dogs with (n=29) and without (n=28) metastasis had a median survival time (MST) of 510 days (95%CI, 273-710) and 540 days (95%CI, 362- >1579) respectively (p=0.18). TRS was significantly different according to the tumor’s greatest dimension. ROC analysis found that a cut off of 20 mm had the highest sum of sensitivity and specificity values at 12-months survival outcome (area under the curve, 0.648; 95%CI, 0.468-0.829). Dogs with a greatest tumor diameter of ≥ 20 mm had a significantly shorter survival time (MST, 503 days; 95%CI, 273-650) compared to dogs with a greatest tumor diameter of less than 20 mm (p=0.0256) (MST not reached) (Table 1). The greatest tumor diameter was not associated with metastasis at diagnosis (p=0.211).
Kaplan-Meier survival curves and log-rank tests showed no association between MST and chemotherapy treatment, presence of a bilateral tumor, presence of metastasis at the time of diagnosis, or completeness of excision (Table 1). The effect of chemotherapy on survival, regardless of the protocol, was also assessed separately in the group of patients with and without metastasis at diagnosis, and no differences were found in TRS. Dogs with metastasis that received chemotherapy (n=17) had a MST of 510 days (95%CI, 175-681). By contrast, dogs with metastasis that did not receive chemotherapy (n=12) had a MST of 710 days (95%CI, 183- >1579) (p=0.114). In addition, dogs without metastatic disease that received chemotherapy (n=5) had a MST of 519 days (95%CI, 78->1579). 

Histopathologic Analysis
Of 58 cases, 36 (62%) had a predominantly solid pattern, while 22 (38%) had a non-solid growth (tubules, rosettes, and/or papillae). Necrosis was identified in 17/58 (29%) cases, peripheral infiltration in 41/58 cases (71%), lympho-vascular invasion in 10/58 cases (17%), anisokaryosis in 5/58 cases, (9%)(Fig. 1), and incomplete margins in 25/58 cases (43%).
Kaplan-Meier survival curves showed correlations between TRS and lympho-vascular invasion (p=0.0243), and between TRS and anisokaryosis (p=0.006), but not between TRS and any of the following: histological pattern (p=0.107), necrosis (p=0.351), status of histologic tumor-free margins (p=0.748), or peripheral infiltration (p=0.95) (Table 2). 

Prognostic Value of Mitotic Count
The MCs performed by individual pathologists and MCs performed by consensus were used for statistical analysis to establish a potential prognostic MC value. A Cox proportional hazard ratio model was initially developed using MC as continuous variable, but the results showed that MC was not related to survival. Further analysis was performed with ROC curves to establish potential cut-off values for ASAC prognostication using survival at 6, 12, and 24 months as outcome variable. Values obtained by ROC analysis for each count were used to dichotomize variables and to predict survival based on Kaplan-Meier survival curves and log-rank tests. The results obtained indicated that MC cannot be consistently used as prognostic indicator in ASACs. Details on the MC analysis are available in Supplementary file 1. 

Validation of Ki67 Digital Count
In the 20 selected ROIss, a total of 10,552 nuclei were counted with DIA (Qupath), of which 1,637 were positive. Using DIA, the mean percentage of Ki67-positive nuclei was16.06 ± 11.83; the median was 16.17. Manually, a total of 9,198 nuclei were counted, of which 1,330 were positive. The mean percentage of positivity was 14.95± 10.32; the median was 13.57. The mean difference between the two counts was 1.11%, and the root mean square error was 2.15%. Additional material is available in the Supplemental Materials and Methods (Supplemental Figures S5, S6; Supplemental Tables S5-S7). 

Prognostic Value of Ki67: Ki67-saHDS vs. Ki67-GDS vs. Ki67-faHDS
The mean Ki67-saHDS was 28.86 ± 16.31, the mean Ki67-GDS was 21.22 ± 13.48, and the mean Ki67-faHDS was 40.49 ± 19.51. To determine a cut-off value for Ki67-saHDS, Ki-67-GDS, and Ki67-faHDS, analyses of the corresponding ROC curves were performed comparing the variables with survival at 6, 12, and 24 months (Table 3). The value with the highest sensitivity and specificity sum and with the lowest p-value with the log-rank test was obtained at 12-months survival for Ki67-faHDS and at 6-months for Ki-67-GS and Ki67-saHDS. Selected cut-off values were 21.5 for Ki67-saHDS (AUC, 0.6755; 95% CI, 0.602 - 0.9080), 26 for Ki67-GDS (AUC, 0.928: 95% CI, 0.843 - 0.90), and 33 for Ki67-faHDS (AUC, 0.661; 95%CI, 0.481 - 0.84). 
Kaplan-Meier curves and log-rank tests showed a significant association between survival and Ki67-GDS and Ki67-saHDS but not with Ki67-faHDS (Table 4, Figs. 5a-c). Patients with Ki67-GDS ≥ 26 had significantly shorter survival times (median TRS, 175 days; 95%CI, 123-540) compared to patients with Ki67-GDS below the cut-off (MST, 650; 95%CI, 503->1579) (p=0.0001). By contrast, median TRS was not significantly different for Ki67-faHDS and Ki67-saHDS applying specific cutoffs (Table 4).
The prognostic value of Ki67-GDS was also assessed according to the metastatic status of the patient. Ki67-GDS mean values were similar in in dogs with no metastasis at diagnosis (21.19±14.74) and dogs with metastasis at diagnosis (20.94±12.50) (p=0.91).
A Cox proportional hazard model was developed including all variables that were statistically significant at univariate analysis. Anisokaryosis and Ki67-GDS maintained their statistical significance at multivariate analysis with hazard ratios of 5.83 (95%CI, 1.26 -26,89) and 3.22 (95% CI, 1.28-8.07), respectively (Table 5). 

Discussion
Cellular proliferation in tumors is one of the hallmarks of cancer. Proliferation indices, including MC and Ki67 assays are prognostic in a variety of canine tumors,9 including mast cell tumors,35 melanomas,6 and mammary tumors,12,15 for which prognostically relevant cut-off values are available. However, both MC and Ki67 proliferation indices in ASAC have failed to demonstrate correlation with survival in previous studies.24,27,33
[bookmark: _Hlk191903569]Both MC and Ki67 score calculations are highly dependent on the selection of the most proliferative region; therefore, high inter- and intra-observer variability can be expected.17,23,34 In this study, MC was performed independently by 3 pathologists with overall good agreement (Supplementary file 1); median MC values from each rater were 16, 18 and 20, while previous papers have found median MC values of 8, 11.5, and 17.24,27,31 In accordance with previously published studies, no significant association was found between survival and MC in this study. In order to increase the accuracy of MC, a further MC evaluation was performed by consensus at the multiheaded microscope, but statistical analysis revealed no association between this evaluation and survival. Hence, a prognostically relevant MC threshold that could be applied in a diagnostic setting was not established. Furthermore, achieving a consensus for the MC seems unpractical in an everyday diagnostic setting.
The Ki67 labelling index is of prognostic value in a variety of tumors in dogs;6,10,12,35 however, its use in clinical diagnostics also has limited application due to its inter- and intra-laboratory variability. Several counting methods can be used, including labelling index (% of positive nuclei out of 500 or 1000 neoplastic cells, best performed with cell counter aid in digital images) or grid count (performed at the microscope with a 1 mm2 optical grid). Lately, several papers in human medicine have been published, assessing the feasibility, reproducibility, and accuracy of digital scoring systems compared to manual systems. These demonstrated that automated digital scoring is highly accurate to identify hotspots, and that there is a very high concordance between manual and digital counting,20,29,30 supporting the adoption of validated DIA methods for Ki-67 assessment.1,21,22,30 In our study, Ki67-labelling index was counted with three different methods, two of which were based on identification of hotspots. The first method (Ki67-saHDS) was similar to the conventional Ki67-labelling index, which relies on a manual (visual) hotspot selection, but then the area was automatically counted with DIA software. The second method used was the Ki67-GDS, which is based on a digital count performed in the whole tumor section. The third method we used was fully automated (Ki67-faHDS). Following Ki67-positive nuclei detection for the whole slide, the DIA software identified hotspots, in which it performed the nuclear counts. A specific cut-off value for the global score was also determined that could be of clinical value for ASAC prognostication; by contrast, prognostically relevant cutoff values for hotspot methods Ki67-saHDS and Ki67-faHDS could not be identified. In our study, the global score was more prognostically relevant compared to the other hotspot methods. suggesting that hotspot-based Ki67 counts may not be the most relevant technique for all tumors.
So far, there has been limited evidence that global (whole-slide) scoring of Ki67 is preferable over hotspot scoring methods.22 There are very few studies in the literature evaluating the true global score of tumors, to assess their prognostic value versus a hotspot assessment. Robertson et al. demonstrated that in human breast cancer, Ki67 global scoring was an independent prognostic marker, better than hotspot scoring, for predicting both recurrence-free and overall survival.29 By contrast, Paik et al., demonstrated that the average score performed by systematic analysis of the whole slide was significantly correlated to recurrence, but the hotspot method was better at distinguishing patients with high-risk versus low-risk of death of breast cancer.25 An additional advantage of the global score is related to the lack of area selection for analysis, which should make this method more reproducible; however, to confirm this, additional studies should be performed to specifically assess inter- and intra-rater variability of global score with digital systems. 
A comparison of our data with previously published results on Ki67 scoring in ASACs highlights some important differences. Wong et al. performed a Ki67-labelling index count on 1000 cells and established a cut-off value of 6.1 for ASAC survival time.36 This is well below our attempted cut-off value for digital Ki67-saHDS, and these differences may relate to the size of the area examined and different methods (manual vs semi-automated), as well as pre-analytical variables. Similar results were obtained by Morello et al., who recorded median Ki67-labelling index scores of 34.33 and 31.9, counted on 300 and 500 cells, respectively.23 In their results, there was no association between Ki67-labelling index and survival; however, it must be noted that the cut-off value used for statistical analysis was the median value instead of a ROC/log-rank-based value as applied in our study. Their results also suggest that the Ki67 scores calculated from the more proliferative tumor areas may not be the best solution for ASAC prognostication.
[bookmark: _Hlk191904880]Results of the present study also lead to important considerations. Since MC is subject to significant inter-rater variability with only modest reproducibility across observers, which can be due to inter-observer variation in MF identification,7,23,32 and since the distribution of MFs is heterogeneous within the tumor leading to difficult area selection, it may be challenging to determine and apply MC cut-off values for prognostic information. As such, using other methods such as Ki67 indices could prove of more practical use. Published studies in human and veterinary medicine indicate that Ki67 is more reliable than morphology-based MC in tumor prognosis because it provides a more comprehensive, reproducible, and quantifiable measure of tumor proliferation, providing a broader assessment of the cell cycle.19 Moreover, although both MC and Ki67-labelling index are both based on a hotspot selection, Ki67 interpretation is more clearly binary (positive/negative) and therefore it is expected to yield more accurate and reproducible results. 
Although numerous studies support the accuracy and reproducibility of DIA software for Ki67 assessment, regardless of the platform used, there are potential sources of error that must be considered. Calibration and validation are needed to ensure accuracy of Ki67 counts, and potential sources of error must be considered, in particular in relation to tissue artifacts and inconsistent chromogen or hematoxylin stain intensities within the same tissue section. For routine Ki67 digital analysis, diagnostic labs would need to adjust and optimize internal use of DIA to address issues related to pre-clinical variables (e.g. different fixation, different antibodies and IHC protocols, and manual IHC versus use of autostainers) and establish a lab-specific and tumor-specific DIA approach.
Additional results of the present study also indicate that, in addition to Ki67-GDS, anisokaryosis may represent an independent prognostic parameter that can be assessed on histology and may be used in the future to develop a tumor grading system for ASACs. This parameter was identified in a small number of cases in this study, and possible reproducibility issues must be considered before routine diagnostic application. Categorical estimates may have poor reproducibility among pathologists; therefore, digital tools to assess nuclear size could be developed in the future to overcome this issue.16
Limitations of this study must also be discussed. Firstly, although the prognostic value of a global Ki67 score was confirmed with both univariate and multivariate analysis, this method is not yet widely applicable in clinical practice as it requires a fully digitized laboratory. Although the automated Ki67 analysis with DIA is less time consuming than the manual counterpart, our method was overall a lengthy process, due to the lack of uniformity across IHC slides. Each slide had to be calibrated, and training annotations added, which could not be applied to the whole case series. Use of automated immunostainers and internal laboratory validation of the method could overcome these issues for future routine use.  
[bookmark: _Hlk183423821][bookmark: _Hlk183424077]In conclusion, anisokaryosis may represent the only independent histological parameter for ASAC prognosis, and global Ki67 score appears to be of more clinical utility than other proliferation parameters, such as hotspot Ki67 evaluation and MC. This also suggests that, for those tumors where Ki67 hotspot-based scores are not clinically relevant, calculation of the global score could be investigated. However, availability of an automated digital system and further validation in different and larger cohorts of cases are needed before Ki67 global score clinical implementation in ASACs.
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Figure legends
Figure 1. Nuclear features in a canine anal sac adenocarcinoma. Hematoxylin and eosin. a)  Anisokaryosis with at least 10% of nuclei showing a 2-fold increase in nuclear size. b)  Absence of anisokaryosis, nuclei are uniform in size. 
Figure 2. Method for Ki67-global digital score (GDS) calculation on software analysis QuPath. a) Manual tumor area selection. b) Positive nuclei detection (positive nuclei in red, negative nuclei in blue). c) Separation of tumor and stroma areas with object classifier (stroma in light green) d) Development of a heatmap (red high proliferation, grey-black low proliferation). 
Figure 3. Ki67-global digital score (GDS) analysis and hotspot calculation on software analysis QuPath. a) Ki67 immunohistochemical stain in a canine anal sac adenocarcinoma. b) Positive nuclei detection (positive nuclei in red, negative nuclei in blue). c) Separation of tumor and stroma areas with object classifier (stromal nuclei in light green) 
Figure 4 a) Example of hotspot Ki67 score, automatically generated with the hotspot finder tool based on highest positivity in 500 cells. b) High magnification of a hotspot.
Figure 5. Kaplan-Meier curves comparing survival probabilities of dogs with anal sac gland adenocarcinoma according to different Ki67 scores.
a) Similar survival probability of dogs with Ki67-saHDS (semi-automatic hotspot digital score) <21.5% (straight line) and dogs with Ki67-saHDS ≥ 21.5%(dotted line) (p=0.924). 
b) Increased survival probability of dogs with Ki67-GDS (global digital score) <26% (straight line) compared to dogs with Ki67-GS ≥ 26% (dotted line) (p=0.0001).
c) Similar survival probability of dogs with Ki67-faHDS (fully automatic hotspot digital score) < 33% (straight line) and dogs with Ki67-HDS ≥ 33% (dotted line) (p=0.255).
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