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 A B S T R A C T

Background and Purpose: Radiotherapy targets DNA in cancer cell nuclei. Radiation dose, however, is 
prescribed to a macroscopic target volume assuming uniform distribution, failing to consider microscopic 
variations in dose absorbed by individual nuclei. This study investigated a potential link between pre-treatment 
tumour nuclear size distributions and post-radiotherapy outcomes in gynecological squamous cell carcinoma 
(SCC).
Materials and Methods: Our multi-institutional cohort consisted of 191 non-metastatic gynecological SCC 
patients who had received radiotherapy with diagnostic whole slide images (WSIs) available. Tumour nuclear 
size distribution mean and standard deviation were extracted from WSIs using deep learning, and used to 
predict progression-free interval (PFI) and overall survival (OS) in multivariate Cox proportional hazards 
(CoxPH) analysis adjusted for age and clinical stage.
Results: Multivariate CoxPH analysis revealed that a larger nuclear size distribution mean results in more 
favorable outcomes for PFI (HR = 0.45, 95% CI: 0.19 - 1.09, p = 0.084) and OS (HR = 0.55, 95% CI: 0.24 
- 1.25, p = 0.16), and that a larger nuclear size standard deviation results in less favorable outcomes for PFI 
(HR = 7.52, 95% CI: 1.43 - 39.52, p = 0.023) and OS (HR = 4.67, 95% CI: 0.96 - 22.57, p = 0.063). The 
bootstrap-validated C-statistic was 0.56 for PFI and 0.57 for OS.
Conclusion: Despite low accuracy, tumour nuclear size heterogeneity aided prognostication over standard 
clinical variables and was associated with outcomes following radiotherapy in gynecological SCC. This 
highlights the potential importance of personalized multiscale dosimetry and warrants further large-scale 
pan-cancer studies.
1. Introduction

Cervical cancer is an important global health challenge, especially 
in countries without access to robust screening and prevention pro-
grams [1]. Treatment decisions are largely based on the clinical staging 
system of the International Federation of Gynecology and Obstet-
rics [2]. Surgery is preferred for early-stage disease (stages IA to IB2), 
with radiotherapy used for patients with contraindications to surgery 
or high-risk pathologic factors, while concurrent chemoradiotherapy is 
the standard of care for patients with locally advanced disease (stages 
IB3 to IVA) [1,2]. Patients with distant metastases (stage IVB) are 
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rare and have limited response to treatment [2]. The effectiveness of 
radiotherapy relies on multiple factors such as the cell cycle phase [3], 
repair capacity [4], hypoxia, genetic mutations [5,6], absorbed dose, 
and radiation quality [7]. Certain tumours demonstrate higher intrinsic 
radiosensitivity and favorable responses to radiation, whereas others 
exhibit increased resistance; for instance, Li et al. found that colorectal 
(HCT116) cells experience greater radiation-induced cell killing com-
pared to more radioresistant prostate cancer cells (PC3) when exposed 
to photons of various energies [7]. 
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Ionizing radiation primarily damages DNA in the nucleus. Absorbed 
dose is the mean of the stochastic distribution of energy deposited 
in a voxel. However, this averaged measure cannot fully capture the 
biological effects of ionizing radiation due to microdosimetric fluctua-
tions in energy deposition at the cellular and subcellular levels. Specific 
energy is the microscopic equivalent of absorbed dose, the total energy 
imparted to a small volume, such as the cell nucleus, divided by its 
mass [8,9]. This parameter provides a more precise representation of 
radiation interactions at the cellular level, important for understanding 
variability in radiation-induced biological outcomes [10–12]. Accord-
ing to the target theory of Lea, the radiation dose is inversely related to 
target size [13]. Based on size, a nucleus may therefore receive no di-
rect hits (i.e. underdosed) or conversely experience multiple ionizations 
within a few nanometers, generating complex clustered double-strand 
breaks [14–16]. Microdosimetric spread increases as target size de-
creases, meaning smaller nuclei display higher variance in energy 
deposition. Tumours with varying nuclear sizes might exhibit differing 
dose responses [17], modulating the overall efficacy of radiotherapy, 
an effect largely unaccounted for in standard treatment planning.

We hypothesized that there may be a link between nuclear size 
distribution (NSD) and clinical outcomes post-radiotherapy. While his-
tological grading is used prognostically and for treatment planning in 
other cancers, grading has not historically been associated with treat-
ment outcomes in cervical squamous cell carcinoma (SCC) [18–20]. 
Atkin et al. explored the role of nuclear diameter in cervical carcinoma 
and noted associations with post-radiotherapy patient outcomes [21–
23]. However, those studies analyzed only small cell samples rather 
than modern digital histopathology whole-slide images (WSIs) and did 
not examine heterogeneity in NSD. To our knowledge, no large, system-
atic, digital pathology-based study has rigorously evaluated nuclear size 
heterogeneity as a radiotherapy prognostic biomarker in gynecological 
SCC. Here, we developed a methodological pipeline to automatically 
extract patient-specific NSDs from pre-treatment digital histopathology 
WSIs to investigate their potential link with post-radiotherapy pro-
gression and survival outcomes in a multi-institutional patient cohort. 
Gynecological malignancies were used as a proof of concept.

2. Materials and methods

2.1. Patient cohort selection and data collection

The study included gynecological SCC patients from Montreal’s 
Jewish General Hospital (n = 45), and TCGA-CESC [24] (n = 146). 
We included all SCC cases that had diagnostic WSIs available, received 
confirmed or presumed radiotherapy, and did not have metastatic 
disease. Patients with locally advanced disease and for whom treatment 
type was not reported were presumed to have received radiotherapy. 
Stage IVB metastatic cases were excluded because the hypothesized 
link between nucleus size and outcomes under radiotherapy would not 
be expected to apply to metastatic disease; radiotherapy is generally 
not used with curative intent in Stage IVB [2]. A patient exclusion/in-
clusion flow diagram is included in Supplementary Figure S1. Of the 
352 cases initially considered, 191 were included in the final analysis, 
including 42 progressions and 45 deaths.

2.2. Multivariable Cox Proportional Hazard outcome prediction model de-
velopment: predictors, clinical endpoints, evaluation

We applied an events-per-candidate predictor parameter rule of 
thumb of 10–15 and determined that a maximum of four predictor 
parameters could be accommodated [25]. The following four predictors 
were selected: tumour NSD mean, tumour NSD standard deviation (SD), 
age at diagnosis, and clinical stage. Age and stage were selected a 
priori based on their ubiquitous use as clinical prognostic factors and 
their possible confounding effects due to potential associations with 
outcomes and nuclear features. HPV status has been used prognostically 
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in recent literature [26,27], but was excluded from the main analysis 
due to limited sample size and a small proportion of HPV-negative 
cases. Operational outcomes such as complete resection or surgical 
debulking status would likely be strongly predictive, but were not avail-
able in our datasets. To minimize parameters, age was handled linearly, 
and clinical stage was dichotomized to early-stage disease (IA-IB2), 
and locally advanced cases (IB3-IVA) [2]. Two clinical outcomes were 
investigated: progression-free interval (PFI) and overall survival (OS). 
PFI and OS were measured from the date of diagnosis to the date of a 
new tumour event or death, respectively. Outcomes for the JGH cohort 
were retrieved according to approved REB guidelines and regulations, 
while those of the TCGA-CESC cohort [24] were obtained from Liu 
et al.’s integrated TCGA Pan-Cancer clinical data resource [28].

Missing data was handled by multiple imputation, using the mice
package in R to impute 10 sets, with default settings [29]. Survival 
analysis using multivariate Cox proportional hazards (CoxPH) models 
was performed, with the same four predictors for PFI and OS. We con-
sidered uncorrected two-sided p-values of 0.05 significant and reported 
95% confidence intervals (CI) of hazard ratio (HR). To correct for the 
inclusion of two outcome variables, we applied Bonferroni correction 
and lowered the significance threshold from 0.05 to 0.025. However, 
we did not strictly rely on this threshold to dichotomously interpret 
estimated p-values as statistically significant or not. Instead, we derived 
meaning using a combination of 𝑝-value and confidence interval as 
continuous measures, and effect size as indicated by the hazard ratio 
point estimate [30].

We estimated bootstrap-validated C-statistic, optimism, and graph-
ical calibration curves using 1000 iterations and otherwise default 
settings using the rms R package. Post-hoc sensitivity analysis was per-
formed examining alternate model specifications: univariate analysis, 
inclusion of HPV status, inclusion only of clinical parameters, inclusion 
only of NSD parameters, and inclusion of quadratic age, all using 
complete case analysis and calculating bootstrap-validated C-statistics. 
All statistical analyses were conducted in R version 4.4.1. Moreover, 
the REporting recommendations for tumour MARKer prognostic stud-
ies (REMARK) [31] and the transparent reporting of a multivariable 
prediction model for individual prognosis or diagnosis (TRIPOD) guide-
lines were followed [32].

2.3. Automatic extraction of biomarker: cancerous nuclear size distribution 
from diagnostic histopathology WSIs

The workflow for automatically extracting the cancerous NSD from 
a diagnostic H&E histopathology WSI is shown in Fig.  1. All WSIs for 
TCGA-CESC [24] were downloaded from the GDC Data Portal2 filtered 
by .svs file format and Slide-Image [33]. They were semantically seg-
mented using the pre-trained deep learning fcn_resnet50_unet-
bcss model from the TIAToolbox library (version 1.5.1) [34] at 40x 
resolution with microns-per-pixel around 0.25. Tissue masks were au-
tomatically generated, eliminating the white background of each WSI. 
Subsequently, probability maps from all patches were automatically 
merged, producing continuous pixel-level tissue segmentation masks, 
including tissue classes of tumour, stroma, inflammatory, necrosis, and 
others.

Additionally, Hou et al.[35] publicly released expert-validated nu-
clei contours as polygon coordinates3 for each TCGA-CESC [24] WSI. 
Each nucleus per patch was spatially aligned and mapped onto the 
corresponding tissue segmentation masks at a pixel-level correspon-
dence. Each nucleus size was determined as the equivalent radius of 
the nucleus area in microns [36,37]. The automated semantic segmen-
tation was visually quality-assured by a senior pathologist. The NSD 
statistics from the tumoural region of the entire histopathology WSI 

2 https://portal.gdc.cancer.gov/projects/TCGA-CESC.
3 https://www.cancerimagingarchive.net/collection/tcga-cesc/.
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Fig. 1. Workflow to extract tumour nuclear size distribution (NSD) mean and SD from pre-treatment diagnostic H&E WSIs: (A) an example WSI at 40x resolution, (B) tissue 
masking of WSI; (C) tumour NSD from the entire WSI which were concatenated from each 4000 by 4000-pixel patch, resulting in tumour NSD mean and SD; (D) details of how 
the cancerous NSD was computed from a randomly selected patch: (E) semantic segmentation of the patch into five tissue classes (red: tumour, black: stroma, green: inflammatory, 
purple: narcosis, orange: others), (F) overlaying with the expert quality-assured nuclei segmentation; (G) tumour nuclei classified; (H) a zoomed-in patch of panel G.
per patient were used for the mean and SD calculation. After obtaining 
raw tumour NSDs for each WSI, histogram correction was applied to 
address potential image processing biases and artifacts, normalizing the 
distributions to represent nuclear radii accurately. Refer to supplemen-
tal materials for more implementation details and visualizations. Code 
for the image processing pipeline and statistical analyses were made 
publicly available on Github.4

3. Results

Patient characteristics, including NSD mean, NSD SD, age at di-
agnosis, clinical stage, HPV status, chemotherapy treatment,  type of 
radiotherapy, total radiotherapy dose, and total number of fractions 
are presented in Table  1. HPV status, chemotherapy, and radiotherapy 
treatment information are included for comparison but were not in-
cluded in the main model. Significance tests were performed separately 
for the two outcomes: two-sample t-tests for numeric variables and 
chi-squared tests of independence for categorical variables. HPV status 
was the only significant result in these univariate comparisons, with 
p-values of <0.005 for both outcomes. Furthermore, no collinearity or 
near-collinearity was observed in any of the predictors.

Unadjusted Kaplan–Meier curves for progression and survival in the 
first 5 years of follow-up, including censoring and number of events are 
included in Fig.  2. Patients were followed for approximately an average 
of 36 months, with a median follow-up of 25 and an interquartile range 
of 15 to 46 months.

Multivariate CoxPH estimates, 95% confidence intervals, and p-
values are presented in Table  2. CoxPH analysis revealed a protective 
effect of NSD mean for PFI (HR = 0.45, 95% CI: 0.19–1.09,p = 0.084) 
and OS (HR = 0.55, 95% CI: 0.24–1.25,p = 0.16), and a harmful effect 
of NSD SD for PFI (HR = 7.52, 95% CI: 1.43–39.52,p = 0.023) and OS 
(HR = 4.67, 95% CI: 0.96–22.57,p = 0.063). Age and locally advanced 
disease results were non-significant, with HR near 1 for both PFI and 

4 https://github.com/engerlab/segmentor.
3 
OS. The bootstrap-validated C-statistic was 0.56 (optimism 0.05) for 
PFI and 0.57 (optimism 0.05) for OS, and graphical calibration showed 
an underestimation of early PFI and OS and an overestimation of late 
PFI and OS. Unadjusted Kaplan–Meier curves and associated log-rank 
tests for progression and survival according to nuclei size mean, and 
SD dichotomized at the median are presented in supplementary Figure 
S2.

Sensitivity analysis results are included in Table  3. Univariate anal-
yses showed no significant results for the four main predictors. How-
ever, when HPV status was included as a predictor, positive HPV 
status had a significant protective effect for both PFI and OS, and 
NSD mean and SD were both near-significant for PFI (mean HR =
0.37, 95% CI: 0.14–0.99,p = 0.049, and SD HR = 6.46, 95% CI: 
1.13–36.79,p = 0.036), but not for OS. When only clinical features were 
included, results were insignificant for age or clinical stage. When only 
NSD features were included, NSD SD was significant for PFI (HR = 7.15, 
95% CI: 1.47 −34.7,p = 0.015) and near-significant for OS (HR = 5.23, 
95% CI: 1.11–24.6,p = 0.036), but NSD mean was not significant for 
either, although the effect was still protective. When age was handled 
as a quadratic variable, the age terms became significant and NSD SD 
was significant for PFI (HR = 6.99, 95% CI: 1.33–36.65,p = 0.015). 
Bootstrap-validated C-statistics were also calculated for each model. 
Compared to the main analysis C-statistics of 0.56 for progression 
and 0.57 for survival, the inclusion of HPV status and quadratic age 
increased discrimination, univariate analyses and inclusion of clinical 
parameters decreased discrimination, and the use of only distribution 
parameters gave better discrimination for PFI and worse discrimination 
for OS.

4. Discussion

We retrospectively evaluated tumour nuclear size as a biomarker 
for radiotherapy outcomes from a multi-institutional cohort of gyne-
cological cancer patients. We developed an automatic pipeline to de-
rive patient-specific cancerous NSDs from gigapixel-sized H&E stained 
WSIs. Using multivariate CoxPH models, we estimated the effect of 

https://github.com/engerlab/segmentor
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Table 1
Summary of patient characteristics by progression and survival status. All patients received radiotherapy. HPV status, chemotherapy, and radiotherapy data were not included in 
the main analyses. Significance tests were performed separately for the two outcomes; two-sample t-tests for numeric variables and chi-squared tests of independence for categorical 
variables. 
 No progression Progression Survived Died Overall  
 (N = 149) (N = 42) (N = 146) (N = 45) (N = 191)  
 Nuclear Dist. Mean radius (μm)  
  Mean (SD) 2.76 (0.435) 2.70 (0.555) 2.77 (0.447) 2.67 (0.509) 2.74 (0.463) 
 Nuclear Dist. Standard deviation (μm)  
  Mean (SD) 1.25 (0.252) 1.29 (0.283) 1.26 (0.253) 1.27 (0.280) 1.26 (0.259) 
 Age at diagnosis  
  Mean (SD) 51 (14) 53 (17) 51 (14) 54 (17) 52 (15)  
 Clinical stage  
  Early stage 54 (36%) 18 (43%) 55 (38%) 17 (38%) 72 (38%)  
  Locally advanced 91 (61%) 24 (57%) 87 (60%) 28 (62%) 115 (60%)  
  Missing 4 (2.7%) 0 (0%) 4 (2.7%) 0 (0%) 4 (2.1%)  
 HPV status*  
  Negative 4 (3%) 7 (17%) 4 (3%) 7 (16%) 11 (6%)  
  Positive 134 (90%) 33 (79%) 131 (90%) 36 (80%) 167 (87%)  
  Missing 11 (7.4%) 2 (4.8%) 11 (7.5%) 2 (4.4%) 13 (6.8%)  
 Chemotherapy (%)  
  Mean (SD) 0.82 (0.39) 0.82 (0.39) 0.82 (0.39) 0.83 (0.38) 0.82 (0.39)  
  Missing 21 (14.1%) 4 (9.5%) 21 (14.4%) 4 (8.9%) 25 (13.1%)  
 Radiotherapy type  
  Brachytherapy 2 (1%) 0 (0%) 2 (1%) 0 (1%) 2 (1%)  
  External beam radiotherapy 39 (26%) 13 (31%) 42 (29%) 10 (22%) 52 (27%)  
  Both 76 (51%) 24 (57%) 72 (49%) 28 (62%) 100 (52%)  
  Missing 32 (21.5%) 5 (11.9%) 30 (20.5%) 7 (15.6%) 37 (19.4%)  
 Total dose (Gy)  
  Mean (SD) 66.9 (28.6) 67.0 (30.7) 67.1 (29.0) 66.4 (29.2) 67.0 (29.0)  
  Missing 39 (26.2%) 11 (26.2%) 35 (24.0%) 15 (33.3%) 50 (26.2%)  
 Total fractions  
  Mean (SD) 30.8 (12.3) 30.4 (14.1) 31.1 (12.5) 29.1 (13.3) 30.7 (0.39)  
  Missing 53 (35.6%) 17 (40.5%) 51 (34.9%) 19 (42.2%) 70 (36.6%)  
* Indicates HPV status was the only significant result in these univariate comparisons, with p-values of <0.005 for both outcomes.
Fig. 2. Unadjusted Kaplan–Meier curves for progression and survival for the first 5 years of follow-up, including censoring and number of events.
pre-treatment NSDs on post-radiotherapy outcomes. Results demon-
strated that a larger NSD mean was associated with improved PFI and 
4 
OS, whereas a higher SD in NSD correlated with poorer outcomes. 
These findings suggest that nuclear size SD, or heterogeneity, could 
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Table 2
Multivariate Cox proportional hazards estimates, 95% confidence intervals, and p-values 
for progression free interval and overall survival.
 Progression free interval CoxPH estimates
 Variable Hazard 

Ratio
Lower 95% 
CI

Upper 95% 
CI

𝑝-value  

 Nuclear Dist. Mean (μm) 0.45 0.19 1.09 0.084  
 Nuclear Dist. St. Dev. (μm) 7.52 1.43 39.52 0.023  
 Age 1.00 0.98 1.02 0.99  
 Locally advanced 0.88 0.47 1.63 0.68  
 Overall survival CoxPH estimates
 Variable Hazard 

Ratio
Lower 95% 
CI

Upper 95% 
CI

𝑝-value  

 Nuclear Dist. Mean (μm) 0.55 0.24 1.25 0.16  
 Nuclear Dist. St. Dev. (μm) 4.67 0.96 22.57 0.063  
 Age 1.00 0.98 1.03 0.70  
 Locally advanced 1.30 0.70 2.42 0.40  

be a valuable prognostic biomarker in predicting the effectiveness of 
radiotherapy for gynecological malignancies.

CoxPH results revealed a protective though non-significant effect of 
increased NSD mean on post-radiotherapy outcomes, aligning with our 
hypothesis. With equal mean values of age, stage category, and NSD 
SD, patients with NSD means 1 μm greater would be expected to have 
approximately 0.45 times the rate of progressing, and 0.55 times the 
rate of dying at any given time-point. Conversely, results showed a 
harmful effect of increased NSD SD on post-radiotherapy outcomes. 
The effect was significant for PFI and non-significant for OS. With 
equal mean values of age, stage category, and NSD mean, patients with 
NSD SDs 1 μm greater would be expected to have approximately 7.52 
times the rate of progressing and 4.67 times the rate of dying at any 
given time point. While results were not significant across all analyses, 
hazard ratio point estimates were large, indicating potentially clinically 
relevant effects.

One plausible explanation for these findings is that larger nuclei 
exhibit increased radiosensitivity. Differential NSDs across tumours 
may also relate to varying distributions of cell cycle stages, with corre-
spondingly varying radiosensitivity [3,38–41]. The link between larger 
tumour nuclei and improved outcomes post-radiotherapy is concordant 
with previous work by Atkin et al. where gynecological SCC patients 
with larger, more DNA-rich nuclei had better long-term survival [21–
23]. Furthermore, increased SD in NSD may indicate an increased 
presence of smaller nuclei which could escape lethal radiation dam-
age due to an increased probability of fewer hits or no-hits in those 
nuclei [42,43]. Larger microdosimetric spread in the presence of small 
nuclei may contribute to a larger deviation between the specific energy 
imparted to nuclear targets and the prescribed macroscopic absorbed 
dose [9,11,42,43], leading to worse outcomes. Radiobiological model-
ing supports this observation. Wéra et al. demonstrated that larger NSD 
heterogeneity led to increased cell survival at high macroscopic doses, 
meaning that a fraction of cells, presumably those with smaller nuclei, 
survived even very high doses [12].

No significant effects were observed for age or locally advanced 
disease. Age was non-significant because of a U-shaped relationship, 
with younger (aged 20–39) and older (aged 70–89) having higher event 
rates, resulting in no linear trend. We presume the non-significance 
of locally advanced disease was due to the inclusion of only patients 
having received radiotherapy, which is given only to histologically 
aggressive cases of early-stage SCC or those with contraindications to 
surgery [2].

Sensitivity analysis of NSD estimates to alternate CoxPH model 
specifications was conducted: univariate analysis of the four main pre-
dictors, inclusion of HPV status as a predictor, inclusion of only clinical 
parameters, inclusion of only NSD parameters, and inclusion of age as a 
quadratic predictor. These alternate models explored the importance of 
multivariate analysis, a potential resolution of some degree of genetic 
5 
confounding, the impact of clinical-only and nuclear-feature-only mod-
els, and better adjustment for the U-shaped relationship between age 
and outcome, respectively. Across these analyses, NSD SD was mostly 
a significant or near-significant predictor, and NSD mean remained 
near significance. Overall, these consistent trends supported our in-
terpretations. Model discrimination was notably worse when nuclear 
features were not included, supporting the predictive power of these 
features. Also, the lack of significant trends in univariate analyses, 
and in dichotomized-at-the-median Kaplan Meier curves in Figure S2 
was not surprising due to its lack of specificity and did not affect our 
interpretations.

Multivariate CoxPH discrimination reached a C-statistic of approxi-
mately 0.56 for PFI and 0.57 for OS, with bootstrap-estimated optimism 
of 0.05 for both, indicating some degree of overfitting. While ab-
solute predictive performance was poor, including nuclear features 
did improve discrimination as compared to clinical features alone. 
Furthermore, these models were mostly intended to explore effect 
estimates and stimulate further study, not to be used directly for clinical 
predictions. The principal threat to the interpretation of results is 
likely confounding by genetics with more aggressive tumours poten-
tially having larger nuclei [44,45]. Resolving this bias would likely 
increase the NSD mean estimate significance. Moreover, radiation qual-
ity differences may lead to variable relative biological effectiveness [7] 
and therefore clinical outcomes. Our patient cohort received primarily 
external beam radiation therapy (EBRT) or both brachytherapy and 
EBRT. However, it was infeasible to conduct radiation quality-specific 
analyses while adjusting for age and stage given our sample size. Larger 
cohorts would allow for estimation of nuclear feature effects stratified 
by radiation quality, as well as the inclusion of additional and more 
complex predictors. For example, one could explore the inclusion of 
additional stage categories, splined representation of age, and inter-
action terms between variables. Also, incorporating surgical outcomes 
might increase predictive power, if such data were available. However, 
surgical outcomes are unlikely to be strongly linked with pre-treatment 
nuclear features and thus should not have acted as confounding vari-
ables. There was also likely bias resulting from misclassification of 
tissue types. Based on pathologist visual quality assurance tumour 
nuclei were occasionally misclassified as stroma nuclei and necrotic 
areas near tumour regions were harder to distinguish. While imperfect, 
automatic segmentation was necessary to reduce manual labor and 
increase the speed of nuclear feature extraction.

Our findings suggest a potential link between pre-treatment tumour 
NSD parameters, particularly tumour nuclear size heterogeneity, and 
post-radiotherapy outcomes. This supported our hypothesis that tu-
mour nuclear size influences radiosensitivity and clinical outcomes in 
gynecological SCC cancers. Larger nuclei may correlate with higher ra-
diosensitivity, while heterogeneity in nuclear size may result in poorer 
outcomes due to underdosing smaller nuclei. Despite relatively poor 
predictive power, the inclusion of nuclear features also increased model 
discrimination compared to age at diagnosis and clinical stage. In the 
future, these findings should be validated through larger studies with 
diverse cancer types, including pan-cancer TCGA cohorts and prospec-
tive external validation by various institutions. Integrating nuclear 
morphology into personalized multiscale dosimetry bridges cellular 
response parameters like nuclear size heterogeneity with patient-level 
dosimetry. This requires fast and accurate patient-specific microdosime-
try calculations to validate whether the prescribed absorbed dose re-
flects energy deposition at the subcellular level. Once validated with 
rigorous estimation of specific nuclear feature effects under different 
radiation qualities, clinical trials that adapt radiotherapy doses given a 
morphological marker could be conducted.
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Table 3
Cox Proportional Hazards Model Estimates of Sensitivity Analyses for (a) Progression and (b) Survival. Univariate analysis, inclusion of HPV status, only including distribution 
parameters, and age as a quadratic variable were examined. Complete case analysis was performed. Bootstrap-validated C-statistics are presented for each model (C).
 (a) Progression sensitivity analyses
 Variable Hazard ratio Lower 95% CI Upper 95% CI 𝑝-value 
 Univariate analysis: C 0.45, 0.54, 0.46, 0.46
 Nuclear mean (μm) 0.848 0.450 1.599 0.610  
 Nuclear SD (μm) 2.928 0.840 10.210 0.092  
 Age 1.007 0.985 1.028 0.539  
 Locally advanced 0.953 0.516 1.757 0.876  
 Inclusion of HPV status: C 0.57
 Nuclear mean (μm) 0.368 0.137 0.993 0.049  
 Nuclear SD (μm) 6.460 1.134 36.792 0.036  
 Age 0.997 0.974 1.021 0.820  
 Locally advanced 1.086 0.569 2.073 0.803  
 HPV positive 0.316 0.128 0.775 0.012  
 Only clinical parameters: C 0.43
 Age (μm) 1.006 0.985 1.028 0.561  
 Locally advanced (μm) 0.936 0.506 1.732 0.834  
 Only distribution parameters: C 0.58
 Nuclear mean (μm) 0.457 0.201 1.041 0.062  
 Nuclear SD (μm) 7.151 1.474 34.702 0.015  
 Quadratic age: C 0.59
 Nuclear mean (μm) 0.501 0.214 1.170 0.110  
 Nuclear SD (μm) 6.989 1.333 36.646 0.022  
 Age 0.848 0.741 0.970 0.016  
 Age2 1.002 1.000 1.003 0.015  
 Locally advanced 0.890 0.479 1.655 0.713

 (b) Survival sensitivity analyses
 Variable Hazard ratio Lower 95% CI Upper 95% CI 𝑝-value 
 Univariate analysis: C 0.46, 0.50, 0.48, 0.53
 Nuclear mean (μm) 0.840 0.457 1.542 0.573  
 Nuclear SD (μm) 2.356 0.700 7.931 0.166  
 Age 1.010 0.990 1.031 0.334  
 Locally advanced 1.361 0.741 2.500 0.321  
 Inclusion of HPV status: C 0.58
 Nuclear mean (μm) 0.434 0.170 1.110 0.081  
 Nuclear SD (μm) 4.395 0.824 23.446 0.083  
 Age 1.001 0.978 1.025 0.926  
 Locally advanced 1.582 0.840 2.980 0.156  
 HPV positive 0.276 0.112 0.680 0.005  
 Only clinical parameters: C 0.52
 Age (μm) 1.008 0.988 1.030 0.430  
 Locally advanced (μm) 1.331 0.751 0.723 0.359  
 Only distribution parameters: C 0.54
 Nuclear mean (μm) 0.503 0.228 1.110 0.089  
 Nuclear SD (μm) 5.233 1.111 24.640 0.036  
 Quadratic age: C 0.57
 Nuclear mean (μm) 0.581 0.265 1.273 0.175  
 Nuclear SD (μm) 4.759 0.978 23.159 0.053  
 Age 0.857 0.752 0.976 0.020  
 Age2 1.002 1.000 1.003 0.016  
 Locally advanced 1.361 0.735 2.521 0.328  
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