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Background: Acute lymphopenia (AL) is a clinically relevant concern in patients undergoing pelvic lymph-node
irradiation (PNI) for prostate cancer (PCa) and reliable predictive models are not available. The purpose of the
current analysis was to develop a predictive model of AL after PNI for PCa combining dosimetric and clinical
information in a large, prospectively followed cohort.

Materials and methods: Clinical/dosimetry/blood test data from a multi-centric prospective study were available,
including absolute lymphocyte count (ALC) at baseline, mid-point and radiotherapy (RT) end. Dose—volume
histograms (DVHs) of the body and of pelvic bones were extracted, as well as the integral dose (ID) to the body.
Lymph-nodal planning target volume (LN-PTV) and its cranial limit were also recovered. The current analysis
focused on acute CTCAEv4.03 grade > 3 (G3+) lymphopenia (ALC < 500/l), defined as the lowest count between
baseline and mid-point or RT end. The patient population was split into training and validation cohorts, and a
multivariable logistic regression model combining DVHs and clinical information was trained and validated.

Results: 700/887 patients with full 3D planning data and available baseline, mid-point and RT end counts were
considered. 290 patients (41.4%) experienced acute G3+ lymphopenia. Both ID and pelvic bone DVH parameters
were significantly associated with the endpoint. The two best resulting models included baseline ALC (OR = 0.999,
P < 0.001) and ID (Gy*l) (OR = 1.003, P = 0.012) or baseline ALC, cranial LN-PTV limit (OR = 1.019, P < 0.001)
and EQD2 to LN-PTV (OR = 1.095, P = 0.002), when replacing ID with the cranial LN-PTV limit.

Conclusions: Severe AL after PNI for PCa is largely modulated by baseline ALC, with an independent role of the LN-PTV
cranial limit or, alternatively, of ID, with the risk increasing by 5%-10% per 10% Gy*I.
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INTRODUCTION

The growing interest in radiation-induced immunosup-
pression derives from the increasing evidence of its
importance as a side-effect and, above all, as a potentially
negative factor in cancer treatment.”® Acute lymphopenia
is often experienced by patients undergoing radiotherapy,
roughly proportional to the delivered dose and to the
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extension of the treated volume.” The decrease of circu-
lating lymphocytes due to their elimination in the blood,
lymph nodes and other lymphoid organs may translate into
a decrease in antitumor immune response.'’® After the
post-irradiation acute phase, a recovery phase begins. This
latter phase depends on dose, number of fractions and
volume treated, and may result in absolute lymphocyte
counts (ALC) remaining persistently lower than baseline for
years after irradiation.”**** Modelling lymphopenia ki-
netics after radiotherapy is a complex task, owing to the
interplay between blood circulation, exchange of lympho-
cytes between lymphoid organs and blood, and the deliv-
ered dose to different volumes at different times.”">"’
Simple models also exist, based on the measurement of
ALC drop as a surrogate for the dose received in radiation
accidents and adapted to the partial body irradiation case,
typical of radiotherapy.*®*°

It is also of note that, on one hand, the synergy between
radiotherapy and immunotherapies could be significantly
modulated by radiation-induced lymphopenia®*®?; on the
other hand, the combination of radiotherapy with chemo-
therapy may also enhance these effects, making it harder
to distinguish the contribution of the different treating
modalities to the potentially detrimental impact on cancer
cure.”*?® The case of adjuvant/neoadjuvant irradiation of
large nodal areas is of high interest, as the benefit of
radiotherapy could be counterbalanced by the detrimental
effects of lymphopenia.

The balance between radiation-induced lymphopenia
and treatment benefit is uncertain in the case of pelvic
node irradiation (PNI) for prostate cancer (PCa). In fact, PNI
has been found to have a positive impact in selected cat-
egories of patients, both in radical and post-prostatectomy
settings.””*®* The limited expected benefit for some
categories of patients,29 however, makes the potential
long-term detrimental effects of radiation-induced lym-
phopenia on outcome/survival an issue. Moreover, as
already reported by several studies,>°> the irradiation of
pelvic bone marrow (BM) is also important. This helps in
explaining, at least in part, the late persistence of lym-
phopenia due to the incomplete recovery of irradiated BM
in producing blood components. Of note, PNI for PCa
provides a valuable opportunity to study radiation-induced
lymphopenia without any interaction with other immuno-
therapeutic/chemoterapeutic drugs.

A few studies have investigated predictors of acute
lymphopenia after PNI for the treatment of PCa*’; they
reported that acute lymphopenia may be significant, with
typically reported drops up to 20%-30% of the baseline
values."™*® Findings from multi-centric prospective studies
on sufficiently large cohorts, however, have never been
reported.

A multi-centric study was started in 2012 (Clinical-
Trials.gov#NCT02803086*1*>2%) aiming to assess pre-
dictors of intestinal, hematological and urinary toxicity after
PNI for PCa, delivered with intensity-modulated radio-
therapy (IMRT) with both radical and post-prostatectomy
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intent. This study represents, to our knowledge, the first
multi-institute prospective trial explicitly aimed at thor-
oughly assessing and modeling lymphopenia after PNI for
PCa. As data collection concerning acute lymphopenia was
recently completed, the current study aimed to: (i) quantify
dose—volume relationships between body/BM structures
and acute severe lymphopenia; (ii) develop predictive
models of acute lymphopenia combining dosimetry infor-
mation with clinical predictors.

MATERIALS AND METHODS

The multi-centric institutional trial

After its activation at San Raffaele Institute, Milano, in
September 2012, the Intestinal Hematologic Urinary
Toxicity from Whole-Pelvis Radiotherapy (IHU-WPRT TOX)
study aimed to develop predictive models of PNI-related
toxicity across 14 Institutes treating PCa. Upon receiving
the approval of the institutional review board of each of
the participating institutes (ClinicalTrials.gov identifier
NCT2803086), the multi-centric institutional trial enrolled
887 patients up to the end of 2021 and was planned to
follow them for 5 years. Further details on the aims, patient
characteristics, planning and volumes, dose/fractionation,
delivery and methodology of the study have already been
documented,®®*3%, as well as the preliminary results
regarding acute and late hematological toxicity (HT).>** In
short, all patients were treated with radical or post-
prostatectomy IMRT including PNI. Conventional and
moderate hypofractionation was permitted. The generation
of PTVs from the corresponding clinical target volumes
(CTVs) relative to prostate, seminal vesicles, prostatic and
seminal vesicles bed was at the discretion of the treating
radiation oncologist, provided that margins <10 mm were
applied. Concerning the pelvic lymph nodes, the corre-
sponding lymph-node planning treatment volume (PTVLN)
was generated by isotropic expansion of 5-7 mm. With
respect to the indication to PNI, it was at the discretion of
the referring radiation oncologist of every participating
institute. In general, it was usually recommended in the
radical setting in the case of a probability of occult lymph-
nodal metastases >15% according to the Roach nomo-
gram.>® In the post-prostatectomy PNI was chosen mostly
in patients with seminal vesicle invasion, Gleason score >7,
pre-surgical prostate-specific antigen (PSA) >10 ng/ml and/
or histologically positive lymph nodes at prostatectomy, or
in the case of a PSA > 0.50 ng/ml in the salvage setting.

Pelvic bone volume definition and DVH extraction

Pelvic bone volumes were manually segmented, according
to Mell et al.>° The bone marrow of the ilium (BMILEUM)
was defined from the superior border of the iliac crests to
the top of the femoral heads; lumbosacral spine (BMLS)
from the upper vertebral body where the PTVLN contours
begin to the sacrum; lower pelvis (BMPELVIS) extending
from the most superior border of the femoral heads to the
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bottom of the ischial tuberosities; and whole pelvis
(BMTOT), consisting of the union of the three sub-
volumes.

To ensure comprehensive documentation of the PNI
component of the treatment, relative planning data
[planning computed tomography (CT), radiation therapy
(RT) plan, RT dose and RT structure of Digital Imaging and
Communications in Medicine (DICOM) files] were properly
stored after generation.

The present study focused on the dose distribution
associated with the first part of the treatment, due to the
major impact of PNI, as previously reported.>*** This
method disregards the minor contribution of small fields
administered in the final phase of the treatment aimed at
boosting the prostate or prostatic bed in the case of a
sequential approach (n = 266 patients out of 700), deliv-
ering boost doses in the range of 10-28 Gy at 1.8/2.0 Gy/
fractions (fr).

In this context, dose—volume histograms (DVHs) of
bones and body related to PNI were extracted in absolute
values (cc) with a 1 Gy interval.

The daily dose prescribed to PTVLN was very similar
across the institutions, with >95% of patients receiving a
daily dose between 1.8 and 2 Gy and a maximum of 2.2 Gy/
fr; thus, no correction for fractionation was applied.

The five lumbar (L5) vertebrae were delineated using
TotalSegmentator, an open-source tool,*° allowing the
automatic computation of the cranial extent (mm) from
the lower edge of the L5 vertebra (chosen arbitrarily as the
reference plane) to the upper extremity of the PTVLN. This
vertical distance, in millimeters, was determined by
combining the baseline CT image with the contoured
structures in Python, being positive if more cranial or
negative if more caudal (arbitrary choice). This procedure
eliminates any potential error and uncertainty in manually
assessing the cranial PTVLN extent.

The integral dose (ID) to the body was calculated as the
product between the mean dose (in Gy) and the volume (in
1) of the body structure resulting from treatment plan-
ning.**** The PTVLN volume (cc) was also retrieved and
considered as a potential predictor.

Endpoints and inclusion criteria definition

In accordance with the clinical trial protocol, blood tests
were prospectively collected to monitor the absolute
counts of white blood cells (WBC), lymphocytes (ALC),
neutrophils (ANC), hemoglobin (Hb), platelets (PLT) and red
blood cells (RBC) at baseline, RT mid-point and end, at 3
and 6 months after radiotherapy end, and thereafter every
6 months to 5 years after the conclusion of irradiation.
Patients with complete baseline, radiotherapy mid-point
and end blood tests, available planning and baseline clin-
ical data were deemed eligible, resulting in a total of 700
patients available for the analysis.

According to the definition of CTCAE v4.03," the primary
endpoint of current analysis was acute grade >3 (G3+)
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lymphopenia, defined as the lowest ALC count between
radiotherapy mid-point and end <500/l

Identification of DVH predictors

In Figure 1, a diagram describes in detail the flow of the
analyses.

First, all information available for the included patients
was divided into training and validation sets, with an 80 :
20 split ratio, according to a 2a type TRIPOD validation.*®

According to previously followed methods,***> Mann—
Whitney U tests were carried out on the training set to
identify the regions of absolute DVHs of each BM and body
structure that best discriminated patients with and without
toxicity (i.e. corresponding to P values < 0.05): only DVH
values referring to these ‘significant’ regions were consid-
ered (with 1 Gy step) and named as VXGy. Finally, the
number of the extracted DVH features was reduced by
applying a correlation filter: when Spearman’s correlation
coefficient was >0.7, VXGy corresponding to the lowest P
value with the Mann—Whitney U test was kept for further
analyses. This procedure was necessary to limit redun-
dancy, due to the large number of correlated features
extracted from DVH.

Analyses: model training and validation

The following prospectively collected clinical and dosimetric
potential predictors were finally considered for model’s
development: baseline WBC, ALC, ANC, age, body mass index
(BMI), smoking, diabetes, hypertension, androgen depriva-
tion therapy (ADT) (dichotomous, yes versus no and
continuous, duration in months), the prescribed 2-Gy
equivalent doses (EQD2, for ¢/ = 3 Gy) to PTVLN and to
the prostatic bed/prostate PTVs, neoadjuvant ADT duration,
prostatectomy (yes versus no), radiation technique (static
versus arc/helical), hypofractionation (yes versus no), the
pre-selected BM and body DVH parameters and ID. Due to
their strong association with body DVH/ID (i.e. Spearman
correlation p > 0.8), PTVLN volume and its cranial limit were
separately considered in a second analysis, excluding body
DVH and ID: in this way, the possibility of using these geo-
metric parameters as surrogates for body DVH/ID was
explored. Of notice, the workflow described below was
carried out twice, once for each covariate set of the twos just
mentioned, resulting in two models: model 1, including ID
and body DVH in the analysis; model 2: excluding them and
including PTVLN volume and its cranial limit.

For the training set, univariate logistic regression was
used to evaluate the impact of each covariate on the
endpoint: variables with P value > 0.30 were not consid-
ered for the next multivariable analysis. Then, a reduction
of the candidate variables was further applied*®: for vari-
ables with a significance level of P < 0.3 in the univariate
analysis, Spearman’s (or Pearson’s in the case of dichoto-
mous variables) correlation coefficient was calculated. If
two variables exhibited a high-level correlation (p > 0.8),
the variable with the largest P value was excluded.

https://doi.org/10.1016/j.esmorw.2025.100680 3
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Dataset (n = 700) split in training and validation sets with 80:20 split ratio.

Training dataset (n = 560): Selecting the best and independent DVH variables:
1) Mann-Whitney U test: excluding DVH variables with P > 0.05.
2) Pairwise spearman’s correlation. If P> 0.7, retaining the variable with the lowest P value

!

Training datasets: Selecting candidate variables for multivariate analysis:
1) Univariate logistic regression: Excluding variables with P> 0.3;
2) Pairwise spearman’s (or pearson’s) correlation. If P > 0.8, the variable with the
lowest P value at univariate was kept.

|

Training datasets: Bootstrap replicates (1000) on the selected variables
1) For a fixed number of features (from 2 to 4), logistic regression model for each combination.
2) Retaining the model if overall and all single variable P values < 0.05.
3) Ranking models by bootstrap frequency; Among the 10% best models, choosing one with the highest AUC

A

| Training datasets: Multivariate logistic regression model fit for the best model(s). |

A

| Validation dataset (n = 140): Performances of the best model(s) |

Figure 1. Flow diagram of the followed procedures for model’s training and validation: the resulting number of patients and the number of variables were

detailed at each step.
AUC, area under the curve; DVH, dose—volume histogram.

The feature selection in assessing the best multivariable
models followed a bootstrap-based methodology. To
emphasize the robustness of the resulting combination of
variables, the maximum number of retained variables was
constrained to a maximum of 4, corresponding to a number
of variables per event of around 70, which was expected to
be very robust.”” One thousand bootstrap replicates were
generated: for a fixed number of features progressively
increased from 2 to 4, logistic regression models were
fitted for each possible feature combination. For each
bootstrap replicate, models were deemed to have good
performance if the global P value and all single variable P
values were <0.05. For each feature combination, the
bootstrap frequency was calculated as the number of
bootstrap replicates that met this criterion. Models were
then ranked based on their bootstrap frequency and the
top 10% feature combinations were considered: among
them, the feature combination with the highest area under
the ROC curve (ROC AUC) in the training cohort was chosen
and the robustness of the model was later checked in the
validation cohort.

The performances of the two resulting models were
assessed based on the area under the precision-recall curve
(PR AUC), ROC AUC, precision, sensitivity, specificity,
Flclass. For both models, the calibration plots were also
calculated in the training and in the validation set,
reporting slope, intercept and R? values.

The preprocessing and modeling analysis were carried out
with Python 3.7.9 (Python Software Foundation, https://
www.python.org/) in-house code: medicalAl library in
Medical Artificial Intelligence Toolkit for REsearch (mAltre).

4 https://doi.org/10.1016/j.esmorw.2025.100680

In addition, a five-fold cross-validation approach was also
followed to confirm the consistency of the models obtained
following  the  above-described  training/validation
methodology.

RESULTS

In the current analyses, 700 male patients met the selec-
tion criteria. Table 1 provides a summary of the key clinical
and dosimetry information. Two-hundred and ninety pa-
tients (41%) experienced acute G3+ lymphopenia.

According to Mann—Whitney U tests, significant differ-
ences between DVH with and without toxicity were found
in the ranges V16-V57Gy for BODY, V52-V56Gy for BMTOT,
V35-V68Gy for BMLS and V6-V39Gy for BMILEUM , as
shown in Supplementary Figure S1, available at https://doi.
org/10.1016/j.esmorw.2025.100680.  After redundancy
elimination, BMILEUM-V10Gy, BODY-V34Gy BMLS-V65Gy
and BMLS-V56Gy were finally selected, together with the
body ID.

Supplementary Table S1, available at https://doi.org/10.
1016/j.esmorw.2025.100680 shows the results of the uni-
variate logistic regression analysis.

Sixteen and fourteen non-redundant and predictive
features (for initial covariate sets with DVH/ID and lymph-
nodal planning target volume (LN-PTV)/cranial extent,
respectively) were identified in univariate analysis as
eligible for entry into the subsequent training phase.

In Table 2, the resulting models are shown in detail;
performance statistics for training and validation sets are
presented in Table 3. When PTVLN volume and cranial L5
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Table 1. Summary of patient characteristics

Variable Class Postop (n = 454) Rad (n = 246) Total (n = 700)
Patient characteristics at baseline
Age (years) 68 (62-72) 75 (70-78) 70 (65-75)
BMI (kg/m?) 26.1 (24.2-28.3) 26.7 (24.7-29.4) 26.2 (24.3-28.5)
WBC (pl™?) 6500 (5510-7710) 6900 (6100-7990) 6680 (5695-7805)
ANC (ul™%) 3788.8 (3020.7-4554.2) 3991.1 (3237.5-4882) 3875.3 (3088.3-4628)
ALC (ul™h) 1874.4 (1498-2337.8) 1959.6 (1644.6-2453.1) 1920.8 (1534.9-2399.9)
Comorbidities
Current or former smoker (cigarettes) (yes) 84/433 (19) 40/241 (17) 124/674 (18)
Diabetes (yes) 35/446 (8) 42/242 (17) 77/688 (11)
Hypertension (yes) 193/446 (43) 123/243 (51) 316/689 (46)
PCa characteristics
Initial PSA (ng/ml) 9 (6-14) 10.6 (6.4-18.9) 9.4 (6.2-15)
Pre-RT PSA (ng/ml) 0.25 (0.05-0.59) 6.5 (2.27-13) 0.59 (0.17-5.4)
Gleason score ISUP Group 1 23/444 (5) 8/243 (3) 31/687 (5)
ISUP Group 2 91/444 (20) 31/243 (13) 122/687 (18)
ISUP Group 3 132/444 (30) 55/243 (23) 187/687 (27)
ISUP Group 4 75/444 (17) 94/243 (39) 169/687 (25)
ISUP Group 5  121/444 (27) 53/243 (22) 174/687 (25)
T stage Tlc 2/449 (0) 30/245 (12) 32/694 (5)
T2a 19/449 (4) 17/245 (7) 36/694 (5)
T2b 13/449 (3) 33/245 (13) 46/694 (7)
T2c 99/449 (22) 63/245 (26) 162/694 (23)
T3a 148/449 (33) 72/245 (29) 220/694 (32)
T3b 161/449 (36) 26/245 (11) 187/694 (27)
T4 7/449 (2) 4/245 (2) 11/694 (2)
N stage NO 223/450 (50) 145/226 (64) 368/676 (54)
N1 160/450 (36) 34/226 (15) 194/676 (29)
Nx 67/450 (15) 47/226 (21) 114/676 (17)
Radiotherapy data
Prescribed daily dose in Gy @ PB/P-PTV 1(2-2.4) 2.5 (2.4-2.7) 4 (2-2.5)
@ LN-PTV 8 (1.8-1.9) 1.9 (1.8-2) 8 (1.8-1.9)
Median EQD23g, in Gy @ PB/P-PTV 2 (70-74) 80 (77-80) 4 (70.4-78)
@ LN-PTV 50 2 (49.9-51.8) 52 (50.2-52.3) 51 1 (49.9-52)
No. of fractions to PB/P-PTV 3 (28-37) 28 (26-32) 30 (28-37)
LN-PTV in cc 975 9 (781.5-1108.9) 781.8 (616.32-922.83) 889.1 (718.55-1070.45)
Cranial L5-vertebrae-to-PTV-LN extent (mm) 0 (21.3-48) 27 (7.8-40) 36 (15-45)
RT technique SS-IMRT 28/452 (6) 6/245 (2) 34/697 (5)
TOMO 169/452 (37) 94/245 (38) 263/697 (38)
VMAT 255/452 (56) 145/245 (59) 400/697 (57)
Dose to 1% of volume BMILEUM (Gy) 54 (52-56) 54 (51-56) 54 (52-56)
Dose to 1% of volume BMLS (Gy) 4 (53-56) 55 (52-57) 55 (52.8-56)
Dose to 1% of volume BMPELVIS (Gy) 2 (60-68) 68 (60-70) 65 (60-69)
Dose to 1% of volume BMTOT (Gy) 2 (60-68) 68 (61-70) 65 (60-69)
Dose to 1% of volume BODY (Gy) 4 (61-70) 72 (69-73) 68 (61-72)
Mean dose to BMILEUM (Gy) 28 3 (26.3-30.5) 26.8 (24.5-29.5) 27.9 (25.5-30.1)
Mean dose to BMLS (Gy) 6 (31.6-39.5) 33.4 (29.1-38.8) 35.1 (30.7-39.4)
Mean dose to BMPELVIS (Gy) zs 9 (25.5-31.9) 26.4 (23.9-29.4) 27.9 (25-31.2)
Mean dose to BMTOT (Gy) 1 (27.5-33.1) 28.4 (26.4-30.9) 30.1 (27-32.5)
Mean dose to BODY (Gy) 14 1 (12.3-15.9) 13.4 (11.4-15.4) 13.8 (12-15.7)
Volume BMILEUM (cc) 493.3 (447.9-546.6) 503.2 (452.5-565.4) 496 (449.4-549.8)
Volume BMLS (cc) 453.1 (394.6-517.3) 416.6 (374.3-480.8) 436.9 (383.6-506.6)
Volume BMPELVIS (cc) 715 (650.7-777.9) 709.4 (642.5-765.5) 712.6 (648.3-776.4)
Volume BMTOT (cc) 1659.3 (1502.1-1820.9) 1621.8 (1481.4-1781.9) 1646.2 (1493.8-1808.1)
Volume BODY (cc) 26764.6 (22760.2-31884.1) 27572.5 (23332.5-32147.8) 27060.6 (22834-32016.7)
Hormonal therapy
ADT AA only 31/224 (14) 28/218 (13) 59/442 (13)
CAB 33/224 (15) 24/218 (11) 57/442 (13)
LH-RH 160/224 (71) 166/218 (76) 326/442 (74)
ADT duration in months 24 (23-24) 24 (24-25) 24 (24-24)
Neoadjuvant ADT 2 (1-3) 2 (1-4) 2 (1-3)
Continued
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Table 1. Continued
Variable Class Postop (n = 454) Rad (n = 246) Total (n = 700)
Surgery
Type Laparoscopic 50/441 (11) 50/441 (11)
Open 238/441 (54) 238/441 (54)
Robotic 153/441 (35) 153/441 (35)
Surgical margins Negative 188/431 (44) 188/564 (33)
Positive 235/431 (55) 235/564 (42)
n.a. 8/431 (2) 141/564 (25)
No. of lymph nodes removed 13 (7-21) 12 (4-20)

Data for categorical variables are presented as counts (%), and for continuous variables as median values (inter-quartile range).

ADT, androgen deprivation therapy; ALC, absolute lymphocyte count; ANC, absolute neutrophil count; BMI, body mass index; BMILEUM, bone marrow of the ilium; BMLS, bone
marrow of the lumbosacral spine; BMPELVIS, bone marrow of the lower pelvis; BMTOT, bone marrow of the whole pelvis; Gy, Gray; IQR, interquartile range; LN-PTV, lymph-nodal
planning target volume; N, node; n.a., not available; PB/P-PTV, prostatic bed/prostate planning target volume; PCa, prostate cancer; Postop, post-prostatectomy; PSA, prostate-

specific antigen; Rad, radical radiotherapy; RT, radiotherapy; T, tumor; WBC, absolute white blood cell count.

vertebra to PTVLN extent were considered (in place of body
DVH/ID), ALC at baseline, EQD235, at LN-PTV (Gy) and
cranial limit led to the best performing model (model 1).
When considering body DVH/ID, the resulting model
(model 2) retained ALC at baseline and ID. Bootstrap fre-
quencies were 903/1000 and 729/1000 for the first and
second model, respectively. ROC AUC scored 0.757/0.752
and 0.738/0.712, for the training/validation cohorts of
model 1/model 2, respectively.

The resulting calibration plots on the validation set were
shown in Figure 2. The calibration showed high R? values,
slightly better for model 1 (0.94 and 0.84 for model 1 and
2, respectively). Of note, the resulting calibration plots in
the training set showed similar performances (i.e. R? values
equal to 0.95 and 0.77, Supplementary Material, available
at https://doi.org/10.1016/j.esmorw.2025.100680).

In Figure 3, aiming to better represent the combined
impact of baseline ALC and ID, the risk for increasing values
of ID was shown, stratified by values of ALC at baseline,
chosen as the quartiles of its distribution. The values of ID
corresponding to 25% risk were <10% 1.6 x 10% 3 x 102
and 4.8 x 10? GyL for ALC baseline <1536 ul_l, between
1536 and 1920 pl~*, between 1920 and 2400 pl~* and

>2400 ulfl, respectively; the corresponding ID values for
50% risk were 1.2 x 10%, 4.7 x 10 6.0 x 10% and 7.8 x
10° GyL.

The results of the five-fold cross-validation are reported
in the Supplementary Material, available at https://doi.org/
10.1016/j.esmorw.2025.100680: the selected variables of
the two models as well as their relative importance were
substantially confirmed. The only (minor) difference con-
cerns model 2, where the procedure retained EQD235, @
LN-PTV (Gy), in addition to baseline ALC and ID, as
happened for model 1. The average performances of the
models were in line with the ones reported in Table 1 (see
Supplementary Table S3, available at https://doi.org/10.
1016/j.esmorw.2025.100680).

DISCUSSION

The growing interest in lymphopenia as a potentially
detrimental factor in cancer cure has only partially involved
the case of PNI for PCa. While the association between
lymphopenia and poorer outcome has been reported for
several tumors, such as glioblastoma, head-neck, pancre-
atic, esophageal, lung and stomach cancers,”® this is not

Table 2. Results of the multivariable logistic regression analysis fit for acute G3+ lymphopenia

Model 1

Predictors Coeff £ standard error P value OR 95% Cl

Baseline ALC (ul™?) —0.0013 + 0.0002 <0.001 0.999 (0.998-0.999)
Cranial extent (mm) 0.019 + 0.005 <0.001 1.019 (1.010-1.028)
EQD23;, @ LN-PTV (Gy) 0.091 + 0.029 0.002 1.095 (1.035-1.159)
Intercept —3.159 + 1.577 0.045

LLR P < 0.001 RZNAG = 0.218 PR AUC = 0.674 ROC AUC = 0.757
Model 2

Predictors Coeff £+ standard error P value OR 95% ClI

Baseline ALC (ul~?) —0.0012 =+ 0.0002 <0.001 0.999 (0.998-0.999)
Integral dose BODY (GyL) 0.0031 £ 0.0013 0.012 1.003 (1.001-1.006)
Intercept 0.938 + 0.571 0.101

LLR P value <0.001 R’wag =0.181 PR AUC = 0.632 ROC AUC = 0.738

ALC, absolute lymphocyte count; cranial extent, cranial extent from the L5 vertebrae lower edge to the PTVLN upper extremity (mm); EQD235, @ LN-PTV, prescribed 2-Gy
equivalent dose (EQD2, for @/f = 3Gy) to the pelvic lymph nodes/lymph-nodal area (Gy); integral dose BODY, the product of the mean dose to the structure and the irra-
diated volume (GyL); LN-PTV, lymph-nodal planning target volume; LLR P value, log-likelihood ratio P value; PR AUC, area under the precision-recall curve; R%yas, Nagelkerke’s

pseudo-R-squared; ROC AUC, area under the receiving operating characteristic curve.
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Table 3. Performance statistics for training and validation sets of the multivariable logistic regression analysis for acute G3+ lymphopenia

Precision Specificity Sensitivity F1 class 0 Fl class 1 ROC AUC PR AUC
Model 1 Baseline ALC (ul_l) and cranial extent (mm) and EQD23Gy @ LN-PTV (Gy)
Training 0.631 0.716 0.704 0.746 0.665 0.757 0.674
Validation 0.557 0.592 0.736 0.667 0.634 0.752 0.656
Model 2 Baseline ALC (ul’l) and integral dose BODY (GyL)
Train 0.658 0.782 0.605 0.762 0.631 0.738 0.631
Validation 0.593 0.688 0.648 0.711 0.619 0.712 0.629

ALC, absolute lymphocyte count; LN-PTV, lymph-nodal planning target volume; PR AUC, area under the precision-recall curve; ROC AUC, area under the receiving operating

characteristic curve.

yet the case for PCa patients. The main reason for this lack
likely depends on the excellent survival that makes it
necessary to follow large cohorts of patients for many years
to clearly detect any potential detrimental effect of
radiation-induced lymphopenia. By contrast, growing evi-
dence shows that PNI has a positive impact on selected
patient categories in terms of biochemical relapse-free
survival.”®?° This highlights the issue of balancing the
long-term effects: while PNI can sterilize micro-metastases
in pelvic nodes, it can also cause radiation-induced immu-
nosuppression, leading to persistent lymphopenia that may
hinder further therapies for patients experiencing relapse.

Lymphopenia was recently found to be still significant 2
years after PNI,*> and preliminary (unpublished) findings of
our IHU study confirm that complete recovery is far from being
reached even 5 years after radiotherapy. While persistent
lymphopenia is likely the most substantial effect, acute lym-
phopenia is the first sign of the severity of radiation-induced
immunosuppression, often leading to an incomplete restora-
tion of baseline ALC values. It is therefore unsurprising that

severe acute lymphopenia was found to be associated with 1-
and 2-year lymphopenia.®*> A careful assessment of the
predictors of acute lymphopenia, as carried out in the current
study, is therefore of paramount importance.

Additionally, potential harm in terms of increased risk
and/or severity of side-effects due to lymphopenia should
not be underestimated. This includes the potential impact
on fatigue and quality of life (QoL).**?

The present study represents the first large multi-centric
prospective study on the topic, involving 887 patients
enrolled in 14 institutions over several years and treated
with PNI using IMRT. While the follow-up is not yet suffi-
ciently mature to carry out the final analyses dealing with
persistent lymphopenia at 5 years, the current findings on
acute lymphopenia should be considered definitive,
reporting the findings relative to 700 patients with full
dosimetry and clinical information (i.e. baseline, mid- and
end-RT ALC counts) available.

The rate of acute G3+ lymphopenia (41.4%) was in line
with other investigations®®*®**° and with our previous
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Figure 2. Calibration plots of model 1 (top) and model 2 (down), as reported in Table 2, on the validation cohort. According to the cohort’s quartiles, the rate of
predicted patient’s rate against the true rates were compared: slope, intercept and R? are reported.
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Figure 3. Probability risk (%) for acute G3+ lymphopenia at increasing levels
of integral dose to the body (X 10% Gy*I), stratified by the quartiles of ALC at
baseline distribution. Logistic curves with variables ID and categorized ALC at
baseline were fitted, according to model 2. The risk for each of the quartiles
(i.e. the probability of having a positive outcome) was calculated as 1/{1-+expl[-
logit(p)]} with logit(p) = bg +b1X1, where bg is the coefficient of the intercept,
b, the coefficient relating to the quartile and X; its dichotomous variable.
ALC, absolute lymphocyte count; ID, integral dose.

single institution reports.***! The large numbers guaran-
teed a high robustness of the resulting prediction models
both in the training and in the validation cohorts with high
performances in terms of calibration, well captured by the
R? values of the reported calibration plots.

As previously reported in our first mono-centric pilot
study,>* the baseline ALC value is the major predictor of
G3+ acute lymphopenia. A similar result was found for 2-
year lymphopenia in a subgroup of the patients consid-
ered here.>® This result was not unexpected, as the drop of
ALC from baseline values is expected to follow a (roughly)
exponential pattern.”®*° Consequently, the probability that
the nadir will fall below the G3+ threshold (<500 ulfl)
critically depends on the baseline count.

While no other clinical factors showed association with
lymphopenia, the analysis regarding dosimetry predictors
showed that both body and BM DVHs are associated with
an increased risk of G3+ lymphopenia; when applying
rigorous selection of the most robust and predictive pa-
rameters, however, body dosimetry seems to outperform
BM dosimetry, with ID appearing as the best predictor. This
result is not unexpected: body and BM dose—volume pa-
rameters are cross-correlated, which explains the reported
associations between BM DVHs and acute lymphopenia in
few other studies.>** Given a fixed number of fractions
and delivered dose, body DVHs/ID are expected to be
highly associated with ALC drop, representing a surrogate
for the dose directly received by lymphocytes.*® %% The
lower predictive role of BM DVH is expected, as acute
lymphopenia is more susceptible to the dose received by
the circulating lymphocytes.’ Interestingly, when focusing
on 2-year late G2+ lymphopenia, BM DVHs were found to
outperform predictions against body ID/DVH, as recently
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reported by Pavarini et al.>®> on the same population of the

current study; in the same paper, an independent role of
baseline ALC and of acute G3+ lymphopenia was clearly
found. This is in line with the consolidated assumption that
long-term lymphopenia is primarily due to the lack of active
BM due to radiation-induced depletion. Moreover, acute
G3+ lymphopenia is relevant in predicting an increased risk
of late lymphopenia, suggesting that any attempt to reduce
acute lymphopenia translates into a reduced risk of
persistent lymphopenia.

It is also important to underline that, when replacing
body dosimetry with geometrical surrogates (i.e. cranial
limit of PTVLN, PTVLN volume), the best performing pa-
rameters, apart from baseline ALC, are the cranial PTV limit
and EQD2. Of these, the cranial limit performed best. The
performance of the corresponding model is slightly better
than that of the model combining baseline ALC and ID. This
latter result is likely due to the intrinsic limitations of using
ID as a surrogate for the radiation dose to the lymphocytes.
This should also explain the better performance of the
cranial limit of PTV, which makes this metric less sensitive
to the individual variability of the meaning of ID. Although
more investigation is warranted to better model ALC drop
by taking individual weight into account, the finding
regarding the impact of cranial limit may have immediate
application. It suggests that reducing the risk of G3+ acute
lymphopenia can be achieved by simply limiting the cranial
PTV limit in patients with low baseline ALC values. More-
over, the explicit inclusion of ID and BM sparing into plan
optimization could have potential in reducing acute and
persistent lymphopenia.”’”>* Even the use of protons has
been shown to largely reduce ID compared with advanced
photon modalities.”** By contrast, our findings suggest
that the potential of reducing acute lymphopenia during
plan optimization is limited as it mostly depends on the
baseline value. As lymphopenia may counterbalance the
positive effects of cell killing in micro-metastases in terms
of a potential hampering of further therapies and impaired
Qol, care should be taken before prescribing PNI, especially
for categories of patients in whom the benefit of PNI may
be limited or has not yet been fully established.*

Our study has several limitations: the variable selection
procedure has some limits as it cannot completely guar-
antee to miss potential predictors. By contrast, the
substantial confirmation of our findings when applying five-
fold cross-validation as well as our pre-selection procedure
of the variables suggest high robustness of the results. As a
matter of fact, the whole methodology gave more
emphasis to model’s robustness than model’s perfor-
mances, restricting the choice to models combining a small
number of variables (i.e. <4).

Other limitations concern the lack of potentially relevant
predictors (such as genetic information) and the lack of
more detailed spatial description of the dose distribution,
possibly captured by more advanced ‘voxel-wise’ method-
ologies.”® Another major issue remains the lack of evi-
dence, as previously mentioned, of any clinically relevant
impact of acute lymphopenia after PNl for PCa. The
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availability of patient-reported urinary and bowel toxicity
information for all patients should, however, permit
exploration of their potential interplay with lymphopenia.
Moreover, the current cohort is also precious to investigate
the above-mentioned potential detriment of radiation-
induced lymphopenia in terms of biochemical relapse-
free and overall survival. These analyses are planned and
promise to enlighten the topic with potentially relevant
impact of PNI practice in PCa radiotherapy.

Conclusions

The current study reported the results of the largest pro-
spective trial dedicated to lymphopenia after PNI for PCa in
a modern, multi-institute cohort of patients treated with
IMRT. In addition, an assessment of a predictive model of
acute lymphopenia, including dose—volume relationships,
was carried out. Acute severe lymphopenia after PNI for
PCa was found to affect about 40% of patients. While the
baseline ALC value emerged as the major predictor, the risk
is independently modulated by ID as well: the risk was
quantified to increase on the order of 5%-10% per 10% Gy*I.
Replacing ID with the cranial limit of PTV and EQD2 resul-
ted in an alternative predictive model with similar, if not
slightly better, performances.

Moderate, although significant, mitigation of severe
acute lymphopenia could be obtained by limiting the cra-
nial extension of PTV, especially for patients with low
baseline ALC value. Further research in quantifying the
association between acute and persistent lymphopenia
against outcome and Qol after PNI is warranted.
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