<]
TUDelft

Delft University of Technology

Predicting lymphocyte dose and surviving fraction for VMAT and IMPT treatments with a
dynamic lymphocyte flow model for locally advanced cervical cancer

C Kuipers, Sander; M van Tuyll van Serooskerken, Marianne; Lathouwers, Danny; Corbeau, Anouk; M de
Boer, Stephanie; A Nout, Remi; S Hoogeman, Mischa; Godart, Jérémy

DOI
10.1088/1361-6560/ae0d29

Publication date
2025

Document Version
Final published version

Published in
Physics in medicine and biology

Citation (APA)

C Kuipers, S., M van Tuyll van Serooskerken, M., Lathouwers, D., Corbeau, A., M de Boer, S., A Nout, R., S
Hoogeman, M., & Godart, J. (2025). Predicting lymphocyte dose and surviving fraction for VMAT and IMPT

treatments with a dynamic lymphocyte flow model for locally advanced cervical cancer. Physics in medicine
and biology, 70(21), Article 215005. https://doi.org/10.1088/1361-6560/ae0d29

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1088/1361-6560/ae0d29
https://doi.org/10.1088/1361-6560/ae0d29

Institute of Phy

Physics in Medicine & IPEM
Biology Tt

PAPER « OPEN ACCESS You may also like

- 2.5D imaging: obtaining depth information

Predicting lymphocyte dose and surviving fraction itom 2D heliun-beam rdicaraphs

Margareta Metzner, Annika Schlechter,

for VMAT and IMPT treatments with a dynamic Daria Zhevachevska et al.
lymphocyte flow model for locally advanced ot puised UDR PES smell-ield profon

dosimetry for proton FLASH experiments

Ce er Cal Ca n Ce r Jufri Setianegara, Aoxiang Wang, Nicolas

Gerard et al.

- Bridging the resolution gap in alpha

therapy dosimetry: a space for quantitative
MRI?
Joshua K Marchant and Bruce R Rosen

To cite this article: Sander C Kuipers et al 2025 Phys. Med. Biol. 70 215005

View the article online for updates and enhancements.

Which BEAMSCANNER are you? PTW 5

BEAMSCAN® Speedo, Ringo or Mobilo —
all-in-one, compact, mobile or flexible.

Choose the BEAMSCAN® that works for you.

THE MIGHTY,

ptwbeamscan.com

This content was downloaded from IP address 154.59.124.113 on 11/11/2025 at 09:49


https://doi.org/10.1088/1361-6560/ae0d29
https://iopscience.iop.org/article/10.1088/1361-6560/ae02de
https://iopscience.iop.org/article/10.1088/1361-6560/ae02de
https://iopscience.iop.org/article/10.1088/1361-6560/ae023b
https://iopscience.iop.org/article/10.1088/1361-6560/ae023b
https://iopscience.iop.org/article/10.1088/1361-6560/ae023b
https://iopscience.iop.org/article/10.1088/1361-6560/ae02dd
https://iopscience.iop.org/article/10.1088/1361-6560/ae02dd
https://iopscience.iop.org/article/10.1088/1361-6560/ae02dd
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuw6Ykig2X9hc4TAJtGDkijXWLJJPjLgq6Is38Wgq5VjjPYhZHB46JWHSt-ADqu_-zXEknyjS6y5RDNwfdMLW9JpcAaVSxO3SFYASafQWGcioLdZFBDZ8lOCbGx0fb45pOygZao0Hyl_TpoTaxOvYXCuePZU0qNTx4uWZGpAqn9mgsVke7yK_hxXlYZ3mi14KfCL58A18YOtzAHXCXBipXAvVZ0VrE3bK7mWrapR0kKkG7tPxxvnPI4WaSlYvsuQuYwYezxsf1QUQ2YLybhJ2I1b7iVKVXTihvvCktjdtutDomIP7wcWsVCYi9ggmqVVo-g6QyvAB-cviIYNIKSsiC8U4EE7qYsYFpkiLX_y_SpJzqslqeslOjz&sig=Cg0ArKJSzEiKV1L1oIpb&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.ptwdosimetry.com/en/products/beamscan

10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
12 May 2025

REVISED
18 September 2025

ACCEPTED FOR PUBLICATION
29 September 2025

PUBLISHED
22 October 2025

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Phys. Med. Biol. 70 (2025) 215005 https://doi.org/10.1088/1361-6560/ae0d29

IPEM

Institute of Physics and
Engineering in Medicine

Physics in Medicine & Biology

PAPER

Predicting lymphocyte dose and surviving fraction for VMAT and
IMPT treatments with a dynamic lymphocyte flow model for locally
advanced cervical cancer

Sander C Kuipers"”
Stephanie M de Boer*

, Marianne M van Tuyll van Serooskerken'’, Danny Lathouwers’, Anouk Corbeau‘®),
, Remi A Nout', Mischa S Hoogeman"’ and Jérémy Godart">*

Department of Radiotherapy, Erasmus MC Cancer Institute—University Medical Center Rotterdam, Rotterdam, The Netherlands
Department of Medical Physics & Informatics, HollandPTC, Delft, The Netherlands

Department of Radiation, Science and Technology, Delft University of Technlogy, Delft, The Netherlands

Department of Radiation Oncology, Leiden University Medical Center, Leiden, The Netherlands

Author to whom any correspondence should be addressed.

[E RO

E-mail: j.schiphof-godart@erasmusmec.nl and s.c.kuipers@erasmusmc.nl

Keywords: lymphocyte flow model, locally advanced cervical cancer, radiation-induced lymphopenia, outcome prediction,
lymphocyte sparing

Abstract

Objective. A dynamic model is developed to predict the impact of radiotherapy on circulating
lymphocyte counts in women with locally advanced cervical cancer (LACC). This study aims to
compare the effects of photon and proton therapy, as well as the influence of bone marrow sparing
(BMS) techniques, on relative lymphocyte preservation over time. Approach. A dynamic lymph-
ocyte flow model was developed to simulate the migration of lymphocytes based on seven com-
partments. Biological cell death and lymphocyte production were integrated across compart-
ments. The lymphocyte flow model was applied to 19 LACC patients. Volumetric modulated arc
therapy (VMAT) and intensity modulated proton therapy (IMPT) treatment plans were created
for each patient without BMS and with BMS. The model calculated radiation dose to lympho-
cytes to estimate radiation-induced cell death over time. The output of the model was the relat-
ive lymphocyte count relative to baseline (RLC) over time and the RLC nadir in the blood and
total body. Main results. According to the model, IMPT resulted in lower doses to lymphocyte and
higher RLC nadirs compared to VMAT for all 19 patients. The total RLC nadir (mean + SD) was
48.4% + 4.0% for VMAT and 62.5% =+ 5.1% for IMPT. In the blood compartment, the RLC nadir
was 32.7% =+ 3.5% for VMAT and 47.7% =+ 5.9% for IMPT. The RLC nadir in the blood com-
partment improved with 3 Gy BMS from 32.7% = 3.5% to 33.0% = 3.5% , while it decreased for
IMPT from 47.7% = 5.9% to 46.6% = 6.0%. Total RLC nadir decreased with BMS for VMAT from
48.4% =+ 4.0% to 48.2% =+ 3.9% and for IMPT from 62.5% = 5.1% to 60.9% = 5.3%. Significance.
By incorporating a dynamic flow model, we predicted the RLC over time. The model predicted a
substantial sparing effect IMPT has on the lymphocytes compared to VMAT. This sparing was both
present in the blood and the total body. Sparing the bone marrow showed only a minimal effect on
the RLC.

1. Introduction

The current standard treatment of locally advanced cervical cancer (LACC) is external-beam radio-
therapy combined with cisplatin-based chemotherapy followed by brachytherapy (Cibula et al 2018,
Potter et al 2018). This treatment combination has shown to be highly effective with a very high locore-
gional control (Horeweg et al 2019, Potter et al 2021). However, many patients undergoing this regimen
develop lymphopenia (Wu ef al 2016). There is increasing interest in adjuvant therapies that leverage
the immune system to improve cancer treatment outcomes. This is reflected in trials investigating the
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efficacy of immunotherapy in combination with chemoradiotherapy for the treatment of cervical can-
cer (Chung et al 2019, Colombo et al 2021, Monk et al 2023a, 2023b, Lorusso et al 2024). Furthermore,
research has shown that radiation-induced lymphopenia (RIL) is associated with poorer overall survival
in solid tumors, highlighting the need to better understand and mitigate the impact of radiotherapy on
the immune system (Damen et al 2021).

For LACC, recent efforts have been made to spare lymphoid organs, including the bone marrow,
during treatment planning for external-beam radiotherapy (EBRT) (Huang et al 2020). Bone marrow
sparing (BMS) reduces the dose to the pelvic bones, therefore decreasing the risk of hematologic toxicit-
ies such as lymphopenia (Corbeau et al 2021a, Kuipers et al 2023). Another approach is proton therapy,
which holds great promise to reduce the incidence of RIL for patients with LACC due to its potential
sparing of lymphoid organs, such as the active bone marrow (Gort et al 2021, Kuipers et al 2024). For
various other cancer types, namely oesophageal cancer, non-small cell lung cancer, and glioblastoma,
the reduction in RIL by using protons instead of photons has been reported (Fang et al 2017, Shiraishi
etal 2018, Routman et al 2019, Kim et al 2021, Mohan et al 2021, Li et al 2023, Cortiula et al 2024).
While these immune-sparing strategies show the potential for reducing RIL by sparing lymphoid organs,
quantifying the dose to lymphocytes and the risk of lymphopenia remains a challenge. This challenge
arises because lymphocytes continuously circulate throughout the body, making it difficult to calculate
their radiation exposure and predict RIL risk. Instead of focusing solely on sparing specific structures,

a dynamic lymphocyte model can help account for temporal changes in immune cell distribution and
improve predictions of RIL risk in individual patients. Previous studies have developed such models to
correlate the EBRT dose to RIL (Jin et al 2017, 2020, Shin et al 2021). One of the most extensive models
is the HEDOS-model, which is a time-dependent computational framework for calculating the dose to
the circulating blood cells (Shin et al 2021). However, it solely considers the blood, which consists of 2%
of the lymphocytes (Trepel 1974). The rest of the lymphocytes that are not in the peripheral blood are
not considered. In a similar framework proposed by Jin et al (2020), RIL is modeled for patients with
pancreatic ductal adenocarcinoma treated with radiotherapy by considering a dynamic model for lymph-
ocyte migrating among 5 compartments of the immune system (Jin et al 2020). Developing a dynamic
lymphocyte model for LACC patients would allow for a better understanding of the effect of immune-
sparing strategies on the total lymphocyte count, and ultimately the development of individual immune
system sparing approaches for women with LACC.

In this study, we build upon the model proposed by Jin ef al (2020) and integrate it with the
HEDOS model to capture lymphocyte dynamics in patients with LACC. Key adaptations include imple-
menting a continuous residence-time function, combining short and long-residing compartments, and
refining parameter estimation using equilibrium-state fitting. For this adapted model, we analyze the
sensitivity of the model on the model parameters. Furthermore, we test the model to predict the differ-
ence in lymphocyte dose and surviving fraction between intensity-modulated proton therapy (IMPT)
and volumetric-modulated arc therapy (VMAT) for these patients. Additionally, we asses with this model
the impact of sparing the bone marrow with 3 Gy mean dose, a strategy during treatment planning
aimed at reducing lymphocyte depletion by limiting the dose to active bone marrow, in lymphocyte sur-
viving fraction.

2. Methods & materials

2.1. Lymphocyte compartmental model

A compartmental flow model comprising of seven compartments has been developed to simulate the
migration of lymphocytes within the body. The model was taken and modified from the study of Jin

et al (2020), which is based on the framework of Rannie and Ford (1978). Two extra compartments for
the lymphoid organs were added, and no separate compartments were considered for the short-residing
and long-residing lymphocytes. A schematic representation of our proposed model, with the seven com-
partments and the possible transitions between them, is shown in figure 1. The seven compartments in
the model are the blood (B), lymph nodes (LN), red bone marrow (BM), skin (Sk), spleen (Sp), intest-
ines (I), and other tissue (OT). The other tissue compartment consists of the lymphocytes in the rest of
the body, which are mostly located in the mucosa of the respiratory tract. The intestines compartment is
composed of the Peyer’s patches and the intestinal mucosa (Trepel 1974).

Each compartment i € {B,BM, Sp, LN, OT, Sk,I} contains a number of lymphocytes N;(¢) at time ¢
which changes over time due to transitions, production, and cell death. The relative number of lymph-
ocytes in equilibrium N;?/Ni were taken and adjusted from the study of Trepel (1974). Production of
lymphocytes occurs in the lymph nodes, spleen, and bone marrow, while cell death is modeled in all
compartments.
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Figure 1. Schematic representation of the lymphocyte compartment model, representing the flow of lymphocytes between
the seven compartments. The percentage indicates the fraction of lymphocytes present in each compartment in equilibrium.
Compartments marked with ‘p’ indicate lymphoid organs where production is modeled. The model was taken and modified
from the study of Jin et al (2020), which is based on the framework of Rannie and Ford (1978).

The transition dynamics between compartments are determined by flow probabilities a;;, which rep-
resent the probability of a lymphocyte moving from compartment i to j when it is leaving compartment
i. The time until a lymphocyte leaves compartment i is governed by the residence-time probability dens-
ity p;(£). This probability density is modeled as a combination of two Weibull distributions to make a
distinction between short- and long-residing lymphocytes:

pi() =wip; () + (1—w)) pi (1), (1)

where p$(t) and pk(t) are the probability density functions (PDFs) of the short-residing and long-
residing lymphocytes. The parameter w; is the probability that a lymphocyte entering compartment i
becomes short-residing in that compartment. The Weibull distribution in this model is described with a
shape parameter of k=2 and the scale parameter for the short and long-residing lymphocytes for com-
partment i, A} and AL, is defined by the average short and long-residing residence time, (£}) and (£}),
respectively, such that the PDF for short and long-residing lymphocytes becomes:

S,L (1) = Le_<ﬁ> , (2)

o)
with AP = (1) /T'(3/2) = 2(61) / /7.
The probability of a lymphocyte going into apoptosis is independent of all factors. Every hour a
lymphocyte has a probability of k,, of going into apoptosis. Therefore, cell death is described with
the PDF

PP (1) = kP exp (—k*1), (3)

with k% the apoptosis rate. For lymphocyte production , we assume a constant production of Q lymph-
ocytes per unit time in the lymph nodes, spleen, and bone marrow and no production in the rest of the
compartments, such that the production in compartment i can be written as

0 otherwise.

0 {Q fori € {BM,LN,S}

With the apoptosis, we can define the average effective time for long and short-residing lymphocytes
(tfgfL ;) which is the residence time spent in a compartment before flowing to another compartment or

3
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going into apoptosis. This average effective residence time is given by:

ap 2 ap w2
0o Tt 7k‘zfﬁ —K ==
<f§%fi>:/ der| — e ) ppwe 0 (4)
0 2<

2
S,L
)

The derivation of this expression is presented in appendix A.

This average residence time can be derived with the apoptosis rate k* and the residence-time PDFs
p""(¢) that are described by the average long- or short-residing time (). To find the value for the per-
centage of lymphocytes that becomes short residing, introduced in equation (1), we define the equation
for the fraction of lymphocytes that is short residing in equilibrium:

q,S
N;

fi

with N°®* and N**" the number of lymphocytes in equilibrium in compartment i that is short or long
residing. With this equation, we can obtain a definition of the short-residing weight w} in terms of the
average effective residence times and the fraction of short residing lymphocytes in equilibrium:

L fl .
C(1-£) <t§ff7i> +]di<t]€ff,i> .

The full derivation of this equation is substantiated in appendix B.
To obtain the population-average equilibrium state, we define the removal rate ki* = (te¢;) ~!, where
(teei) = w3 (B4 ) + (1 — wP) (t ). At equilibrium the lymphocyte balance in compartment i is

Za]ﬁ (k;e _ kap) N;q _ klgeN?q +Q; =0, (7)
j

where k% is the rate of apoptosis per unit time, Q; is the number of lymphocytes produced in compart-
ment i per unit time, and a;; is the probability of a lymphocyte flowing from compartment i to j. From
figure 1, it follows that only 12 values of a;; in the 7 X 7 flow probability matrix are non-zero in our
model. Specifically, arn g, asm,s, as,8, sk LN, dor,in, and appn are 1, while agp 1, ag g, as,0T, a8 sk, as,1, and
ap sy are undetermined. The equilibrium condition is considered for the estimation of the initial para-
meter values. By solving these equations, the equilibrium constraints can be obtained for this model. The
derivation of these constraints is outlined in appendix C.

2.2. Modeling lymphocyte flow

The compartmental model was implemented in discrete time using a particle-based approach. Each
lymphocyte was represented as an entry in two vectors: one tracking the current compartment of each
lymphocyte and the other storing the remaining residence time for each lymphocyte in its compartment.
At each time step At, the algorithm proceeded as follows:

(i) Transition: For lymphocytes with a remaining residence time of zero, the transition matrix a;; was
used to determine the next compartment. New remaining residence times for the lymphocytes are
sampled based on the derived residence time distribution of the new compartment p;().

(ii) Cell death: Lymphocytes underwent apoptosis probabilistically, based on the apoptosis rate k¥ and
the PDF defined in equation (3).

(iii) Lymphocyte creation: New lymphocytes were created in designated compartments based on the
creation parameter Q. The new lymphocytes were assigned an initial residence time based on the
residence time probability distributions of their respective compartments.

(iv) Residence time update: For all surviving lymphocytes, the remaining residence times were
decremented by the time step size At.

This approach stochastically models the transitions, apoptosis, and lymphocyte creation. To ana-
lyze the model output, the positions of all lymphocytes were recorded at regular intervals Afyyepue and
stored for further analysis. This output was used in the next part of the model to compute the dose to
the lymphocytes.
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2.3. Radiation dose to lymphocytes

The radiation dose to the lymphocytes was calculated based on the recorded compartmental positions at
the EBRT fraction time points tggrr. Dose probability distributions for each compartment were derived
using delineations on patient planning CT scans and the dose distribution from treatment plans. The
derivation of these distributions is detailed in section 2.5. At fraction time points, the dose for each
lymphocyte was sampled from these distributions. If a lymphocyte remained in the same compartment
until the next fraction time point and the lymphocyte was not in the blood compartment, the same
dose was sampled for the consecutive fraction time point. This approach enabled the creation of a dose-
volume histogram (DVH) for the lymphocytes per treatment day and for the whole treatment. To estim-
ate the lymphocyte survival, we applied a linear survival model S(D) = e~®P, with D the dose and «

a radiosensitivity constant. In our model, a radiosensitivity of o= 0.4 Gy~! was used (Paganetti 2023).
Because the lymphocytes are not affected by fractionation in a linear survival model, the cumulative dose
was applied to calculate the surviving fraction at each time point. Furthermore, newly produced lymph-
ocytes enter with zero dose and then accumulate dose according to their compartmental locations, while
lymphocytes removed by natural apoptosis are withdrawn from the calculations for the cumulative dose.

2.4. Patient data and treatment plans

This study retrospectively included 19 women treated with primary chemoradiotherapy and concurrent
chemotherapy for LACC according to the EMBRACE-II protocol at Erasmus MC between December
2019 and January 2021 (Potter et al 2018). The patient cohort, planning CT scans, and delineations
were identical to that of the study of Kuipers et al (2023). For these patients, four treatment plans were
evaluated. Two VMAT treatment plans were obtained from this earlier study, namely one with no BMS
objective in the treatment planning, and one incorporating a planning objective aimed at reducing the
mean bone marrow dose by 3 Gy (Kuipers et al 2023). For the IMPT treatment plans, we used the treat-
ment plans without BMS and with 3 Gy mean dose BMS for these patients as described in the study
of Kuipers et al (2024). The outer contour of the pelvic bones was taken as a surrogate for the act-

ive bone marrow as this delineation has been shown to be most predictive of hematologic toxicity in
women with LACC (Corbeau et al 2021a). All treatment plans were designed for 25 fractions of 1.8 Gy
with 5 fractions per week. The planning constraints of all plans adhered to the EMBRACE-II pro-
tocol (Potter etal 2018). A detailed description of the patient cohort, target and normal tissue delin-
eation, treatment planning methodology, and dose parameters is provided in the two referenced studies
(Kuipers et al 2023, 2024).

2.5. Radiation dose to the compartments

For estimating the patient-specific lymphocyte dose, the location of each lymphocyte at the start of each
fraction was used with the corresponding dose probability distribution of its compartment. Lymphocyte
movement between compartments during the beam-on time was not taken into account. Dose prob-
ability distributions were derived from patient-specific planning CT scans, delineations, and dose
distributions.

For the bone marrow, the outer contour of the pelvic bones were delineated from the inferior level
of the ischial tuberosities to 2 cm superior to the planning target volume of the patient. With this delin-
eation, every part of the bone marrow that receives significant dose is taken into account. The relat-
ive number of lymphocytes that is in this structure is obtained from the study of Ellis (1961). In our
patient cohort, the internal iliac, external iliac, obturator, presacral, and the common iliac region nodes
are included in the elective clinical target volume (CTV-E). These nodes represent an estimated 6% of
the total number of lymph nodes (Panici et al 1992, Qatarneh et al 2006, Kim et al 2020). If the patient
was identified as a high-risk patient, the paraaortic lymph nodes are also included in the CTV-E, which
increases the fraction of lymph nodes in the CTV-E to 11% (Panici et al 1992). The mesenteric nodes
are also irradiated and consist of approximately 54% of all the lymph nodes in a human body (Kim et al
2020). To estimate the dose to the mesenteric lymph nodes, the DVH for the small bowel bag was taken
as a substitute. The small bowel bag was delineated until 2 cm above the planning target volume, there-
fore a distinction was made between medium- and high-risk patients. In our model, we assumed that
50% of the mesenteric lymph nodes were located within the delineated small bowel bag for medium-risk
patients, while this fraction increased to 70% for high-risk patients. For the intestines compartment, the
small bowel delineation was taken as a substitute. The Peyer’s patches are mostly situated in the last part
of the small bowel, therefore, we assumed all Peyer’s patches to be within the delineated small bowel bag.
For the skin compartment, an outer contour of the body of 2 mm of the pelvis was delineated on the CT
scan. Following the study of Shin et al (2021), the relative volume of skin in the pelvis was set to 13.8%.
The spleen and other-tissue compartments were assumed to receive no dose for patient with LACC.

5
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For the blood compartment, we used the HEDOS model (Shin et al 2021), a computational tool
designed to calculate the dose received by circulating blood cells during EBRT. The HEDOS model sim-
ulates the blood flow network. We adapted the model to include the cervix—uterus as a blood flow com-
partment. The blood flow to the cervix—uterus was estimated to be 1.4% of the cardiac output (Page
and Rollins 2019), and its blood content was set to 0.05% of the total blood volume (Kim et al 2020).
Anatomically, the uterus was positioned in the model’s flow network receiving blood from large arter-
ies and draining into large veins. For dose calculations, patient-specific DVHs were used as input to the
HEDOS simulation. Beam-on times were set to reflect delivery differences between treatment modalities:
4 min per fraction for VMAT and 12 min per fraction for IMPT.

2.6. Parameter optimization
The set of model parameters are stated in table 1. The reference values for most parameters in the
model were based on literature. For parameters that lacked reported values, the average was taken of
analogous parameters with reported values in the literature. The reference values for the parameters are
also listed in table 1. A substantiation and discussion for the reference values of the parameters is given
in appendix D. While these reference values provide a starting point, they must satisfy the equilibrium
constraints derived in appendix C. To address this, we define a quadratic loss function that minimizes
the discrepancies between some of the model parameters and their reference values while incorporating
the flow equations and equilibrium constraints.

To estimate the model parameters, we defined a quadratic loss function such that the difference
between the model parameters 7; and the reference values of the parameters ’yht is minimized:

7] ht
L= Z(@ ) (8)

where 3; is a weight for the certainty of the reference value. The weights for each parameter are stated
in table 1. Each term is normalized by (v ht) % to ensure that the optimization process does not dispro-
portionately prioritize parameters with larger values. We fix Ni%, £, and () to their reference values.
For the rest of the variables, i.e. (), k%, Q;, and a;j, the difference is minimized with this function. The
removal rate ki° is taken as a substitute for (£) in the loss equation and its reference value is calculated
with equation (4) and using that ki® is the inverse of (fe ;).

By incorporating the equilibrium constraints derived in appendix C, we demonstrated that eight
parameters, Y, are not independent but instead depend on the remaining parameters, ~;, through a
known relationship, vx = g({vi}). Substituting this dependency directly into the loss function reduces
the number of independent parameters, thereby decreasing the dimensionality of the optimization prob-
lem and ensuring that the model inherently respects the equilibrium constraints.

L= Z( f}n) +Z( m}ll) (9)

The parameters -y, corresponds to the parameters ki for i € {BM, Sp,LN,OT, Sk,I}, Q, and agp . These
parameters are related to the other parameters -; by the equilibrium constraints. v; consists of the para-
meters ki for all i, ag; for i € {BM,S,LN,OT,Sk}, k**, and ki*. By minimization of this loss function in
terms of ~y;, the resulting values are as close as possible to their reference values while adhering to the
flow equations in equilibrium. Next, as the removal rate ki¢ was taken as a substitute for (£}) in the loss
equation, we obtained the p$(t) as we fixed £ and (') to its reference values.

2.7. Analysis
In this study, the model was run with At=0.1h and N = 107. The treatment was given in 25 frac-
tions, with 24 h intervals in between and 72 h after every fifth fraction, to simulate the weekends. For
the comparison between IMPT and VMAT, the treatment plans without BMS for both IMPT and VMAT
are used. The primary outcomes of the lymphocyte flow model included the relative lymphocyte count
(RLC) over time, which represents the lymphocyte count normalized to its baseline (or equilibrium)
level, and the RLC nadir in both the blood and the total body. Moreover, the DVH of the lympho-
cytes after the last fraction was determined. For studying the effect of BMS, the RLC of the treatment
plans without BMS and with 3 Gy BMS are compared for both VMAT and IMPT. The mean value for all
patients is reported as well as the standard deviation which expresses the inter-patient variability.

To assess the statistical uncertainty of the model for a single run with N = 107 lymphocytes, the
model was executed 10 times for a single treatment plan. This treatment plan was the no BMS VMAT

6
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Table 1. The reference values for the different parameters for the lymphocyte flow model. The weight 3; is used in the quadratic loss
minimization in equation (8). B = blood; LN = lymph nodes; BM = bone marrow; Sk = skin; Sp = spleen; I = intestines; OT = other
tissue; Ni* = number of lymphocytes in equilibrium; (£/) = average short-residence time; () = average long-residence time; ff =
fraction short-residing lymphocytes; k? = apoptosis rate; Q = lymphocyte production; ag ; = flow probability from blood
compartment to i.

Parameter Compartment Lit value Weight 3; References
qu B 1%10%° N.A. Trepel (1974)
LN 19 % 101° N.A. Trepel (1974)
BM 5% 10" N.A. Trepel (1974)
Sk 2% 10" N.A. Trepel (1974)
Sp 7 %10% N.A. Trepel (1974)
I 5%10' N.A. Trepel (1974)
or 4%10% N.A. Trepel (1974)
() B 0.5h 1/2 Westermann and
Pabst (1992)
LN 16.5h 1 Rannie and Ford
(1978), Ford (1979)
BM 2.5h 1 Rannie and Ford
(1978), Ford (1979)
Sk 8h 1/4
Sp 45h 1 Rannie and Ford
(1978), Ford (1979)
I 8h 1/4
oT 8h 1/4
() All 1440 h N.A.
£ B 0.6 N.A. Young et al (1997)
All except B 0.2 N.A.
kP N.A. 43%10°h7! 1/2 Lutz et al (2011),
Sender and Milo
(2021)
Q N.A. 6.1%10° 1/2 Lutz et al (2011),
Sender and Milo
(2021)
as,i LN 0.18 1 Rannie and Ford
(1978), Ford (1979)
BM 0.15 1 Rannie and Ford
(1978), Ford (1979)
Sk 0.03 1/4
Sp 0.55 1 Rannie and Ford
(1978), Ford (1979)
I 0.04 1/2 Ford (1979)
oT 0.05 1/4 Ford (1979)

treatment plan of Patient 1. The standard deviation of the nadir values over these runs was taken as the
per-run uncertainty.

The deviation from reference value after parameter optimization was determined. Additionally, a
sensitivity analysis was performed on the relative number of lymphocytes per compartment N;/ N,
the average short residence time (£}), the average long residence time (f), the relative number of short-
residing lymphocytes in equilibrium £, the outflow probability ag ;, the apoptosis rate k*, the produc-
tion ¢, and the radiosensitivity «. Every variable x was shifted with Ax =10% and the sensitivity index
was measured in terms of the shift in lymphocyte nadir in the body:

_ y(x+ Ax) — y(x— Ax)

SI
2Ax ’

(10)

where y is the nadir in the body. The runs for the sensitivity analysis were done with N = 10°.
The evaluation of the dose, lymphocyte count, and the sensitivity analysis was done in Matlab 2021b.
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Table 2. Optimized parameters and their percentage deviations from the reference values obtained with the quadratic loss function
stated in equation (8).

Parameter Compartment Exp value Optimized value Deviation
(£) B 0.5h 0.7h 34%
LN 16.5h 13.6h —18%
BM 2.5h 4.6h 85%
Sk 8.0h 13.8h 72%
Sp 45h 3.7h —18%
I 8.0h 245h 206%
or 8.0h 23.0h 187%
kP N.A. 43%107°h™"  43%10h7! 0.08%
Q N.A. 6.1%10° h~! 6.1%10° h~! 0.08%
as,i LN 0.18 0.20 12%
BM 0.15 0.24 63%
Sk 0.03 0.03 13%
Sp 0.55 0.43 —22%
1 0.04 0.05 17%
or 0.05 0.04 23%

3. Results

The optimization of parameters using a quadratic loss function resulted in deviations from their expec-
ted values. Table 2 presents the optimized values along with the percentage deviations from their expect-
ations. Notably, the largest deviations were observed in the short residence time for the intestines com-
partment (206%) and the other tissue compartment (187%). In contrast, the creation parameter (Q) and
apoptosis parameter (k) showed minimal deviations of only 0.08%. Among the flow probabilities, all
increased except for the probability of flow from the blood compartment to the spleen.

The dose (mean £ SD) to the lymphocytes was 6.7 = 1.0 Gy for the VMAT treatment and
4.4 £ 0.9 Gy for the IMPT treatment. In figure 2, the average DVH is shown for VMAT and IMPT. For
VMAT, the amount of lymphocytes that received no dose (mean £ SD) was 31.5% = 2.1%, whereas
this was 41.5% £ 4.4% for the IMPT treatment. The difference in dose resulted in a substantial differ-
ence in the lymphocyte count, favorable for the IMPT treatment. Relative lymphocyte counts for VMAT
and IMPT are compared in figure 3, both for the total lymphocyte count and the blood compartment.
Weekends were distinctly observable, as lymphocyte counts did not decrease due to the absence of treat-
ment. The nadir in the blood compartment was consistently lower than the total nadir. The total relat-
ive lymphocyte nadir (mean + SD) was 48.4% 4 4.0% for VMAT and 62.5% =+ 5.1% for IMPT. In the
blood compartment, the nadir was 32.7% =+ 3.5% for VMAT and 47.7% + 5.9% for IMPT. The differ-
ences between IMPT and VMAT for both nadirs were statistically significant (p < 1073).

The RLC nadir in both the blood compartment and in total was compared between VMAT and
IMPT under two BMS scenarios: 0 Gy and 3 Gy BMS. In figure 4, this comparison is illustrated for the
blood compartment and in total. In the blood compartment, the RLC nadir for VMAT improved from
32.7% =+ 3.5% (mean =+ SD) for 0 Gy sparing to 33.0% =+ 3.5% for 3 Gy sparing (p < 10~2), while for
IMPT, the nadir decreased when introducing 3 Gy BMS from 47.7% = 5.9% to 46.6% =4 6.0% (p < 1072).
For VMAT, the total RLC nadir decreased from 48.4% =+ 4.0% for 0 Gy sparing to 48.2% % 3.9% for 3 Gy
sparing (p=0.016) and for IMPT it decreased from 62.5% =+ 5.1% to 60.9% =+ 5.3% for BMS.

To assess statistical variability, we computed the nadir for a single treatment plan over 10 runs with
different random seeds. This showed a mean £ SD of 0.5078 £ 0.0001 for the body nadir, corresponding
to a relative uncertainty of 0.02%, and 0.3656 & 0.0009 for the blood nadir, corresponding to a relative
uncertainty of 0.2%. These values indicate that stochastic noise of the model with N = 107 lymphocytes
has negligible impact on the reported nadirs and that the variation in the reported nadirs resulted from
the variation in treatment plans.

Figure 5 illustrates the sensitivity analysis results for 35 parameters, with each boxplot representing
data from 38 treatment plans. The highest sensitivity was associated with the number of lymphocytes in
each compartment (N;), revealing that an increase in lymphocytes within irradiated compartments leads
to a lower lymphocyte nadir, and vice versa. Additionally, the fraction lymphocytes that is short residing
() showed notable sensitivity, particularly in the lymph nodes compartment. The average long-residence
time also displayed relatively large sensitivity in the lymph nodes compartment. In contrast, the average

8
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Figure 2. The dose-volume histogram for the lymphocytes at the end of the treatment for VMAT and IMPT.
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Figure 3. Relative lymphocyte count per day in total (left) and in the blood compartment (right) as a function of time since start
of the external-beam radiotherapy for VMAT (blue) and IMPT (purple).

short-residence time, flow probabilities, and the creation and apoptosis rates demonstrated low sensitiv-
ity, with SI < 0.02. For the parameters £, #M, 5, 19T 15k ¢l ap p\r, ap s, ap N ap.or> ap.sk kP, and Q,
the variation followed predominantly from the statistical variability. For the rest of the parameters, the

variability resulted from the variation in treatment plans.

4. Discussion

In this research, a compartmental model was developed to model the lymphocyte flow and predict the
EBRT dose to lymphocytes and the lymphocyte count in the context of the treatment of LACC. This
model enabled us to study the impact of immune-sparing strategies on the lymphocyte dose and count.
Our results showed that IMPT delivers lower doses to circulating lymphocytes compared to VMAT, high-
lighting its potential to better protect the immune system during treatment. These findings suggest that
IMPT better preserves the lymphocytes and the immune system, which is critical for patient outcomes.
Furthermore, the expected benefit for introducing 3 Gy BMS in the treatment planning was shown to
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Figure 4. Boxplots of the relative lymphocyte count (RLC) nadir for VMAT (left) and IMPT (right) for 0 Gy bone marrow sparing
(blue) and 3 Gy bone marrow sparing (purple) in total and in the blood compartment.
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Figure 5. Sensitivity index for 35 input parameters for the lymphocyte flow model. Every boxplot consists of 19 VMAT plans and
19 IMPT plans. The gray and white boxes group the different kind of parameters.

have only a small positive effect for VMAT on the lymphocyte count and have a minimal negative effect
for IMPT on the lymphocyte count.

Given the correlation between RIL and poorer prognoses for overall survival, sparing lympho-
cytes could positively impact treatment outcomes (Damen et al 2021). Our model shows a very evident
lymphocyte sparing with proton therapy compared to the conventional photon therapy. The mean dose
to the lymphocytes was reduced with 2.3 Gy on average, from 6.7 Gy to 4.4 Gy. This reduction resulted in
a substantial improvement in relative lymphocyte count nadir for proton therapy with 63% compared to
48% for photon therapy in the body and RLC nadir was 33% for VMAT and 48% for IMPT. Clinical
trials, such as the PROTECT trial, are needed to confirm whether the predicted lymphocyte-sparing
benefits of proton therapy observed in our model (Corbeau et al 2021b) translate into actual improve-
ments for patients with LACC (Corbeau et al 2021b). For other treatment sites, the potential to spare
the immune system with proton therapy compared to photon therapy has already been shown in several
clinical studies (Fang et al 2017, Shiraishi et al 2018, Routman et al 2019, Kim et al 2021, Mohan et al
2021, Li et al 2023).

Sparing the bone marrow in treatment planning is a potential strategy to reduce the incidence of
hematologic toxicities, including RIL (Huang et al 2020, Corbeau et al 2021a). However, our lympho-
cyte flow model demonstrated minimal dosimetric benefit for lymphocyte survival when comparing 3 Gy
BMS to standard treatment plans. Notably, for proton therapy, BMS seems to worsen the lymphocyte
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count, as the reduced dose to the bone marrow often comes at the expense of increased dose to other
organs at risk (Kuipers et al 2024). Although clinical studies have reported reductions in hematologic
toxicity with BMS in photon therapy, our model did not reproduce this effect. This discrepancy could
be caused by our model focusing on the dose to circulating lymphocytes and it does not include bone
marrow suppression, which can be radiation induced. Future modeling efforts could expand on this by
incorporating aspects of bone marrow function and regeneration.

In our model, blood lymphocyte counts did not mirror the total body lymphocyte pool. Across
all treatment plans, the blood nadir was lower than the total body nadir. This could be because of the
non-uniform radiation exposure and the transient state that will follow before returning to equilibrium.
Taking this into account could be clinically relevant, as blood lymphocyte counts are often used as a sur-
rogate for overall immune status.

In this study, we have performed a sensitivity analysis of our lymphocyte flow model on 35 para-
meters using data from 38 treatment plans, as illustrated in figure 5, to understand which parameters
are most important. The analysis showed that the model output was most impacted by the number of
lymphocytes in each compartment (Nj;), as this showed the highest sensitivity index. Specifically, a relat-
ive increase in lymphocytes within irradiated compartments resulted in a lower lymphocyte nadir, while
a decrease produced the opposite effect. Notably, the fraction of short-residing lymphocytes (f) and
the average long-residence time displayed considerable sensitivity, particularly within the lymph nodes
compartment. A smaller fraction of long-residing lymphocytes or shorter long-residence times increases
the flow of lymphocytes through the irradiation field, thereby exposing more lymphocytes to dose and
lowering their survival probability. In contrast, parameters such as the average short-residence time,
flow probabilities, and rates of lymphocyte creation and apoptosis demonstrated low sensitivity, with
SI < 0.02. Obtaining accurate values for parameters with high sensitivity indices is more important for
this model to obtain a more reliable prediction.

Our model considers the dynamics of lymphocytes and predicts the dose to lymphocytes during
EBRT. It is an adaptation of the framework proposed by Jin et al (2020), with significant modifica-
tions and the integration of the HEDOS model to predict the dose to lymphocytes in the blood (Shin
et al 2021). Our adaptations and improvements address some of the limitations of the original model
and enhance its predictive capabilities. First, we implemented a continuous residence-time function
based on a Weibull distribution to model the lymphocyte residence time within organs and the blood-
stream. Additionally, the effect of radiation-induced cell death and the distinction between long and
short-residing lymphocytes was incorporated directly into this function. Furthermore, we addressed the
gaps in the literature regarding key parameters by relying on available data and fitting this data to the
equilibrium state.

Recent work of de Kermenguy et al (2024) and Beekman et al (2025) have both explored lymphocyte
dynamics in the context of radiotherapy by creating a compartmental lymphocyte flow model combin-
ing short transition times of the blood flow and longer transitions time for the flow through lymph-
oid organs. While these studies provide valuable insights, they are methodologically distinct from our
approach. Both studies did not account for lymphocyte creation/annihilation or tissue-resident lympho-
cytes. The study of de Kermenguy et al (2024) focused on brain tumors and out-of-field doses, without
taking into account the bone marrow as an compartment in their model. Furthermore, they did not
solve the equilibrium equations and only used literature values for the transition parameters and not the
equilibrium distribution of lymphocytes. The study of Beekman et al (2025) focussed exclusively on mice
and did not attempt to bridge their findings to humans. By incorporating tissue-resident lymphocytes,
dynamic lymphocyte creation/annihilation, and an application to cervical cancer, our model provides a
different framework for understanding lymphocyte dynamics in radiotherapy.

The model developed in this study might be valuable for further research and clinical applications.
Its design allows for straightforward adaptation to other treatment sites. Another advantage is its flex-
ibility: the model parameters can easily be adjusted, facilitating future refinement as more clinical and
biological data become available. Furthermore, the model can be used clinically for comparative dosimet-
ric analysis, such as model-based selection for proton or photon therapy. In the Netherlands, a model-
based approach is already established for indications like head-and-neck cancer, where both photon and
proton therapy plans are created and evaluated based on normal tissue complication probability mod-
els (Langendijk et al 2013, 2021). Patients are selected for proton therapy when a clinically meaningful
benefit is predicted.

While the model could aid in future efforts to spare the immune system, some limitations must be
acknowledged and opportunities for further research should be explored. Firstly, the model focuses on
lymphocytes in general, however, there are many subsets of lymphocytes and other immune cells, with
different characteristics. The model can be tailored to a specific subset of lymphocytes, but the data on
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the parameters are limited. Additionally, clinical validation of these findings is essential to establish their
relevance, applicability, and accurateness. Future research should include a comparison between modeled
lymphocyte counts and in vivo measured lymphocyte counts. With this comparison, the model can be
fitted and the accuracy of the lymphocyte count prediction can be tested to increase its clinical utility.
Furthermore, the apoptosis and production rates of lymphocytes are important for accurately modeling
post-treatment recovery, but these parameters are not yet well researched. In our ongoing phase-II study
comparing VMAT and IMPT for LACC blood samples are collected at 3 and 12 months post-treatment.
This could quantify these rates and refine the recovery modeling. Another limitation of our model is
that lymphocytes are assigned to a fixed compartment at a single reference time point, and this assign-
ment is assumed constant throughout the beam-on period. Transitions between compartments during
irradiation are not incorporated into dose estimation. This simplification may lead to either over- or
underestimation of the actual dose. Future refinements could address this by modeling compartmental
transitions during beam-on time. Additionally, the model does not account for the effects of chemo-
therapy on lymphocyte dynamics and depletion. For the dose prediction to lymphocytes, the effect of
chemotherapy is not directly relevant, however, it significantly impacts lymphocyte counts (Stahnke ef al
2001, Bazan et al 2013, Chu-Yuan et al 2013). Moreover, several biological responses to radiation and
lymphocyte depletion were not included in our model, such as radiation-induced bone marrow sup-
pression and lymphocyte recovery mechanisms triggered post-depletion, which may influence long-term
lymphocyte levels. Another uncertainty that may influence these long-term levels are the parameters
associated with the long-residence lymphocytes, since the exact proportion of tissue-resident lymphocytes
and their transition dynamics are not quantitatively established in the literature. We incorporated this
concept following consultations with experts in immunology and hematology. They agreed that model-
ing tissue-resident lymphocytes provides a more realistic representation of lymphocyte dynamics, con-
sistent with the approach of Jin et al (2020). Finally, recent evidence suggests that the thymus retains
active properties in the lymphatic system in adults when needed which is not included in our model
(Chaudhry et al 2016, Kooshesh et al 2023, Taylor 2023). By addressing these limitations, the model can
be refined and its predictive power improved.

In this study, a compartmental model was developed to simulate lymphocyte dynamics and predict
the impact of EBRT on lymphocyte dose and survival in the treatment of LACC. By enabling lympho-
cyte count prediction at individual patient level, immune-sparing strategies can be evaluated and com-
pared for LACC patients. The findings show the potential of proton therapy for sparing lymphocytes
compared to photon therapy, thereby reducing RIL and potentially improving patient outcomes. With
further improvements and clinical validation, this model could become a valuable tool for optimiz-
ing treatment planning, minimizing RIL, and enhancing the quality of care for patients undergoing
radiotherapy.
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Appendix A. Derivation effective average residence time <t2§fL i>

The average effective residence time for long and short-residing lymphocytes <tz’%fL7 .) is the expected time

a lymphocyte remains in compartment i before either transitioning or undergoing apoptosis:

@M=/ deegl" (1), (A1)
0

where g;(#) is the PDF of the time-to-removal. g(¢) can be derived by first defining the survival func-
tions (probabilities of not having left/died before t), namely SZ.S’L(t) = ftoo dt’pf’L(t’) and S* (1) =
0o S,.L . . . .
J, de’p*(t'), where p;” and p*(¢') are the PDFs for leaving compartment i or undergoing apoptosis.
In our model, transition and apoptosis times are independent, therefore, the overall survival before
removal is the product of the two cause-specific survivals:

Sney (1) = ST (1) $™ (1), (A2)
The removal-time PDF ¢(t) is then
S,L o d S,L
q; (t) - _a,sre,i (t) (AS)
=p® (OS] (1) +p7 (1) S™ (1), (A4)

Substituting it all into equation (A.1) and using the definition for pf’L(t) and p*(t) defined in
equations (2) and (3) results in an expression for the average effective residence time for long and short-
residing lymphocytes:

<t:%fL7i> = /oo dtt (pf’L(t)/oo dt’ p (t) +pap(t/)/oo dt'pf’L(tl)> (A.5)
0

t t

o0 ap 7r12 ap 7rr2
Tt —kPt——5F —k¥t——%
:/ dtt Te e +kape i . (A6)
0 e

i

Appendix B. Derivation short-residing weight w?

From literature, we obtained the fraction of lymphocytes that is long residing and short residing in a
compartment in equilibrium. This fraction for short residing lymphocytes ; can be defined as:

= N? (B.1)
LONFENY '
where NP and N} are the number of short and long residing lymphocytes in compartment i. At equi-
librium, the number of lymphocytes flowing in the compartment per unit time is equal to the num-
ber of lymphocytes leaving the compartment. The number of short- and long-residing lymphocytes in
the compartment at equilibrium depends on both the probability of a lymphocytes becoming short- or
long-residing and the mean effective residence times of the short- and long-residing lymphocytes. The
steady-state number of lymphocytes in each compartment is given by the rate of inflow multiplied by
the average effective residence time,

NP = inflow rate x w} x <t2ff,i>, (B.2)
Ny = inflow rate x (1 —w}) x (t4,), (B.3)
N; = Nk + N (B.4)

= inflow rate X (tef;), (B.5)

where (£3;.) and (& ) are the effective average residence time for the short and long-residing lympho-
cytes defined in equations (4). Substituting equation (B.2) and (B.5) into equation (B.1) results in

S /S
f? _ Wi <t;ff,i> ) (B.6)

(tett,i)
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The weight w} can be solved by using (teft ;) = (£ ;)w; + (t4,;) (1 —w}) and solving equation (B.6)
for wi:

£ (teie)
P = e : (B.7)
" (1=£)( o) +fz$<t£ff,i>
Appendix C. Flow equations

In equation (7), the equilibrium equation for the number of lymphocytes in compartment i is given.
This equation can be written down in vector notation as:

0=KN+Q. (C.1)

In our model N = (NBaNBM5N57NLN7NOT5NSI(7NI)) Q = (07Q, Q7 Q,0,0,0), and:

[ =k K — kP K — kP Ok — kP 0 0 0
ap (ke — k) —kE 0 0 0 0 0
ars (ke — k2P) 0 —ke 0 0 0 0
K= [a14 (K — k) 0 0 -k K — kP kg — kP K — kP
a5 (ke — k2P) 0 0 0 —ke 0 0
a6 (ke — k2P) 0 0 0 0 — ke 0
a7 (ke — k2P) 0 0 0 0 0 —ke
For notational simplicity, in this appendix we index compartments as i € {1,2,...,7}, corresponding to

i € {B,BM,Sp,LN, OT, Sk, I}, respectively.
We can derive the following seven constraints to adhere to the equilibrium state:

3Q = k" Niot; (3.2a)
ay7 =1—ap —a;3 —a —ais — a, (3.2b)
N N, .

ki = (ke —kap)anﬁi +d3;\°,:for1 ={2,3}, (3.2¢)
re re aj Nl a thT7N57N67N7

k4:@17HML4mfmﬁﬁ;%P3° N, : (3.2d)
re re a Nl .

K= (K —k P)aliﬁforl ={5,6}, (3.2¢)

i

With these constraints, seven parameters can be written as a function of the other parameters. These
are used to impose the equilibrium constraints in our model.

Appendix D. Input parameters

This appendix provides explanation for the reference values of the parameters used in the model, along
with the corresponding references. The values for most parameters are obtained from literature. For
parameters that lacked reported values, educated guesses were made based on analogous parameters in
the literature.

D.1. Number of lymphocytes in equilibrium N;*

The parameter N;! denotes the number of lymphocytes in compartment i in equilibrium. The values
for these parameters were obtained from Trepel (1974). The model of Ford (1979), that we mainly use
for our compartment model, applied these values to some extent. In our model, the lymphocytes in the
thymus were not included as this organ is only marginally involved in the circulation of the lymphocytes
in adults (Murray et al 2003, Blum and Pabst 2007). The number of lymphocytes in the blood, lymph
nodes, spleen and bone marrow were 1-10', 19-10', 7-10!°, and 5-10° respectively (Trepel 1974).
The number of lymphocytes in the intestines consisted of 3 - 10'° in the intestinal mucosa and 2 - 101
in the lymphoid tissue of the gut, mainly the Peyer’s patches. The other tissue in the article of Trepel
(1974) consisted of 4 - 10'° lymphocytes: 3 - 10'° in the mucosa of the respiratory tract and 1-10° in the
rest of the body. Furthermore, the number of lymphocytes in the skin was 2 - 10'° Clark et al (2006).
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D.2. Average residence time for short-residing lymphocytes (£})

The average residence times for the short-residing lymphocytes (£}) for the lymph nodes, spleen, and
bone marrow are 16.5h, 4.5h, and 2.5h (Rannie and Ford 1978, Ford 1979). The exact average short
residence time for the intestines, skin, and other non-lymphoid tissue is not stated in these articles, how-
ever, it is stated that the lymphocytes return to the lymph nodes after these organs ‘within a few hours’
(Ford 1979). Therefore, we have put these values to 8 h, which is the average of the short-residence time
of the lymph nodes, spleen, and bone marrow. For the blood compartment, 50 - 10'° lymphocytes traffic
in and out of the blood per day and the number of lymphocytes on a given moment is 1-10'°, there-
fore the average residence time of a lymphocyte in the blood is approximately 0.5h (Westermann and
Pabst 1992).

D.3. Average residence time for long-residing lymphocytes ()
The average residence time for long-residing lymphocytes () is not well-documented in the literature.
To account for this, we have estimated the value to be 90 days (3 months) based on biological reasoning
and the expectation that long-residing lymphocytes remain in specific compartments significantly longer
than short-residing lymphocytes.

Although the exact value of (t) could vary, its influence on the model is minimal within the context
of our simulation, as the treatment duration is only 35 days. Since the residence time far exceeds the
treatment duration, variations in this parameter have a small effects on the model’s dynamics during the

treatment period.

D.4. The probability of a lymphocyte flowing from compartment i to j, a;;

After a lymphocyte leaves the blood, 90% enters the lymph nodes, spleen, or bone marrow (Rannie and
Ford 1978, Ford 1979). More specifically, 55%, 20%, and 15% enters the lymph nodes, spleen, and bone
marrow. Furthermore, 2% enters the intestines and 8% enters the other tissues according to the study of
Ford (1979). However, in this study the Peyer’s patches are taken as part of the lymph nodes and in our
model it is part of the intestines compartment. To correct for this, we reduced the percentage of lymph-
ocytes that enters the lymph nodes to 18% and increase the number that enters the intestines to 4%. We
are left with 8% for the other tissue and skin, however, the study of Ford (1979) does not include the
skin as a compartment, such that we had to estimate a distribution. In our model, the initial values for
the percentage that enters the skin was 3% and the other tissue compartment 5%.

D.5. Fraction of lymphocytes that is short-residing in equilibrium f}

The fraction of lymphocytes that is short-residing in equilibrium £ is not directly available in the liter-
ature. While there are studies discussing the presence of non-circulating lymphocytes in the skin (Clark
et al 2006) and tissue-residing lymphocytes in non-lymphoid organs (Sathaliyawala et al 2013, Steinert
et al 2015, Mackay and Kallies 2017), these focus on non-lymphoid organs and on specific subsets of
lymphocytes rather than providing quantitative estimates for all compartments.

To parameterize ff, we considered the framework described in Jin et al (2020), which tested 5%,
10%, and 20% of lymphocytes to be short residing (referred to as non-circulating) in the different com-
partments, except for blood where they assume a value of 100% short residing. We used 20% for the
compartments except blood compartment. For this last compartment, our model incorporated addi-
tional data indicating that approximately 40% of lymphocytes in the blood never leave this compartment
(Young et al 1997).

D.6. The apoptosis rate k*P and production Q

There is a wide variability in the apoptosis rate and proliferation between the different lymphocyte sub-
sets. In the study of Sender and Milo (2021), several studies were combined to create an overview of the
distribution and proliferation of different lymphocyte subsets. In table D1, a concise overview of their
findings that we used to estimate the average proliferation of a lymphocyte is shown. The proliferation
of the NK-cells is obtained from the study of Lutz et al (2011). Combining the values in this overview
results in an average lifespan of 977 d which corresponds to an apoptosis rate of kX =4.3-10>h~1,
Using the equilibrium equation for lymphocyte production and apoptosis (equation (3.2)), the produc-
tion, Q, is determined to be Q =6.1-10° h—!.
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Table D1. Distribution, lifespan and proliferation rate per type of lymphocytes based on data of Sender and Milo (2021) and Lutz
etal (2011).

Type Subtype Function Lifespan (d)  Apoptosis rate (h ')
T (65%)  CD4+ (60%)  Naive (46%) 2500 1.67 x 1072
Memory (50%) 167 2.50 x 107
CD8+ (30%)  Naive (41%) 3333 1.25x107°
Memory (41%) 189 2.20x 1071
B (30%) 128 3.26 x 1074
NK (5%) 13.5 3.08 x 107°
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