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lymphocytic leukemia cell kinetics under ibrutinib

Melanie Schulz,1,2 Sanne Bleser,1,3 Manouk Groels,1,3 Dragan Bo�sna�cki,3 Jan A. Burger,4 Nicholas Chiorazzi,5,6

and Carsten Marr1,7,*
SUMMARY

The Bruton tyrosine kinase inhibitor ibrutinib is an effective treatment for patients with chronic lympho-
cytic leukemia (CLL). While it rapidly reduces lymph node and spleen size, it initially increases the num-
ber of lymphocytes in the blood due to cell redistribution. A previously published mathematical model
described and quantified those cell kinetics. Here, we propose an alternative mechanistic model that
outperforms the previous model in 26 of 29 patients. Our model introduces constant subcompartments
for healthy lymphocytes and benign tissue and treats spleen and lymph nodes as separate compart-
ments. This three-compartment model (comprising blood, spleen, and lymph nodes) performed signifi-
cantly better in patients without a mutation in the IGHV gene, indicating a diverse response to ibrutinib
for cells residing in lymph nodes and spleen. Additionally, high ZAP-70 expression was linked to less cell
death in the spleen. Overall, our study enhances understanding of CLL genetics and patient response to
ibrutinib and provides a framework applicable to the study of similar drugs.

INTRODUCTION

In Chronic Lymphocytic Leukemia (CLL), the most common leukemia in Western countries, immature B-lymphocytes proliferate and

accumulate within lymph nodes, spleen, bone marrow and peripheral blood.1,2 Intercellular signaling has been shown to be critical

in the pathogenesis and progression of the disease. It can be targeted by drugs such as ibrutinib, which inhibits Brutin tyrosine kinase,

an essential kinase in B cell receptor signaling and activation.3,4 During the early stage of therapy with ibrutinib, an increased number of

lymphocytes within the peripheral blood has been observed in many patients when applied in clinical practice.2 It has been suggested

that this is not due to disease progression but due to a compartment shift where cells redistribute from lymph nodes and spleen to the

circulating blood.2

To describe and quantify this effect, a mathematical model of lymphocyte kinetics (derived from a previous model5) has been applied to a

cohort of 10 patients with CLL under treatment with ibrutinib.6 The model consists of two compartments represented by two kinetic observ-

ables: (i) The total number of CLL cells within the lymph tissue, comprising both spleen and lymph nodes ðnltÞ, (ii) The total number of CLL cells

within the peripheral blood ðnpbÞ. It allows for cell death in both compartments and a redistribution from lymph tissue to blood. To avoid total

clearing of lymphocytes in the limit of infinite time ðlimt/NðnltðtÞ +npbðtÞÞ = 0Þ, a constant influx into the lymph tissue has been added to the

model. Analysis of the modeling results showed that the decrease in tissue volume could not be explained by a compartment shift alone but

that CLL cells directly died in the lymph tissue.6 Furthermore, the authors showed that ibrutinib increased the death rate of CLL cells within

blood and tissue by a factor 3 and 5, respectively. The approach was adopted in a later study where the same mathematical model was

applied to a cohort of 29 patients and the estimated parameters quantifying cell death in the lymph tissue as well as differences between

several patient groups have been analyzed.7

In this study, we suggest two simplifications to the previously published model and compare their fit to clinical data. First, we investigate

long-term stabilization that allows for direct biological interpretation and test if all kinetic reactions in the mathematical model are needed to

describe the data. Second, we evaluate if the model can be improved by treating spleen and lymph nodes, measured separately via

computed tomography (CT) scans, as distinct compartments. We compare the performance of our approach to the existing model on the

dataset used in earlier studies.7 The model used therein is referred to as the reference model in the following.
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Figure 1. Mathematical 2-compartmentmodels describing the lymphocyte counts in a patient’s lymph tissue and peripheral blood during the treatment

of CLL with ibrutinib can be split up into two families and reduced by fitting to measured data

(A) The cohort of 29 patients was monitored over a time course of up to 14 months after the start of treatment with ibrutinib. Volumetric estimations of lymph

nodes and spleen obtained from CT scans and repeated measurements of lymphocyte counts in the peripheral blood were used to fit and compare 64

mathematical models containing either influx or constant subpopulations for each of the 29 patients.

(B) The reference model belongs to the homogeneous model family comprising models where all cells in a compartment, namely lymph tissue (blue) and

peripheral blood (red), are assumed to show the same reaction to ibrutinib. Stabilization of the system in the limit of infinite time is obtained by adding a

constant influx to one or both compartments. In the maximal model of each family, all 5 possible kinetic rates are present. To analyze if all suggested cell

fluxes are relevant, we compared a total of 32 models within the homogeneous family by setting one or more parameters to 0 to find the optimal

homogeneous 2-compartment model that best fits the longitudinal clinical data. The model comprising all five reactions is denoted as the maximal model of

the family, whereas, for each patient, we refer to the optimal model as the best performing one as selected by the BIC. Note that, as model selection was

performed for every patient individually, the architecture of the optimal model might differ between patients.

(C) Within the family of heterogeneous models, constant influxes are replaced by constant subpopulations representing cells that are not affected by ibrutinib.

Model reduction removed unnecessary parameters and resulted in the optimal heterogeneous 2-compartment model.
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Clinical data

The data used in our study comprises information on 29 patients with CLL treated with ibrutinib. It has been courteously provided by Jan Burger

andwas used in their study.7 For every patient, basic information such as gender, weight anddisease progression have been recorded at therapy

start. During treatment, 12 to 32 measurements of lymphocyte counts per microliter blood and 2 to 3 CT based volumetric estimations of lymph

nodes and spleen toobserve the cancer burdenwithin peripheral bloodand lymph tissue, respectively, have been collectedover a time courseof

up to 14 months.7 See Figure 1A for an overview and Section clinical data in the supplemental material for details on the data.
RESULTS
Models with two homogeneous or heterogeneous compartments

To model lymphocyte kinetics under treatment with ibrutinib with two compartments, we compared a total of 64 models grouped into two

model families, differing in their way of obtaining long-term stabilization, i.e., constant influx or subcompartments. The considered models

predict the total number of lymphocytes within the peripheral blood and the lymph tissue at any timepoint during therapy. For every patient,

all models have been fitted to total lymphocyte counts estimated from the measurement data to select the best performing model based on

the Bayesian Information Criterion (BIC). The overall approach is visualized in Figure 1A.

Details on the preprocessing and fitting procedure can be found in the methods section.

Starting with the reference model (Figure 1B) we investigated if adding a constant influx to the peripheral blood compartment or reduc-

tion of the kinetic reactions would lead to improvements. Specifically, we considered five kinetic reactions that can be either included or
2 iScience 27, 111242, December 20, 2024
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Figure 2. Heterogeneous 2-compartment models describe lymphocyte kinetics under ibrutinib treatment better than homogeneous models

(A) BIC values for 64 2-compartment models. Model selection based on minimal BIC identified the minimal heterogeneous model as the most suitable to

describe lymphocyte kinetics under therapy with ibrutinib. We present the BIC scores for the reference model, the optimal homogeneous model, and the

optimal heterogeneous model. The numerical values represent the computed BIC scores for each model and patient, visually differentiated and assessed

based on their BIC difference in comparison to the best-performing model on a patient-wise basis. As model reduction was performed for each patient

individually, the optimal models do not necessarily include the same kinetic reactions for all patients.

(B) The optimal heterogeneous 2-compartment model was accepted for all 29 patients and was thus able to sufficiently describe all the data. It fitted measured

lymphocyte counts best in 26 out of the 29 patients and thus outperformed the previously considered model as well as the models within the corresponding

homogeneous model family.

(C–E) Exemplary model fits for patients with both homogeneous and heterogeneous models performing comparably (C) or the optimal heterogeneous model

outperforming the remaining ones, once mainly in the earlier (D), once in the later (E) observation phase.
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excluded, namely cell death in the lymph tissue (i) and blood (ii) compartment, influx into lymph (iii) and blood (iv) compartment, as well as

distribution from lymph tissue to peripheral blood compartment (v). Combining all possibilities of a reaction being considered or not

considered yields a total of 25 = 32 models. We call them the homogeneous model family as they assume that all lymphocytes react

to ibrutinib in the same way. Alternatively, we suggest to regard the compartments as heterogeneous entities, comprising cells that either

respond or do not respond to ibrutinib (Figure 1C). In the lymph nodes and spleen, this non-responding subpopulation of constant size

might represent tissue not consisting of lymphocytes, in the peripheral blood, it can refer to cells not affected by ibrutinib.8 Models with

constant subpopulations instead of constant influxes are called heterogeneous models in the following. Again, we investigated if the ki-

netic reactions of cell death in both lymph tissue and peripheral blood as well as the redistribution and constant subcompartments are

needed to explain the data by BIC (Figures 1B and 1C). The corresponding mathematical equations and solutions are derived in the

methods section.

Quantitative comparison of 2-compartment models

We performed patient-wise model selection based on the Bayesian Information Criterion (BIC) to find and compare the best models of each

model family. For every patient, themodel with the lowest BICwas considered the optimalmodel.We acceptedmodels in case their BIC differed
iScience 27, 111242, December 20, 2024 3
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from the best BIC by less than 2, whereas we rejected models when the respective BIC values differed by more than 10 (Figure 2). Fitted to 29

patients, the reference model and the optimal homogeneous model were accepted for only 8 and 9 patients, respectively (Figures 2A and

2B). In contrast, the optimal heterogeneousmodel was accepted for all patients and was thus the only one sufficient to explain all measurement

data. Furthermore, it was selected as best for 26 patients, while only in 5 patients the optimal homogeneousmodel was picked (Figure 2B). For 3

out of those 5 patients, the referencemodel was equal to the optimal homogeneousmodel, and bothmodels were rated as best. For patients 25

and16, theperformanceof theoptimal homogeneousandheterogeneousmodels coincided, andbothmodelswereclassifiedasbest.Exemplary

fits of the optimal homogeneous and heterogeneousmodel demonstrate that while the models yield comparable results for some patients (pa-

tient4,Figure2C), theoptimal heterogeneousmodelprovidessuperior explanations for thedataacrossbothearly and late therapy stages inother

patients (patient 14, Figure 2D, and patient 29, Figure 2E).

Models with three heterogeneous compartments

In all models considered so far, we followed previous assumptions that lymphocytes within the spleen and lymph nodes behave

equally, and therefore both tissue sites can be treated as one compartment.5–7 However, this hypothesis has been challenged,

and a compartment shift from lymph nodes to spleen has been described.9 Another study quantifying tumor burden in blood, lymph

nodes, spleen, and bone marrow separately at several timepoints during therapy with ibrutinib stated that the initial rise in lympho-

cytosis was mainly due to the release of cells from the lymph nodes, also indicating distinct behavior of cells residing in lymph nodes

and spleen.10 Therefore, we extended the model to three compartments and compared model performance on our dataset. As the

heterogeneous model family had outperformed the set of homogeneous models on two compartments, we did not consider homo-

geneous models for the model extension. To determine the set of models considered, we assumed that cells can, but do not have to,

migrate between lymph nodes and peripheral blood and between spleen and peripheral blood. Between the two respective compart-

ments, we allowed redistributions in both directions simultaneously. Since lymphocytes can only reach the spleen directly from pe-

ripheral blood or exit into peripheral blood,11 we did not consider pathways between the spleen and lymph node. Cell death and

constant subpopulations may or may not be present in all compartments. In this way, we obtained a set of 1024 potential models.

As the 3-compartment models are able to describe diverse behavior of cells within the spleen and lymph nodes, we omitted the

adaption of the spleen volume as described in Section models with two homogeneous or heterogeneous compartments. To reduce

computational time, we performed a hierarchical model selection approach: We partitioned models into 16 clusters based on the

existence and direction of redistribution processes. For each model cluster, we first optimized the maximal model, i.e., the model

where cell death and constant subcompartments are apparent in all considered tissues. Second, we applied the BIC with a threshold

of 10 to select the maximal models that were not rejected and optimized the submodels of the corresponding model set (Figure 3A).

The best performing model with respect to the BIC is denoted as the optimal 3-compartment model. The approach was performed

for every patient individually.

Quantitative comparison of 2- and 3-compartment models

Whereas the 2-compartment models were fitted to combined lymph tissue data after the adaption of the spleen volume (Sectionmodels with

two homogeneous or heterogeneous compartments), the 3-compartment model was fitted to lymphocyte counts estimated from spleen and

lymph node volumes separately, and without further adaptions. To comparemodel performance quantitatively via BIC, the solutions must be

projected to predict the same target data. We used the total number of lymphocytes estimated from blood counts and the raw lymph tissue

data (comprising both lymph nodes and spleen). To predict thosemeasurements from the 3-compartment model, the solutions of the spleen

and lymph node compartments need to be summed up. For the 2-compartment model, the volumetric adaptions (Section models with two

homogeneous or heterogeneous compartments) need to be reverted as described in the methods section. In Figure 3B, we show the BIC

values of the selected models for every patient computed on the lymphocytes estimated from peripheral blood and raw tissue volume.

The optimal heterogeneous model with two compartments was accepted for 26 patients, while the 3-compartment model was accepted

for 9 patients (Figure 3C). Remarkably, there are three patients (patients 1, 23, and 25) where all 2-compartment models have been rejected,

indicating that amodel with three compartments is necessary to explain the observed data. In Figures 3D–3F we show the fits to the reference

model, the best 2-compartment model, and the 3-compartment model for those patients, all adapted to predict the raw tissue data. Notably,

all three patients have no mutation in the IGHV gene, which is known to be related to a less favorable prognosis. We thus investigate a cor-

relation between mutational status and 3-compartment model performance. The analysis is performed on only 27 patients as two patients

(patients 8 and 26) have unknownmutational status. Indeed, we find that the IGHVmutational status significantly correlates with the qualitative

performance of the 3-compartment model with a p-value of 0.0145 (Chi-Squared test, see Table 1). A one-sided Wilcoxon Rank-sum test

supports the observation that the 3-compartment models perform better on patients with unmutated CLL than on the remaining cohort

(p = 0.0041).

Clinical analysis

To gain more insights into different lymphocyte kinetics within lymph nodes and spleen, we analyzed the parameters of the best

3-compartment model for each patient (see Figure 4). To obtain maximally reliable results, we removed 13 patients where one or more pa-

rameters of the best model were not identifiable or for whom the best 3-compartment model was rejected (BIC difference more than 10) as

compared to the 2-compartment model (death rates in spleen and lymph nodes are identical in the 2-compartment model). Following this
4 iScience 27, 111242, December 20, 2024
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Figure 3. Only for three patients, a 3-compartment model explained the data significantly better than any 2-compartment model

(A) Hierarchical model selection process. All 1024models were grouped based on the existence and direction of redistribution processes. First, parameters of the

most complex models of each model cluster were optimized and, based on BIC, the best performing complex models were selected. Second, the selected

complex models were reduced by setting one or more parameters to 0. Again, BIC was applied to the resulting set of models to find the best

3-compartment model. The model selection pipeline was applied to every patient individually.

(B) For three patients, all without a mutation in the IGHV gene, the 3-compartment model was the only one accepted, indicating the diverse behavior of cells

within the spleen and the lymph nodes.

(C) The 3-compartment model was accepted for 9 out of 29 patients and selected as best for 5 patients. If twomodel performances coincided, both were rated as

best.

(D–F) Comparison of fits obtained with 2-and 3-compartment models, respectively, for patients 1 (D), 23 (E), and 25 (F), where all 2-compartment models have

been rejected. For all three patients, the 3-compartment model shows superior performance in both the lymph tissue and the peripheral blood prediction.
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approach, we see that decline rates (defined as the sum of death and redistribution rate, quantifying all cells leaving the compartment) are

significantly higher in the lymph nodes than in the spleen (p = 0.017, Paired samples Wilcoxon Rank-sum test, see Figure 4A). We could not

find if that was caused by higher redistribution or death rates (see Figures 4B and 4C). Note that the occurrence of cell death in lymph nodes or

spleen is predicted for only 9 of the 16 patients.
iScience 27, 111242, December 20, 2024 5



Table 1. Performance of the 3-compartment model among patients with and without mutation in the IGHV gene

Patients with unmutated CLL Patients with mutated CLL

3-compartment model accepted 7 1

(Slight) evidence against 3-compartment

model

9 6

3-compartment model rejected 0 4

Total 16 11
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Furthermore, we analyzed correlations of the kinetic parameter values with clinical parameters such as IGHV mutational status or level of

ZAP-70 expression (see Figure 4D). We do not find significant differences in rates between patients with mutated and unmutated CLL.

However, our analysis suggests that cell death in the spleen occurs significantly less for ZAP-70 positive patients (p = 0.0048, one-sided

Wilcoxon Rank-sum test. This is in line with previous findings suggesting that ZAP-70 promotes cell survival and microenvironment

interactions.12

DISCUSSION

While ibrutinib achieved promising results in clinical studies, the underlying kinetics are yet not fully understood.4 To gain insights into the

mechanisms of cell redistribution and cell death during treatment with ibrutinib, amechanistic 2-compartmentmodel that contains a constant

influx into the lymph tissue compartment has been applied before.6 This influx helped to stabilize model performance for infinite times but

lacked a physiological interpretation. Our results propose that obtaining longterm stabilization by using constant subcompartments is more

suitable than adding a constant influx as revealed bymodel comparison based on the BIC. Furthermore, constant subcompartments allow for

a direct biological interpretation, namely healthy tissue or non cancerous B-cells or other types of lymphocytes not responding to the ibrutinib

therapy. Whereas the 2-compartment models combine lymph nodes and spleen into one observable, we further investigated models where

both tissues are treated as separate compartments. Amodel with an added third compartment was accepted in 9 out of 29 patients and signif-

icantly improved fitting for 3 patients. The results might be influenced by our approach of model comparison that was defensive with respect

to the 3-compartment model due to several reasons: (i) In our objective function adopted from previous studies,6,7 all included model com-

partments are weighted equally. The same holds true for the objective function used for comparing the 2- to the 3-compartment models.

Thus, while the 2-compartment models have been tuned to optimally perform on the lymph tissue and peripheral blood compartments

weighted equally, the 3-compartment models were optimized to provide the best results when weighing blood, spleen, and lymph nodes

with 1=3 each. Using an objective function that gives peripheral blood a weight of 1=2 when fitting the 3-compartment data might improve

the competitiveness of the 3-compartment models. Furthermore, it might prevent overfitting the lymph tissue data. (ii) Another aspect favor-

ing 2- over 3-compartment models is the applied criterion for model selection, the BIC, as it punishes more complex models. With the

3-compartment models having more separate entities and thus, in general, more kinetic reactions and parameters, 2-compartment models

have been selected in cases where they describe the measurement data equally well as 3-compartment models. On the other hand, the

3-compartment model has several advantages, even if it was accepted for only 9 patients. First, it is the only one giving insights into

the diverse kinetics of cells within lymph nodes and spleen. Second, while with the 2-compartment model, we can only predict lymph tissue

volume at the dates measurements were taken, as it only models the adapted data which is supposed to represent the cancerous tissue, the

3-compartment model predicts the tissue volume over the whole time course. Finally, whereas a biological prior has been applied in former

studies6,7 when adapting the volumetric estimations before the parameter optimization, the 3-compartment model is able to describe and

predict different kinetics within the lymph nodes and spleen. It thus allows to fit to lymphocytes estimated from the raw measurement data,

providing a more data-driven approach.

An increased spleen size during the first weeks of therapy caused by a compartment shift from lymph nodes to the spleen via the blood

compartment has been suggested.9 We find cellular redistribution from the peripheral blood toward the spleen for only two patients. An

increased spleen volume is not predicted for any of the patients based on the best performing 3-compartment model. Notably, while the

mentioned study included only three patients,9 our investigation comprised a cohort of 29 patients. The heterogeneity of the disease and

patients’ reactions to ibrutinib might be the reason for the contradicting results. Furthermore, the second tissue measurement available in

our study was taken after around 80 days, whereas in Mayerhoefer et al.,9 follow up CT scans have been conducted at time points very early

in therapy, namely after one, two, or three weeks. We cannot rule out that our results would differ having volumetric estimations in the early

therapy stage available, providing more detailed insights into the immediate kinetic response to the treatment.

While the analysis of death rates in the lymph tissue played an essential role in Wodarz et al.6 and Burger et al.,7 our results favor models

with no cell death in the lymph tissue in 16 out of 29 patients. For those, we predict the lymphoid organs to function mainly as transition com-

partments while cell death takes place in the peripheral blood. Model selection suggested that the immediate decrease of lymph tissue vol-

ume can be explained by redistribution only for a majority of the cohort, contradicting the results in Wodarz et al.6 However, even if a model

without cell death in lymphoid organs might be preferred by the BIC, we cannot exclude that cell death takes place. The model selection

results rather suggest that models without cell death in lymph tissue are sufficient to describe the clinical data, predicting that redistribution

plays a major role in the reduction of the lymph tissue volume.
6 iScience 27, 111242, December 20, 2024
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Figure 4. Optimized rates of the 3-compartment model suggest a significantly faster decline of lymphocytes within lymph nodes than in the spleen and

significantly less cell death for patients with ZAP-70 expression

(A) Decline rates, defined as the sum of death and redistribution rates, are significantly higher in the lymph nodes than in the spleen (p = 0.017, paired Wilcoxon

Rank-sum Test). Gray lines connect the respective kinetic rates (black dots) of a patient.

(B) Redistribution rates from lymph nodes to peripheral blood.

(C) We do not find significant differences in death rates of cells residing in lymph nodes or spleen, respectively. Cell death in lymph nodes is predicted for 5

patients, and cell death in the spleen for 6 patients. For 7 patients, no cell death in lymph nodes or spleen is suggested.

(D) Cell death in the spleen occurs significantly less for ZAP-70 negative patients compared to patients expressing ZAP-70 (p = 0.0048, one-sided, unpaired

Wilcoxon Rank-sum Test). Most ZAP-70 negative patients (5 out of 7) are expected to show this cell death in the spleen, while only one ZAP-70 positive

patient (1 out of 9) is predicted to exhibit it.
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In a former study, the death rate of cells in the lymph tissue has been related to patients’ mutational status in the IGHV gene

and unmutated CLL has been found to be correlated with higher death rates.7 Although we did not observe significant differences

in the death rates when comparing patients with mutated and unmutated CLL, an interesting pattern emerged when evaluating the

performance of the 3-compartment models compared to the 2-compartment models. Specifically, we found that the 3-compartment

models exhibited significantly better performance in patients with unmutated CLL compared to those with mutated CLL. This obser-

vation suggests a potentially more diverse response of cells within the spleen and lymph nodes among patients with unmu-

tated CLL.

Additionally, our analysis revealed a noteworthy association between cell death in the spleen and ZAP-70 expression level. Specifically,

we observed a significant reduction in cell death in the spleen among patients with high ZAP-70 expression compared to the remaining

patients, underscoring the potential influence of this molecular characteristic on disease progression and treatment response. As this anal-

ysis was performed on the subset of patients, for whom the 3-compartment model was accepted and all parameters could be reliably esti-

mated (n = 16), the significance of the result is limited by a small sample size, and further research must be done to investigate our

observation.

As bonemarrow is an essential player in human hematopoiesis, the effect of ibrutinib on the accumulation of CLL cells theremight provide

additional insights. In Rooij et al.,8 a clearance of cancer cells from the bone marrow was suggested, comparable to the clearing of the lymph

tissue. An extension of the mathematical model to include the bone marrow as the third or fourth compartment might improve the under-

standing of a patient’s reaction to ibrutinib, but is left to further experimental and computational studies.

Limitations of the study

Our study provides a computational framework to model CLL cell kinetics under Ibrutinib. While we suggest mathematical models that

describe the experimental data better than a model introduced in previous research, we cannot identify one model or model family that per-

forms best on all patients. This might be due to the heterogeneity of the disease or due to the limited amount of data in all tissues but the

peripheral blood. With a larger sample size and more measurements available, statistically more significant conclusions about the relation of

preferred models, kinetic parameters, and disease sub-types might be drawn.
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METHOD DETAILS

Clinical data

The dataset used in the study comprises information on 29 patients being treated with ibrutinib while suffering from CLL. It has been

collected and used in context of a previous study.7 Together with basic characteristics such as gender, weight and information on disease

specification and progression, 12 to 32 measurements of lymphocyte counts per microliter blood and 2 to 3 volumetric estimations ob-

tained from CT scans of lymph tissue have been collected over a time course of up to 14 months. See Figure 1A for an overview of the

clinical data.
Data preprocessing

Several preprocessing steps were executed in previous studies to estimate the total lymphocyte count in peripheral blood, lymph nodes and

spleen from relative numbers (counts per ml blood) and tissue volumes.6,7 To be able to compare our models to themodel introduced before,

we followed the approach described in the corresponding publication.6

Peripheral blood

For each patient and time point, the amount of lymphocytes within peripheral blood was estimated by multiplying the measured number of

lymphocytes per microliter with the estimated blood volume of the respective patient. The blood volume was assumed to be constant over

time and estimated via the Nadler formula8 based on gender, height and weight as measured before therapy start:8<
: vpb;l = 0:356h3

m + 0:033wkg + 0:183 for females

vpb;l = 0:367h3
m + 0:032wkg + 0:604 for males:

Here, vpb;l; hm and wkg denote the blood volume in liters, height in meters and weight in kilograms, respectively.

Spleen and lymph nodes

First, tissue volume was estimated from CT scans of lymph nodes and spleen. We refer to Burger et al.7 for details on the procedure. Our

calculations are based on the provided volume estimations.
10 iScience 27, 111242, December 20, 2024
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Second, we estimated lymphocyte counts from tissue volumes. Whereas the 2-compartment models have been fitted to data comprising

both spleen and lymph nodes (seeWodarz et al.6), the 3-compartmentmodels are based on data treating both tissues separately. As such, the

preprocessing steps differ.

2-compartment models

In Wodarz et al.,6 it is assumed that the volume drop of the lymph nodes represented the decline of cancerous tissue more appropriate than

the regression of spleen volume. As such, the authors adapted the volume estimations of the latter organ to display the same decline as the

lymph nodes by inferring and applying an exponential decline rate. We refer to the sum of the volume of all lymph tissue sites as raw lymph

tissue volume, and to the sum obtained after adapting the spleen volume to the adapted lymph tissue volume. The number of cells in the

lymph tissue was calculated from the adapted lymph tissue volume and the average volume of a B-lymphocyte of 166 fL ðfLÞ. An overview

of the approach is visualized in Figure S1.

Precisely, the following calculations have been performed: For every patient, the total volume of the lymph tissue, vlt, at time point t1 = 0,

was obtained by adding the respective estimated volumes of spleen, intra-abdominal, inguinal and axillary lymph nodes:

vltðt1Þ =
XNln

j = 1

vlnjðt1Þ+ vspðt1Þ:

Here, Nln denotes the number of scanned lymph nodes. For subsequent samples, Wodarz et al. assumed that the measured drop in

spleen volume did not represent the effective decrease in lymphocyte counts within that tissue.6 Thus, the volume decline of the

lymph tissue was inferred from the decline of the lymph nodes as follows: With Nln and vlnj ðtiÞ denoting the number of scanned lymph

nodes and the estimated volume of lymph node j at time point i, respectively, the average decline rate of the lymph nodes was

computed as

ri =
1

Nln

XNln

j = 1

1

ti � ti� 1
ln
vlnj ðti� 1Þ
vlnj ðtiÞ

: (Equation 1)

Here, the summand represents the rate of volume decline of lymph node j between the observed time points, assuming constant exponential

decay.With vspðtiÞ and vltðtiÞ referencing the volume of spleen and total lymph tissue at timepoint ti, respectively, the lymph tissue volumewas

recursively estimated as

vltðt1Þ =

XNln

j = 1

vlnj ðt1Þ+ vspðt1Þ

vltðtiÞ = vltðti� 1Þexpð � riðti � ti� 1ÞÞ; i > 1;

(Equation 2)

such that the decline of the combined lymph tissue corresponds to the average decline of the lymph nodes.

Finally, the total number of lymphocytes used for fitting was obtained by dividing the estimated volume by the average volume of a CLL

cell, namely 166fL, as used in Wodarz et al.6:

nlt;observedðtÞ =
vltðtÞ
166

1012:

3-compartment models

As before, the volume of the lymph nodes was obtained by summing up the estimated volumes of the scanned intra-abdominal, inguinal and

axillary lymph nodes. For both lymph tissue compartments, the total numbers of lymphocytes used for fitting were assessed from the volume

estimations by dividing through the average volume of a CLL cell:

nln;observedðtÞ =

PNln
j = 1 vlnj ðtÞ
166

1012

nsp;observedðtÞ =
vspðtÞ
166

1012:

Remark 1. The first measurement of the lymph tissue has been taken several weeks before treatment started. We resetted the measure-

ment time to day zero and accounted for the variability within the parameter estimation process, estimating the initial cancer burden as an

optimization parameter. The applied time shift ranges from 103 to 62 days.

Remark 2. From now on, we refer to the number of cells estimated from the data as measurement data. To compare our models to the

reference model, we adopted the approach of data preprocessing and the objective function for parameter optimization described in the

corresponding publication.6
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Model design

To discriminate between the considered models, we classified them as homogeneous and heterogeneous compartment models. The

discrimination was applied to both the 2- and 3-compartment models.

Homogeneous compartment model family

If we assume that all lymphocytes within a compartment react to ibrutinib homogeneously, the considered processes such as cell death and

redistribution would act on the whole population of lymphocytes within the respective site. As proliferation is expected to be inhibited due to

the treatment, that would result in a model with all cells leaving the system over time. As this phenomenon is not visible in the data, it was

suggested to add a constant influx into the lymph tissue compartment to enable a stabilization of the solution above zero.6 Models following

this hypothesis are referred to as homogeneous compartment models. Precisely, if nunstableðtÞ denotes the number of lymphocytes without

influx, the stabilization is obtained by modifying the kinetic equation as follows:

d

dt
nstableðtÞ =

d

dt
nunstableðtÞ+ c: (Equation 3)

Remark. In Wodarz et al.,6 the influx is equivalently parameterised as dc. Precisely, the equations read as

d

dt
nwod
stableðtÞ =

d

dt
nwod
unstableðtÞ+dc; (Equation 4)

and solutions to 4 can be obtained from solutions to 3 by substituting parameter c with c
d.

Heterogeneous compartment model family

Alternatively, we can consider the observed cell compartments as as heterogeneous entity comprising cells responding and not responding

to ibrutinib. In the lymph tissue, the non-responding sub population might represent normal tissue not consisting of lymphocytes, whereas in

the peripheral blood, we describe a healthy level of lymphocytes the blood system is trying to reestablish in the long term.Models allowing for

non responding sub populations are referred to as heterogeneous compartment models. With nobservedðtÞ and nconstant denoting the

measured number of lymphocytes and the size of the unaffected sub population, respectively, the kinetics read as follows:

d

dt
nobservedðtÞ =

d

dt
ðnobservedðtÞ � nconstantÞ+ d

dt
nconstant

=
d

dt
ðnobservedðtÞ � nconstantÞ:

(Equation 5)

Here, the kinetic describing nobservedðtÞ � nconstant matches the kinetic of the unstable solution as introduced above.

Differential equations

In the following, we derive the equations and solutions of the maximal models of the homogeneous 2-compartment and the heterogeneous

2- and 3-compartment models, e.g., the models where all considered processes are apparent. The reduced models can be obtained by

setting the corresponding rates to 0.

Homogeneous 2-compartment model

Let nltðtÞ;npbðtÞ be the total number of lymphocytes in lymph tissue and peripheral blood compartment, respectively. The maximal model of

the model class is defined by the following processes:

1 Cell death in both compartments, parameterized with dlt;dp.

2 Redistribution from lymph tissue to peripheral blood compartment, parameterized with mlt/lt/p.

3 Constant influx into the lymph tissue, parameterized with clt;cpb.
All rates are assumed to be constant over time. As such, the ordinary differential equations are given as8>><
>>:

d

dt
nltðtÞ = � �

dlt +mlt/pb

�
nltðtÞ+ clt

d

dt
npbðtÞ = � dpbnpbðtÞ+mlt/pbnltðtÞ+ cpb;

(Equation 6)

with initial conditions nltð0Þ = LT0 and npbð0Þ = PB0, both parameters to be estimated. Using variation of the constants, we compute the

analytical solutions. With alt/ : = dlt +mlt/pb, we abbreviate the parameter quantifying the outflux of the lymph tissue compartment. As

such, the solution to the lymph tissue compartment reads as
12 iScience 27, 111242, December 20, 2024
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nltðtÞ =
clt
alt/

+

�
LT0 � clt

alt/

�
exp�alt/t

= Bltc +Bltalt/
exp�alt/t :

(Equation 7)

For brevity, we write Bltc : = clt
alt/

and Bltalt/
: = LT0 � Bltc as the coefficients of the constant and the exponential term, respectively.

With apb/ : = dpb the parameter quantifying outflux from peripheral blood, and Bpbc
;Bpbalt/

;Bpbapb/
denoting the coefficients of con-

stant and corresponding exponential terms, the solution to the peripheral blood reads as

npbðtÞ =
mlt/pbBltc+cpb

apb/
+

mlt/pbBltalt/

apb/ � alt/
exp�alt/t +

�
PB0 � mlt/pbBltc+cpb

apb/
� mlt/pbBltalt/

apb/ � alt/

�
exp�apb/t

= Bpbc
+Bpbalt/

exp�alt/t +
�
PB0 � Bpbc

� Bpbalt/

�
exp� apb/t

= Bpbc
+Bpbalt/

exp�alt/t +Bpbapb/
exp�apb/t :

(Equation 8)

Together, Equations 7 and 8 provide a solution to system 6:(
nltðtÞ = Bltc +Bltalt/

exp�alt/t

npbðtÞ = Bpbc
+Bpbalt/

exp�alt/t +Bpbapb/
exp� apb/t : (Equation 9)

Remark 1. Cell death and constant influxes can but must not be apparent in the lymph tissue and peripheral blood compartments, respec-

tively. After visually expecting the data, we do not consider redistribution from the peripheral blood to the lymph tissue, while redistribution

from lymph tissue to peripheral blood can be existent or not. This makes it a total of

22$2 $ 2 = 32 (Equation 10)

models within the homogeneous 2-compartment model class.

Remark 2. The referencemodel introduced inWodarz et al.Wodarz.14 belongs to the family of homogeneous 2-compartmentmodels and

is fitted and analyzed within the optimization of that model class. Precisely, it is defined by the following processes.

1 Cell death in both compartments, parameterized with b dlt;dp.

2 Redistribution from lymph tissue to peripheral blood compartment, parameterized with b mlt/p.

3 Constant influx into the lymph tissue, parameterized with clt.

Thus, equations and solutions to the reference model are obtained by setting cpb : = 0 in 6 and 9.

Heterogeneous 2-compartment model

In the heterogeneous models, the cell populations are split into dynamical and constant subpopulations. Therefore, we derive the equations

of the dynamical solutions, the total number of cells is then obtainedby adding the size of the constant subcompartment, as sketched in Equa-

tion 5. Let ~nltðtÞ; ~npbðtÞ be the total number of lymphocytes in non constant lymph tissue and peripheral blood compartment, respectively.

Again, we derive equations and solutions for the model with cells trafficking from lymph tissue to peripheral blood, the model with cells re-

distributing into the other direction is constructed accordingly. Similar to the homogeneous compartment model, the model defining the

kinetics of the dynamical subpopulation is defined by the following processes:

1 Cell death in both compartments, parameterized with dlt;dpb.

2 Redistribution from lymph tissue to peripheral blood compartment, parameterized with mlt/pb.

No influx is necessary, as the stabilization is achieved with the constant subpopulations. As such, the ordinary differential equations are

given as 8>><
>>:

d

dt
~nltðtÞ = � �

dlt +mlt/pb

�
~nltðtÞ

d

dt
~npbðtÞ = � dpb~npbðtÞ+mlt/pb~nltðtÞ;

(Equation 11)
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with initial conditions ~nltð0Þ = LT0 � LTc and ~npbð0Þ = PB0 � PBc, with LTc and PBc the size of the constant subcompartments, and all

parameters to be estimated from the data. As before, the analytical solutions can be computed applying variation of the constants. With

the same notation as before, one obtains

~nltðtÞ = ðLT0 � LTcÞexp�alt/t

= Bltalt/
exp�alt/t ;

(Equation 12)

Bltalt/
: = LT0 � LTc denoting the coefficient of the exponential term.

For the peripheral blood, we obtain

~npbðtÞ =
mlt/pbBltalt/

apb/ � alt/
exp�alt/t +

�
PB0 � PBc � mlt/pbBltalt/

apb/ � alt/

�
exp�apb/t

= Bpbalt/
exp�alt/t +

�
PB0 � PBc � Bpbalt/

�
exp�apb/t

= Bpbalt/
exp�alt/t +Bpbapb/

exp�apb/t :

(Equation 13)

With that, the solutions to the heterogeneous 2-compartment model 11 are given as(
nltðtÞ = Bltalt/

exp�alt/t + LTc

npbðtÞ = Bpbalt/
exp�alt/t +Bpbapb/

exp�apb/t + PBc:
(Equation 14)

Remark. As in the family of homogeneous 2-compartment models, cell death and constant subpopulations can but must not be apparent

in the lymph tissue and peripheral blood compartments. We consider redistribution being non-existent or going from lymph tissue to periph-

eral blood, leading to a total of

22$2 $ 2 = 32 (Equation 15)

models within that model class.

Homogeneous 3-compartment model

As the homogeneous 2-compartment models were outperformed by heterogeneous 2-compartment models in the first step of our analysis,

we did not consider the homogeneous model family when selecting 3-compartment models.

Heterogeneous 3-compartment model

In the following, we derive equations and solutions to themaximal heterogeneous 3-compartmentmodel where cells redistribute from spleen

to lymph nodes and peripheral blood and from lymph nodes to peripheral blood. Submodels are obtained by setting rates to 0, models with

different redistribution reactions by interchanging the corresponding observables. Again, we start deriving the equations for the subcompart-

ments consisting of cells affected by ibrutinib. The kinetics are defined through the following processes.

1 Cell death in all compartments, parameterized with dsp;dln;dpb.

2 Redistributions from spleen to lymph node and peripheral blood and from lymph node to peripheral blood compartments, parame-

terized with msp/ln, msp/pb, mln/pb.
This translates into the following 3-dimensional system of ordinary differential equations:8>>>>>>><
>>>>>>>:

d

dt
~nspðtÞ = � �

dsp +msp/pb +msp/ln

�
~nspðtÞ

d

dt
~nlnðtÞ = � �

dln +mln/pb

�
~nlnðtÞ+msp/ln~nspðtÞ

d

dt
~npbðtÞ = � dpb~npbðtÞ+msp/pb~nspðtÞ+mln/pb~nlnðtÞ:

(Equation 16)

We use analogous abbreviations as before and write asp/ : = dsp +msp/pb +msp/ln and aln/ : = dln +mln/pb to quantify the outflux

from the spleen and lymph node compartment, respectively. The solutions to those two tissues read exactly as the solutions of the

2-compartment model, the spleen now representing the compartment with only outflux, as the lymph tissue before, the lymph nodes repre-

senting the compartment with influx fromone compartment and an outflux, as the peripheral blood before. As such, the solutions are given as
14 iScience 27, 111242, December 20, 2024
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~nspðtÞ = ðSP0 � SPcÞexp�asp/t

= Bspasp/
exp�asp/t (Equation 17)

and

~nlnðtÞ =

msp/lnBspasp/

aln/ � asp/
exp�asp/t +

 
LN0 � LNc �

msp/lnBspasp/

aln/ � asp/

!
exp�aln/t

= Blnasp/ exp�asp/ t+
�
LN0 � LNc � Blnasp/

�
exp�aln/t

= Blnasp/ exp�asp/t +Blnaln/
exp�aln/t :

(Equation 18)

For the third, the peripheral blood compartment, we have to compute the solution to the dynamical subcompartment comprising influx

from both the other compartments and an outflux. We can apply variation of the constants to obtain the solution:

~npbðtÞ =
mln/pb+msp/pb

apb/ � asp/
Blnasp/ exp�asp/t +

mln/pb

apb/ � aln/
Blnaln/

exp�aln/t +

�
PB0 � PBc � mln/pb+msp/pb

apb/ � asp/
Blnasp/ � mln/pb

apb/ � aln/
Blnaln/

�
exp�apb/t

= Bpbasp/
exp�asp/t +Bpbaln/

exp�aln/t +�
PB0 � PBc � Bpbasp/

� Bpbaln/

�
exp�apb/t

= Bpbasp/
exp�asp/t +Bpbaln/

exp�aln/t +Bpbapb/
exp�apb/t :

(Equation 19)

Combining Equations 17, 18, and 19, the solutions to 16 read as8><
>:

nspðtÞ = Bspasp/
exp�asp/t + SPc

nlnðtÞ = Blnasp/ exp�asp/t +Blnaln/
exp�aln/t + LNc

npbðtÞ = Bpbasp/
exp�asp/t +Bpbaln/

exp�aln/t +Bpbapb/
exp�apb/t +PBc:

(Equation 20)

Remark. Again, cell death and constant subpopulations can but must not be apparent in the three compartments representing lymph no-

des, spleen and peripheral blood. Redistribution between each combination of two distinct compartments can be non-existent or be

apparent in one of two directions. We do not consider redistributions in both directions at a time. This makes it a total of

22$3 $ 33 = 1728 (Equation 21)

models within the class of heterogeneous 3-compartment models.
Parameter optimization

Noise model

Building on a previous study, we did not optimize the loss between the total number of cells measured and estimated by the solution to the

ODE system directly but scaled both by a factor depending on the respective compartment.6 With that, we accounted for the varying amount

of measurements and compartment sizes that might lead to overfitting one tissue site. To account for measurement noise and errors within

data preprocessing and the model, we assumed constant additive Gaussian noise on the scaled measurements with mean 0 and standard

deviation s estimated as additional parameter for every patient. Here, we assumed that both measurement noise and model error are con-

stant over time and jointly contribute to the observed variability. Additionally, we assumed the same noise on all compartments scaled by

compartment size.

Derivation of the loss function

Based on the considerations and assumptions described in the previous section, we derive the objective function used in our parameter

estimation.
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Let nmeas;c = ðnmeas;c;t1 ;.nmeas;c;tNc
Þ be the measurement data in compartment c taken on Nc time points, and��nmeas;c

��
2
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNc

i = 1 n
2
meas;c;ti

q
the corresponding l2-Norm. If nsol;cðqÞ, the analytical solution of the model depending on parameter vector

q, is an estimation of the measurement data,
nsol;cðqÞ
knmeas;ck2

is an estimation for nmeas;c

knmeas;ck2

. Corresponding to the least-square optimization used in

Wodarz et al.,6 we assumed additive Gaussian noise on the scaled measurements with mean 0 and standard deviation s. With that, the likeli-

hood for one scaled data point reads as follows:

p

�
nmeas;c;ti��nmeas;c

��
2

jðq; sÞ
�

=
1ffiffiffiffiffiffi
2p

p
s
exp

 
� ðnmeas;c;ti � nsol;cðq; tiÞÞ2

2
��nmeas;c

��
2
s2

!
:

Note that we optimized only one parameter for the standard deviation for all compartments. WithD denoting all measurements within the

dataset, scaled as explained before, we aimed at maximizing the joint likelihood function explaining D. For numerical reasons, we chose to

minimize the negative log likelihood instead of maximizing the likelihood, resulting in the following objective function:

� logðPðDjq; sÞÞ

= � log

 Y
c in C

YNc

i = 1

1ffiffiffiffiffiffi
2p

p
s
exp

 
� ðnmeas;c;ti � nsol;cðq; tiÞÞ2

2
��nmeas;c

��
2
s2

!!

= �
X
c in C

XNc

i = 1

log

 
1ffiffiffiffiffiffi
2p

p
s
exp

 
� ðnmeas;c;ti � nsol;cðq; tiÞÞ2

2
��nmeas;c

��
2
s2

!!

=
1

2

X
c in C

XNc

i = 1

 
log
�
2ps2

�
+

�
nmeas;c;ti � nsol;cðq; tiÞ��nmeas;c

��
2
s

�2
!

=

X
c in C

Nc

2
log
�
2ps2

�
+

1

2s2

X
c in C

XNc

i = 1

�
nmeas;c;ti � nsol;cðq; tiÞ��nmeas;c

��
2

�2

:

(Equation 22)

with C the set of compartments considered in the respective used model.

Remark. We chose to add the standarddeviation as an additional parameter as we aimed for a likelihood based approach formodel compar-

ison. Ifwewouldhavefixeds andonly optimized theparameters of the kineticmodel, 22 simplified to theobjective functionused inWodarz et al.6

Optimization procedure

For all models considered, we estimated the kinetic rates corresponding to death andmigration processes as well as the initial number of cells

within the respective compartments. This allows for flexibility of the solution also at the first time point that might arise due to measurement

noise, perturbation introduced within the estimation of absolute cells from relative or volumetric data or the fact that the first measurement

has not been taken exactly on the first day of treatment for all patients. For all models and patients we also inferred one noise parameter s,

determining the spread of the Gaussian noise model. To improve the optimization procedure in speed and accuracy, we followed a hierar-

chical optimization approach as described in Loos et al.15 We assumed that all parameters are constant over time. Due to their biological

nature, the kinetic rates and constants are positive, allowing for optimization in log10 scale.16 We performed multi-start local optimization

of the objective function 22 using the parameter estimation toolbox PESTO.13

Parameter identifiability

Analyzing the analytical solutions to the equations of both the homogeneous and the heterogeneous compartment models, it can be shown

that all model parameters are theoretically identifiable.

To test practical identifiability of the model parameters, we investigate the likelihood profiles of the best performing models of all model

classes. We find identifiability issues in 12 patients for the homogeneous 2-compartment models, in 6 patients for the heterogeneous

2-compartment models and in 10 patients for the 3-compartment models. The issues mainly arise in parameters quantifying cell decline in

lymphoid organs, which has also been reported in Burger et al.,7 where the same data was used to estimate parameters of a specific homo-

geneous 2-compartment model. Non-identifiable parameters are summarized in Table S1, supplementary materials. As we remove patients

with unidentifiable parameters for the quantitative analysis on the estimated parameter values, we do not consider this a major issue. How-

ever, tissue data at earlier time points most likely improve parameter estimates, might have an impact on results of the model selection and

improve the statistical power of our analysis.
Model selection

Whenever we compared within a set of models, we applied the Bayesian information criterion (BIC)17 to find the best or to reject a model. It is

computed as
16 iScience 27, 111242, December 20, 2024
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BIC = logðjDjÞnparams � 2 logðPðDjq; sÞÞ;
where jDj and nparams are the number of data points and estimated parameters, respectively. All comparisons were performed at patient-level.

The number of parameters varies between models (2–12), while the number of data points varies between patients. The BIC rewards high

likelihood values and thus favorsmodels that are able to explain themeasurement data. On the other hand, it penalizes themodel complexity

in the form of additional model parameters that, in our case, correspond to kinetic reactions. The model with minimal BIC was considered as

the best, models whose BIC differs from the minimal by less than 2 were considered as equally good. If difference to the minimal BIC was

greater than 10, a model was rejected.

Model selection 3-compartment models

When finding the best 3-compartment model for each patient, we took a total of 1728 model architectures into account. We only considered

heterogeneous models, as they outperformed the homogeneous models in the case of 2-compartment models. To reduce computational

effort, we applied a hierarchical model selection process as follows: All models were grouped based on existence and direction of redistri-

bution processes. For any combination of two distinct compartments A and B, a connection might not exist, go from A to B, i.e., that cells

distribute from compartment A to B, or go from B to A, which made it a total of 33 = 27 subgroups. We disregarded the two circular models,

which left 25 model subgroups. While all models within such a subgroup share the redistribution processes between the compartments, they

differ in the existence of cell death and constant subpopulations within the three compartments. Thus, each subgroup consists of 26 models.

For model selection, parameters of themost complex models of each subgroup, e.g., themodels with cell death and subpopulations consid-

ered in all compartments, were optimized and, based on the Bayesian information criterion, the best performing complex models were

selected. Second, the selected complex models were reduced by setting one or more parameters representing cell death and constant sub-

populations to 0. Again, the Bayesian information criterion was applied to the resulting set of models to find the best 3-compartment model.

The model selection pipeline was applied to every patient individually.

Model selection 2- vs. 3-compartment models

Whereas the 2-compartmental models were fitted to combined lymph tissue data after adaption of the spleen volume, the 3-compartmental

model was fitted to lymphocyte counts estimated from spleen and lymph node values separately without further adaptions. To compare

model performance quantitatively, the solutionsmust be projected to predict the same target.Wedecided to perform themodel comparison

on the total number of lymphocytes estimated fromblood counts and the raw lymph tissue data.With that, we wanted to reduce bias induced

by adapting the data. The corresponding fit based on the 3-compartment model was obtained by summing up the solutions for lymph nodes

and spleen, respectively. For the 2-compartment models, we reversed the pre-processing of the data by adding the difference of the

measured and inferred lymph tissue data to the optimized solution. An overview of the approach is visualized in Figure S2.

Precisely, using the previous notation, vltðtiÞ denoting the inferred lymph tissue volume at time point ti as defined in Equation 2 and

nsol;ltðq; tiÞ a solution predicting vltðtiÞ, we projected the latter as

nsol;ln+spðq; tiÞ = nsol;ltðq; tiÞ+
 XNln

j = 1

vlnj ðtiÞ + vspðtiÞ
!
166fL

to obtain an estimation of the total lymphocyte count in spleen and lymph nodes.With that we resembled the assumption that the inferred

volume accounts for the actual decline that is what the model solution predicts, whereas the remaining volume stays constant and has to be

added to the obtained solution.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in MATLAB to analyze model parameters and performance with clinical parameters. Number of datapoints

of the respective tests are to be found in Table 1 and section. Tests are assumed to be statistically significant with a p-value 0f 0.05. Due to the

small dataset, the data can not be assumed to be normally distributed. Hence, statistical tests with few assumptions on the distribution of the

data was used. Symmetry of the data distribution was visually examined using histograms automatically binned with the MATLAB function

histogram.

During the preparation of this work the author(s) used ChatGPT in order to enhance the manuscript’s language. After using this tool/ser-

vice, the author(s) reviewed and edited the content as needed and take(s) full responsibility for the content of the publication.
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