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Model OverviewA. Model Overview B

C. Parameter Description Source
r tumor growth rate Fit to patient data in Step 1
w natural T-cell cancer interaction constant 
s immune dampening coefficient
l radiation-induced T-cell cancer interaction constant Fit to patient data in Step 3
r decay rate of doomed tumor cells
s Circulating lymphocyte recovery Fit to patient data in Step 2
w* T-cell cancer interaction constant including effect of immunotherapy Fit to patient data in Step 4
R Radiation sensitivity of liver cancer (T) and circulating immune (L) cells Tai 2008, Nakamura 1990
L0 patient-specific circulating lymphocyte baseline patient-specific model 

inputT0 patient-specific tumor load 
d Dose to tumor and lymphocytes

Outcome Modeling
Machine Learning/A.I. 
…

 

Nov 22, 2017 

We seek students and postdoctoral fellows with a physics, 
applied math, engineering or computer science background 
and an interest in medical applications and biology for several 
projects at the Massachusetts General Hospital, Radiation 
Oncology (Physics) department.  

The successful candidates will work on the development of  

a) biophysical modeling techniques to simulate the 
interaction of immunotherapy with radiation. 

b) Monte Carlo techniques of dose and biological effects to 
interpret clinical trials in proton therapy 
 

• The candidate should have a strong background in physics, applied math, biomedical 
engineering, computer science or similar areas, and a strong interest in biology and medical 
applications.  

• Experience in data analysis and coding (Matlab and/or python) is expected.  

MGH is an equal opportunity employer. We value diversity highly and encourage international 
and minority candidates to apply. 

For Postdoctoral Fellowship:  please email your CV and a list of 3 references to 
For students: please email your CV, a reference and/or examples of completed 

projects to 

Harald Paganetti, PhD, Professor and Director of Physics Research 
Department of Radiation Oncology 
Massachusetts General Hospital and Harvard Medical School 
100 Blossom St 
Boston, MA 02114 

hpaganetti@mgh.harvard.edu 
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§ Immunotherapy (IT) has led to large improvements in responders 
§ low overall response rates to existing approaches in most indications

§ Animal experiments have confirmed existence of an IT/RT synergy using various 
combination regimens à abscopal effect
§ Dependent on 

total radiation dose 
sequencing
timing 
fractionation 

à Massive proliferation of IT/RT trials

>30’000 patients on 
>300 clinical trials
as of March 2020

Source: clinicaltrials.gov

The beneficial effects of RT on antitumor immunity



RT can have immunosuppressive effects as well

Demaria, S., Pilones, K. A., Vanpouille-Box, C., 
Golden, E. B., & Formenti, S. C. (2014). The 

optimal partnership of radiation and 
immunotherapy: from preclinical studies to 

clinical translation. Radiation Research, 182(2), 
170–181. http://doi.org/10.1667/RR13500.1

+ radiation-induced lymphopenia

Demaria 2014



Radiation-Induced Lymphopenia
§ Definition: a lower-than-normal number of lymphocytes in the patient’s blood
§ A long-neglected toxicity of radiotherapy
§ Independent of indication, RT causes depletion of circulating lymphocytesn.s. 

*** 
** 

liver (hypo fx)lung / esophagus

Deng et al. (2019). The relationship of 
lymphocyte recovery and prognosis of 
esophageal cancer patients with severe 
radiation-induced lymphopenia after 
chemoradiation therapy. Radiotherapy and 
Oncology : Journal of the European Society for 
Therapeutic Radiology and Oncology, 133, 9–15. 

Grassberger Lab
unpublished data



Minimizing Depletion of Lymphocytes by RT

§ Increasing interest of simulating the radiation dose to the circulating lymphocytes during 
radiation therapy

Grassberger Lab 
on-going project

Difference in dose distribution Difference in delivery time distribution



Minimizing Depletion of Lymphocytes by RT

§ Increasing interest of simulating the radiation dose to the circulating lymphocytes during 
radiation therapy

Grassberger Lab 
on-going project

Difference in delivery time distribution
à different dose-rates lead to different 
distribution of dose to the blood 
circulating through the radiation field



Specific Aims

Grassberger Lab 
on-going project

This goal is timely and significant, as multiple clinical trials exploring different combinations of RT and 
immunotherapy have already started, and many more are planned (19, 20). Accurate dosimetry for circulating 
lymphocytes controls for variability among patients and is the key for the correct interpretation of trial results. In 
the current paradigm however, it is completely unknown what fraction of the circulating lymphocytes is 
irradiated to which dose level. To address this challenge, we will develop a computational model to calculate 
the dose to the circulating lymphocytes. 

While this proposal is focused on intracranial irradiation, we want to emphasize that the methodology may be 
readily translated to other anatomical treatment sites (e.g., lung/thorax, pancreas/abdomen) using recently 
developed whole body blood vessel phantoms for dosimetric applications (21). This will be the goal of an R01-
type follow-up application (see timeline) to this proposal. We will actively promote the tools developed in this 
proposal on the National Cancer Informatics Program (NCIP) Hub and over other channels (see section below 
and Resource Sharing Plan for details). 

C. INNOVATION 
The main limitation of the current paradigm is that the dose to the lymphocytes cannot be estimated accurately 
and is not taken into account during the design and planning of treatments. There have been attempts to 
calculate the dose to blood: Basler et al. (22) formulated a model based on hepatic blood-flow, -velocity and 
transition-time of individual hepatic segments, but included only the liver and no nearby structures such as the 
aorta, and no explicit recirculation. Yovino et al. (23) formulated a simplified model for brain irradiation, in which 
all blood homogeneously transverses the field inferior to superior and no re-entry of irradiated blood during a 
fraction is possible, severely limiting it’s applicability and essentially not taking the location of the tumor (central 
versus peripheral) into account. This proposal addresses these drawbacks in the rigor of prior research: 

Table 2: Innovations in this project 
• First model accurately estimating the dose to the circulating lymphocytes including recirculation: Our 

proposal would be a vast improvement upon existing methods, by including vessel architecture and re-entry of 
lymphocytes into the field, and is generalizable to other sites using whole body vascular models (21). 

• Validation of model using patients treated with RT only: end-to-end validated model, testing on meningioma 
patients removes impact of chemotherapy on lymphocyte counts as confounding factor. 

• Establishing the lymphocyte compartment as organ at risk: this changes the focus of radiation therapy from cell 
kill to immune response and preservation, and would enable investigations into how much lymphocytes could be 
spared with faster irradiation modalities or alternative planning techniques.  

A large number of trials are testing combinations of immunotherapy and RT for various sites and agents (24, 
25). As soon as optimal combinations have been empirically selected, the focus will turn towards delivering 
these regimen with the least impact on the immune system, and models such as the one proposed here will be 
required to achieve this. 

D. APPROACH 
Our research approach consists of two specific aims 
(see Figure 2) in which we will develop and evaluate 
a methodology that enables the simulation of 
radiation dose to the circulating lymphocytes. This 
will be essential for the interpretation of trials 
combining immunotherapy with radiation, and 
ultimately will allow the design of radiation treatment 
regimen that minimize the depletion of the patient’s 
lymphocyte reservoir. Particularly in intracranial 
irradiation, in which little bone marrow or lymphatic 
tissue is affected, the dose received by the circulating 
lymphocytes is the main component of lymphocyte 
depletion. It remains understudied to which degree 
treatment parameters such as radiation modality, 
dose rate and fractionation regimen impact the 
lymphocyte population. Therefore in SA1 we will 
develop a computational methodology based on 
segmented vasculature to simulate the radiation dose 
to the circulating lymphocyte compartment during 

Fig 2. Specific Aims Overview 



Model Overview

Grassberger Lab 
on-going project

intracranial irradiation. In SA2 we will evaluate the developed model by measuring the depletion of a panel of 
lymphocyte sub-populations in patients undergoing intracranial radiotherapy without concurrent chemotherapy. 
Specific Aim 1. To develop an image-based computational method to simulate intracranial blood flow 
and determine the radiation dose delivered to the circulating lymphocytes. 
To simulate the dose received by circulating lymphocytes by combining a blood flow model with detailed 
radiation delivery information. This will allow us to produce a “Lymphocyte Dose Volume Histogram” 
(lymphocyte DVH), a metric for the dose to the circulating lymphocytes. 

Blood Flow Model 
We will use a mixed approach (see Figure 3) 
to simulate the dose to the circulating 
lymphocytes over the course of a radiation 
fraction, which can last from <1min to >10min, 
depending on fraction size and delivery 
modality. The blood flow outside the brain will 
be modeled by a discrete Markov chain 
approach describing the rest of the body, to 
capture the re-irradiation of lymphocytes after 
passing through the body’s circulation (Figure 
3B). Within the brain we will employ a detailed 
Monte Carlo approach (see Figure 3A), based 
on pathlines extracted from vessel 
segmentation (see further details below and 
Figure 5), which is closely related to our 
previous work modeling dose to moving lung 
tumors (26-29). 
The modeling is executed in multiple steps 
according to the following procedure (more 
detail in Figure 3 & 4): 
1. Create lymphocytes at source of pathlines, 
simulate movement until equilibrium is reached (as many lymphocytes exiting the brain volume as entering) 
2. Turn beam on � Overlay lymphocyte distribution with dose (Figure 4A/C, dose in light blue) 
3. Simulate lymphocytes moving along pathlines (for example field see Figure 4B) 

4. Turn beam off � Lymphocytes continue moving; 
repeat with multiple dose fields (schematic 
illustration of a thoracic irradiation treatment plan 
including nine beams in Figure 4C). The dose 
received by a lymphocyte particle traveling through 
the brain can then be evaluated as numerical 
integration along its pathline (see Figure 3A). 
Blood Flow Model - Vessel Segmentation and 
Generation of Pathlines 

The last years have seen significant advances in 
time-resolved, quantitative evaluation of vascular 
hemodynamics (30-32) (32). Today most clinical 
MRIs are equipped with sequences that feature 
phase-contrast angiography (PC-MRA) that enable 
detailed vessel segmentation, see Figure 5A for an 
example. 
To make these datasets amenable to Monte Carlo 
simulations, we will segment and post-process them 
to obtain a set of normalized pathlines. That is a 
predetermined set of paths along which the 

Fig 4. A. Lym-
phocytes moving 
through a velocity 
field B. Simple 
pulmonary trunk 
blood flow model 
C. Thoracic 
Irradiation using 
nine fields from 
different angles 

Fig 3. Methodology for blood flow model A. detailed 
simulation in brain B. Markov chain model outside of brain 
 



Simulating Dose to the Circulating Blood

§ Anatomy-based vasculature model
§ Arteries and veins segmentation (MRI)

§ Extraction of vessel center lines as anatomy-based pathways
§ Generic vessel model (more than 1000 pathways)
§ Homogeneous coverage of entire brain (1 vessel / 4mm2) Grassberger Lab 

on-going project



§ Markov model to simulate compartmental
dynamic in rest of the body for recirculation
§ First “problems”…

Grassberger Lab 
on-going project

Simulating Dose to the Circulating Blood

- discrete Markov chain
- 24 organs
- ICRP hemodynamic 
references (gender, age…)
- 22 Mio blood particles



§ Specific Aim 2. Evaluate the computational model using the depletion of lymphocyte 
populations in meningioma patients treated with proton and photon therapy 

§ Hypothesis: Depletion of a panel of lymphocyte sub-populations evaluated in patients at 
baseline, after 1 week and at the end of radiotherapy treatment will differ in 2 groups 
undergoing proton and photon therapy, and correlate to the lymphocyte DVH. Note that 
our population does not receive concurrent chemotherapy. 

§ Trial update

SA2 - Validation of model
Expected outcome SA1: After completion of SA1 we will be able to model the dose received by the circulating 
lymphocytes during intracranial irradiation depending on tumor location, treatment plan, field size, fractionation 
regimen, dose rate and the time course of radiation delivery. The final output will be a Lymphocyte Dose 
Volume Histogram (example in Fig. 6), a metric for the dose to the circulating lymphocytes. 

Specific Aim 2. Evaluate the computational model using the depletion of lymphocyte populations in 
meningioma patients treated with proton and photon therapy 
Hypothesis: Depletion of a panel of lymphocyte sub-populations evaluated in patients at baseline, after 1 
week and at the end of radiotherapy treatment will differ in 2 groups undergoing proton and photon therapy, 
and correlate to the lymphocyte DVH. Note that our population does not receive concurrent chemotherapy. 

In previous studies, we have identified a panel of 
lymphocyte sub-populations in liver patients that are 
depleted by RT (35, 36). In this study, we will examine 
these sub-populations prospectively to determine their 
depletion in two groups of patients receiving routine 
proton and photon irradiation as their standard of care. 
Figure 7A/B show a brain tumor patient planned with 
proton and photon therapy, illustrating the difference in 
dose distributions, together with the location of the 
anterior/posterior cerebral arteries, which provide the 
majority of the blood supply to the supratentorial brain. 
Figure 7C shows a schematic illustration of the dose 
rate during treatment, exemplifying the large difference 
in dose rate over time between photon (7-field IMRT 
plan) and proton therapy (2-field passive scattering). 
Based on this information, we expect the blood flow 
model based on segmented vasculature (SA1) to 
predict very different lymphocyte DVHs for proton 
compared to photon therapy.  
This blood draw study does not meet the NIH definition 
of a clinical trial and will be performed under our 
umbrella tissue collection protocol (13-416). We will 
enroll a total of 40 patients (justification in statistics 
section). Figure 7D lists the lymphocyte sub-
populations to be evaluated at each time point, based 
on our previous work	(35).  
Scientific Rigor & Statistical Considerations 
This proposal, in contrast to previous approaches (see Innovation section above), includes a rigorous 
evaluation of the results using patient data. The specific patient population (meningioma) was chosen because 
the treatment does not include concurrent chemotherapy, which impacts lymphocyte counts and acts as a 
powerful confounding factor. Another possible confounding factor is the use of corticosteroids, which we will 
monitor and exclude affected patients if deemed necessary. Other patient-specific factors are largely mitigated 
by the fact that we analyze the relative depletion of lymphocytes over a relatively short time frame during RT 
(several weeks), mitigating the effect of baseline counts and other biological variables. 
Statistical considerations: The hypothesis of the pilot clinical study is that the depletion of circulating 
lymphocytes will differ between treatment by proton versus photon therapy. The following power calculation is 
conservative, as it is only based on the difference in dose distributions (see Figure 7A/B), and neglects the 
significant difference in treatment time (see Figure 7C):  
Proton therapy delivers significantly less integral dose to the body, on average by a factor of two (37, 38). 
Assuming the difference in lymphocyte counts is proportional to the difference in integral dose, we can 
estimate the effect size based on published literature: lymphocyte counts during intracranial irradiation drop 
from 1484 cells/mm3 (standard deviation ~590 cells/mm3) at the beginning of treatment to 549 cells/mm3 at the 
end (3). Assuming a factor of ~2 difference in lymphocyte drops (a conservative estimate based on the integral 
dose difference) and a within-patient standard deviation of 590 cells/mm3, 36 subjects will be required in this 

Fig 7. A/B. Proton/Photon dose distribution in an 
example meningioma patient C. Schematic Illustration 
of the dose rate during treatment for proton (red) and 
photon (blue) delivery for a voxel within in the tumor D. 
Panel of lymphocyte sub-populations. 


