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Abstract
Purpose: Radiation therapy (RT)−associated lymphopenia may adversely affect treatment outcomes, particularly in the era of
immunotherapy. We sought to determine dosimetric factors correlated with lymphopenia after palliative RT in a cohort of patients
with advanced cancer treated with anti-PD-1 immune checkpoint inhibitors.
Methods and Materials: We included patients with metastatic lung cancer, melanoma, or renal cell carcinoma who were treated with
either pembrolizumab or nivolumab and received palliative RT to an extracranial site. Baseline and nadir absolute lymphocyte counts
(ALCs) within 6 weeks of RT were recorded. Dosimetric factors were extracted from the corresponding dose-volume histograms and
also used to model the dose to circulating lymphocytes via a whole-body blood flow model that simulates the spatiotemporal
distribution of blood particles in major organs during RT.
Results: We analyzed 55 patients who underwent 80 total courses of palliative RT; most (94%) were treated with 3-dimensional
conformal RT. Doses to the whole body, bone, and large blood vessels (LBVs) were negatively correlated with the ALC nadir, with the
strongest correlations seen at V15 (rs, −0.38, −0.43, and −0.37, and P = .0004, .0001, and .0008, respectively). Doses to other organs
were not significantly correlated with the ALC nadir. The modeled dose to circulating lymphocytes was also negatively correlated with
the ALC nadir and percent ALC change (for D2%, rs, −0.31 and −0.44, and P = .005 and .0001, respectively). Grade ≥3 lymphopenia
was associated with LBV V15 (odds ratio [OR], 1.16; 95% CI, 1.07-1.26; P < .001), bone V15 (OR, 1.04; 95% CI, 1.01-1.08; P = .03),
body V15 (OR, 1.003; 95% CI, 1.001-1.006; P = .008), and modeled lymphocyte dose (OR, 1.45; 95% CI, 1.16-1.82; P < .001).
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Conclusions: The RT dose to the whole body, bone, and LBVs and the modeled dose to circulating lymphocytes were correlated with
lymphopenia in patients treated with palliative RT and anti-PD-1 immune checkpoint inhibitors. These findings may inform future
radiation planning in this setting.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Radiation therapy (RT) has multiple effects on the
immune system and its anticancer effects. Radiation ther-
apy can cause lymphopenia, and both hematopoietic stem
cells1 and circulating lymphocytes2-4 are sensitive to RT,
suggesting that RT-induced lymphopenia is attributable
to both disruption of lymphocyte production and direct
cytotoxicity. Lymphopenia after chemoradiation has been
associated with poorer survival in multiple cancer types.5

Additionally, RT-induced lymphopenia before initiation
of immune checkpoint inhibitor (ICI) therapy is associ-
ated with poorer outcomes in metastatic non-small cell
lung cancer (NSCLC), melanoma, and renal cell carci-
noma (RCC).6 Given the prognostic importance of RT-
induced lymphopenia, clarifying dosimetric parameters
associated with lymphopenia may inform RT planning
and guide patient selection for radiation and immuno-
therapy approaches.

Conceptualizing the immune system as an organ-at-
risk (OAR) in RT planning is challenging. Unlike tra-
ditional OARs, the immune system cannot be localized
to any single anatomic region, and immune cells may
circulate in and out of the radiation field during treat-
ment. Whereas some studies have shown that doses to
organs such as the lung, heart, spleen, and bone mar-
row are associated with lymphopenia,7 these studies
were restricted to single disease sites or anatomic
regions, limiting their generalizability. Therefore, we
examined dosimetric correlates of lymphopenia in a
real-world population of patients with metastatic
NSCLC, melanoma, or RCC who received ICIs and
underwent palliative radiation to various extracranial
sites. We also tested a recently developed dynamic
mathematical model of RT dose to circulating lympho-
cytes8 using this real-world data.
Methods
Study design

From a multi-institutional database of patients who
received treatment with palliative radiation and a PD-1
inhibitor,6 we identified patients who underwent at least 1
course of extracranial radiation. Patients had at least 1
blood draw within 6 weeks before and after completing
radiation; none received cytotoxic chemotherapy
concurrently. Baseline and nadir absolute lymphocyte
counts (ALCs) were calculated for each radiation course.
Dose-volume histograms from each RT plan were
extracted for the heart, lungs, liver, kidneys, spleen, bone,
and large blood vessels (LBVs) (aorta, inferior vena cava,
and primary branches thereof) near the radiation field
after manual contouring. Based on prior work,6 Common
Terminology Criteria for Adverse Events, version 5.0,
grade ≥3 lymphopenia (ALC <500 cells/mL) was used as
a cutoff.

We calculated the dose to circulating lymphocytes
using a time-dependent whole-body blood flow net-
work.8 The spatiotemporal distribution of blood was
simulated within 28 organs based on blood volumes
and flow rates from International Commission on
Radiological Protection Publication (ICRP) 89.9 Physi-
cal dose distribution received by contoured organs was
calculated from RT plans and used directly in model-
ing, whereas the dose to noncontoured areas was dis-
tributed among other compartments (muscle, skin, fat,
and vasculature) based on treatment site. Various dose
parameters were calculated, including V0.5 and V1
(fraction of lymphocyte volume receiving a low dose
of 0.5 Gy and 1 Gy, respectively) and D2% (dose to
the hottest 2% of lymphocyte volume).
Statistical analyses

Analyses were performed using Stata, version 13.0.
Continuous and categorical data were compared between
groups using Wilcoxon rank sum and Fisher exact tests,
respectively. As done in other work,10 we used Spearman
correlation coefficients to examine associations between
dosimetric parameters and ALC nadirs; parameters with
the most negative correlation were used in further analy-
ses. Logistic regression was used to examine factors asso-
ciated with development of grade ≥3 lymphopenia. To
account for intrapatient correlation (given that some
patients underwent multiple RT courses), a sandwich esti-
mator was used to adjust standard errors. Owing to signif-
icant collinearity, dosimetric factors were analyzed
individually and in combination only with other poten-
tially confounding nondosimetric factors including age,
Eastern Cooperative Oncology Group (ECOG) perfor-
mance status, baseline ALC, serum albumin, and receipt
of prior RT. All P values were 2-sided, and significance
was set at P < .05.
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Table 1 Clinical and radiation details per treatment course.

Characteristic
Lymphopenia grade
≤2 (N = 49)

Lymphopenia grade
≥3 (N = 31) P value

ECOG performance status, n (%)

0-1 38 (78) 21 (68) .44

2-4 11 (22) 10 (32)

Anatomic site, n (%)

Spine 17 (35) 11 (35) .21

Thoracic 10 (20) 11 (35)

Abdominal/pelvic 9 (18) 4 (13)

Neck 6 (12) 0 (0)

Extremity 7 (14) 5 (16)

Modality, n (%)

3D 44 (90) 31 (100) .15

SBRT 5 (10) 0 (0)

Number of fractions, n (%)

≤5 26 (53) 13 (42) .37

≥6 23 (47) 18 (58)

Dose, median (IQR), Gy 27 (20-30) 24 (20-30) .82

Any previous radiation, n (%)

Yes 26 (53) 17 (55) .99

No 23 (47) 14 (45)

ALC at baseline, median (IQR), 109/L 1.18 (0.76-1.47) 0.77 (0.47-0.92) .0003

Albumin at baseline, median (IQR), g/dL 3.5 (3.4-4) 3.5 (3-3.9) .35

Time to nadir ALC measurement, median (IQR), d 16 (5-28) 9 (4-27) .36

Abbreviations: 3D = 3-dimensional; ALC = absolute lymphocyte count; ECOG = Eastern Cooperative Oncology Group; IQR = interquartile range;
SBRT = stereotactic body radiation therapy.
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Results
Fig. 1 Spearman correlation coefficients between dosi-
metric parameters and lymphocyte nadir. *P < .001.
We included 55 patients who underwent 80 radiation
courses in total. The median age at metastatic diagnosis
was 64 years (interquartile range, 54-70 years), and 65%
of the patients were male; 67% had NSCLC, 20% had mel-
anoma, and 13% had RCC. Most patients (62%) under-
went 1 palliative RT course; the remainder underwent 2
to 4 courses. Details per RT course, grouped by develop-
ment of grade ≥3 lymphopenia, are summarized in
Table 1.

Various dosimetric parameters were moderately corre-
lated with the ALC nadir after RT. The most negative cor-
relations were observed at the volume receiving 15 Gy
(V15) for LBVs (rs, −0.37; P = .0008), bone (rs, −0.43; P
<.0001), and the whole body (rs, −0.38; P = .0004)
(Fig. 1). The dose to other organs did not correlate with
ALC nadirs, except for the kidney V5 (rs, −0.32;
P = .004). To confirm these findings, we examined corre-
lations between these dosimetric parameters and the per-
centage change in the ALC from baseline. The V15 for
LBVs (rs, −0.44; P < .0001), bone (rs, −0.40; P = .0004),
and the whole body (rs, −0.40; P = .0004) remained signif-
icantly correlated; the kidney V5 did not (rs, −0.19;
P = .10).
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Subsequently, we analyzed the modeled lymphocyte
dose. Notably, the modeled V0.5 and V1 were heavily
skewed toward high coverage, with 71% of cases hav-
ing V0.5 > 90% and 51% of cases having V1 > 90%
(Fig. E1). Nevertheless, the V0.5, V1, and D2% were
all correlated with both the ALC nadir (rs, −0.27;
P = .02; rs, −0.25; P = .02; and rs, −0.31; P = .005,
respectively) and the percentage ALC change from
baseline (rs, −0.42; P = .0002; rs, −0.44; P < .0001;
and rs, −0.44; P < .0001, respectively).

To adjust for potential nondosimetric confounders,
each dosimetric parameter was examined for associa-
tion with grade ≥3 lymphopenia using logistic regres-
sion (Table 2). The strongest associations in the
adjusted models were seen with the LBV V15 (per 10-
cm3 increase, adjusted odds ratio [OR], 1.16; 95% CI,
1.07-1.26; P < .001) and lymphocyte D2% (per 1-Gy
increase, adjusted OR, 1.45; 95% CI, 1.16-1.82; P <
.001); the planning target volume was not significantly
associated after adjustment. Given the heterogeneous
nature of our patient cohort, we ran additional sensi-
tivity analyses on various subsets, excluding patients
who received a prescription dose of 8 Gy or less, had
a baseline ALC <500 cells/mL, or received any prior
radiation in the preceding 6 months. In each case,
results were consistent with those from the overall
cohort (Table E1).
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In this study, we identified dosimetric correlates of
lymphopenia in a cohort of patients with metastatic
NSCLC, melanoma, or RCC who received ICIs and pallia-
tive radiation therapy. We found that the RT dose to
LBVs, bone, and the whole body were moderately corre-
lated with lymphopenia and that the dose to circulating
lymphocytes, estimated using a novel compartment
model, was also correlated with lymphopenia. These anal-
yses extend our previous work, demonstrating an associa-
tion between lymphopenia and extracranial RT or >5
fraction RT in this population.6

These findings build on previous studies that identi-
fied correlates of RT-induced lymphopenia in specific
indications using primarily single-organ dose-volume
histogram parameters. In a prospective phase 2 study
combining focal liver radiation with a combined PD-
L1/CTLA-4 blockade, increased radiation dose was
correlated with greater declines in circulating lympho-
cytes and activated CD4 and CD8 subsets.11 The vol-
ume of irradiated bone marrow is correlated with
hematologic toxic effects in cervical, anal, and prostate
cancer.12-14 Lymphopenia is associated with long-
course fractionation in pancreatic cancer,15 body dose
in lung cancer,16 and gross tumor volume and lung
V5 in NSCLC.17,18 The current findings add to these
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prior studies by examining the entire estimated dose
distribution to circulating lymphocytes in a real-world
patient cohort encompassing multiple cancer types and
irradiated sites and in the context of combination
immunotherapy and RT. Notably, our results showed
that the correlation between dosimetric parameters
and lymphopenia held independently of tumor loca-
tion and other clinical factors.

We also investigated a recently developed dynamic
model of RT dose to circulating lymphocytes8 to help
conceptualize the immune system as an OAR and
showed its applicability to multiple cancer types and
RT sites. Dynamic blood flow simulations provided
the entire dose distribution to circulating lympho-
cytes, not just an average dose, which showed that a
high dose to circulating lymphocytes (D2%) exhib-
ited stronger correlations with lymphocyte depletion
than the low-dose bath (V0.5 or V1). This goes
beyond correlation to single dosimetric parameters
or static concepts such as the effective dose to
immune cells,19 which give a single dose value that is
closely tied to integral dose and does not factor in
the dynamic nature of radiation delivery. Our model
simulations showed that even for palliative regimens,
>90% of circulating lymphocytes received doses
>1Gy in most patients. Ultimately, this model could
help predict lymphopenia risk across disease types
and irradiation sites, which is known to hinder the
efficacy of ICIs.6

There are several limitations to our analyses. The
retrospective nature and heterogeneity of this cohort
emphasize the need for additional confirmatory stud-
ies. When calculating dosimetric volumes and estimat-
ing perfusion, organs were treated as uniform tissues,
thereby discounting intraorgan heterogeneity (eg, vari-
able bone marrow activity). Although some body parts
likely contribute more to an immune OAR than
others, given the predominant use of 3-dimensional
conformal radiotherapy and the high degree of collin-
earity here among individual dosimetric parameters,
we cannot conclude that diverting the dose from 1
organ to another would necessarily decrease lympho-
penia risk. Finally, RT effects on the tumor microenvi-
ronment and on specific subpopulations of potentially
radioresistant lymphocytes,20 as well as the role of RT-
induced lymphocyte extravasation from circulation
into the tumor microenvironment and peripheral tis-
sues, remain open questions.

These findings provide real-world identification of
dosimetric correlates of lymphopenia in a diverse patient
cohort. Although still hypothesis-generating, the dosimet-
ric factors examined in this study may help guide RT
planning to minimize lymphopenia risk. Additional pro-
spective investigation is necessary to test the effects of
modified RT planning on lymphopenia risk and ulti-
mately on patient outcomes.
Supplementary materials
Supplementary material associated with this article can
be found, in the online version, at doi:10.1016/j.
adro.2021.100880.
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