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Effect of Radiation Treatment Volume Reduction on
Lymphopenia in Patients Receiving Chemoradiotherapy for
Glioblastoma

Soumon Rudra, MD", Caressa Hui, BST, Yuan J. Rao, MD*, Pamela Samson, MD, MPHS",
Alexander J. Lin, MD, PhD", Xiao Chang, PhD", Christina Tsien, MD", Sandra Fergus, BS",
Daniel Mullen, DDS, MS", Deshan Yang, PhD", Dinesh Thotala, PhD", Dennis Hallahan, MD",
Jian Li Campian, MD, PhD*, Jiayi Huang, MD"

*Department of Radiation Oncology, Washington University School of Medicine, St. Louis,
Missouri

*Division of Oncology, Department of Medicine, Washington University School of Medicine, St.
Louis, Missouri

TSaint Louis University School of Medicine, St. Louis, Missouri

Abstract

Purpose: To evaluate whether reduction in glioblastoma radiation treatment volume can reduce
risk of acute severe lymphopenia (ASL).

Methods and Materials: A total of 210 patients with supratentorial/nonmetastatic glioblastoma
were treated with radiation therapy (RT) plus temozolomide from 2007 to 2016 and had laboratory
data on total lymphocyte counts. Before 2015, 164 patients were treated with standard-field

RT (SFRT), and limited-field RT (LFRT) was implemented thereafter for 46 patients to reduce
treatment volume. Total lymphocyte counts were evaluated at baseline, during RT, and at
approximately week 12 from initiating RT. Acute severe lymphopenia was defined as any total
lymphocyte count < 500 cells/uL within 3 months (by week 12) of initiating RT. Multivariate
analysis for overall survival (OS) was performed with Cox regression and with logistic regression
for ASL. Propensity score matching was performed to adjust for variability between cohorts.
Acute severe lymphopenia, progression-free survival (PFS), and OS were compared using the
Kaplan-Meier method.

Results: Limited-field RT patients had higher gross tumor volume than SFRT patients yet lower
brain dose—volume parameters, including volume receiving 25 Gy (V25 Gy: 41% vs 53%,
respectively, A<.01). Total lymphocyte count at week 12 was significantly higher for LFRT than
for SFRT (median: 1100 cells/uL vs 900 cells/pL, respectively, P=.02). On multivariate analysis,
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ASL was an independent predictor of OS, and brain V25 Gy was an independent predictor of
ASL. The ASL rate at 3 months was 15.5% for LFRT and 33.8% for SFRT (P=.12). Ina
propensity-matched comparison of 45 pairs of LFRT and SFRT patients, PFS (median: 5.9 vs 6.2
months, respectively, Z=.58) and OS (median: 16.2 vs 13.9 months, respectively, P=.69) were
not significantly different.

Conclusions: Limited-field RT is associated with less lymphopenia after RT plus temozolomide
and does not adversely affect PFS or OS. Brain V25 Gy is confirmed as an important dosimetric
predictor for ASL.

Summary

Any occurrence of acute grade =3 lymphopenia from chemoradiotherapy for glioblastoma patients
is associated with worse progression-free survival and overall survival. The resulting lymphopenia
is associated with brain volume exposed to moderate dose of radiation. Reduction of radiation
treatment volume to the brain seems to reduce lymphopenia and does not negatively impact
survival.

Introduction

Glioblastoma (GBM) has a poor prognosis despite multimodality treatment (1, 2).

In patients treated with radiation therapy (RT) and concurrent temozolomide (TMZ),
prospective data show that significant treatment-induced lymphopenia can result and is
associated with tumor progression and worse survival (3). Even in elderly patients receiving
a reduced dose of RT, a similar phenomenon has been observed (4). With the emergence of
immunotherapy as the fourth modality of cancer treatment (5, 6), there may be an increasing
need to understand and modulate iatrogenic immunosuppression.

Before the TMZ era, Hughes et al (7) noticed that 24% of GBM patients treated with

RT alone subsequently developed opportunistic infections due to severe lymphopenia with
CD4 count < 200 cells/uL. Radiation fields at that time tended to include large margins

on T1 enhancing tumor as well as T2 abnormality on magnetic resonance imaging, and
plans were delivered with 3-dimensional planning. It was hypothesized that the irradiation
of circulating lymphocytes as blood flowed through the brain might represent a possible
mechanism. Modeling simulation demonstrated that partial-brain irradiation for 30 fractions
could expose the entire blood pool to 0.5 Gy (8), a toxic dose to lymphocytes (9). Radiation
therapy dosimetric parameter of brain V25 Gy (brain volume receiving 25 Gy) has been
previously demonstrated as an independent predictor of acute severe lymphopenia (ASL)
after RT and TMZ (10).

The standard RT of GBM in the United States has traditionally been treating the T1
enhancing mass and T2 abnormality with a generous margin of approximately 2-3 cm to 46
Gy and then boosting the enhancing mass with a 2- to 3-cm margin to 60 Gy (11). However,
many institutions have argued for eliminating using the T2 abnormality for designing the
planning target volume (PTV) for RT and advocated for using a more-limited margin. These
retrospective institutional reports of more limited-field RT have shown comparable patterns
of recurrence and have not resulted in worse outcomes (12-15). Since January 2015, we
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revised our institutional guideline to reduce RT treatment volume for newly diagnosed
GBM. This study evaluates the impact of such volume reduction on treatment-induced
lymphopenia and survival outcomes after chemoradiotherapy.

Methods and Materials

Patient selection

Adult patients older than 18 years with newly diagnosed World Health Organization

grade IV supratentorial/nonmetastatic GBM who received standard fractionated RT of 60
Gy with concurrent TMZ at our institution from January 2007 to December 2016 were
retrospectively reviewed. Eligible patients were required to have total lymphocyte count
(TLC) measurement before RT and at least 1 TLC value within 3 months after initiating RT.
Total lymphocyte count values were recorded using the absolute lymphocyte counts from
the clinical complete blood count panel. For comparison at specific time points, TLC data
were categorized as at baseline (within 4 weeks before RT), week 2, week 6, and week 12
(x2-week window) after initiating RT. The study was conducted with the approval of the
institutional review board.

Radiation therapy

Photon-based RT was delivered with either 3-dimensional conformal RT (3D-CRT) or
intensity modulated radiation therapy (IMRT) technique. Patients were typically simulated
with computed tomography and magnetic resonance imaging for RT planning. Before
January 2015, patients were typically treated using a standard-field RT (SFRT) approach

as outlined in the Radiation Therapy Oncology Group guidelines (11). Briefly, the initial
gross tumor volume (GTV) was defined as T1 enhancement, surgical cavity, and T2
abnormality; the boost GTV was defined as T1 enhancement and surgical cavity only. The
initial and boost GTVs were expanded by approximately 1 to 2 cm to produce the initial and
boost clinical target volumes (CTVs), respectively, while respecting anatomic boundaries.
Planning target volumes were 0.3 to 0.5-cm expansions from the CTVs. Standard-field RT
was delivered using either a sequential boost or concomitant boost technique. For sequential
boost, the initial PTV was treated to 46 Gy in 2-Gy fractions, followed by an additional

of 14 Gy in 2-Gy fractions to the boost PTV. For concomitant boost, the initial PTV was
treated to 54 Gy in 1.8-Gy fractions, whereas the boost PTV was treated to 60 Gy in 2-Gy
fractions. In the cases in which the T2 abnormality was the same as T1 enhancement,
asingle PTV was treated to 60 Gy in 2-Gy fractions. In January 2015 our institution
adopted a limited-field RT (LFRT) approach to treat GBM, whereby the GTV was only
defined as T1 enhancement and surgical cavity without routine inclusion of T2 abnormality
(unless the tumor did not enhance well and the T2 abnormality was thought to reflect

gross tumor by the treating physician). The initial and boost CTVs consisted of 1.5-cm

and 0.5-cm expansions of the GTV, respectively, again respecting anatomic boundaries.
The CTV to PTV expansion was 0.3 to 0.5 cm. The LFRT approach was similar to

the European Organization for Research and Treatment of Cancer guidelines (11), except
with a reduction of treatment volume after 46 Gy for a limited-margin boost field (14).

The SFRT and LFRT volume definitions are summarized in Table E1 (available online at
www.redjournal.org). The initial and boost PTVs of LFRT were uniformly treated with a
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sequential boost technique as above, except their brain V25 Gy parameter was now routinely
minimized using IMRT optimization without sacrificing coverage. Brain (which did not
include brainstem) dose—volume histogram parameter (V10-60 Gy in 5-Gy increments),
GTVs, and PTVs were extracted from archived RT plans using Computational Environment
for Radiotherapy Research software as previously described (16).

Chemotherapy

All patients received concurrent TMZ at a dose of 75 mg/m? given daily during RT.
Adjuvant temozolomide was typically initiated 12 weeks from the start of RT and
administered at a dose of 150-200 mg/m? given over 5 days per 28-day cycle. In the SFRT
cohort only, 25 patients also received additional agents (or placebo) during RT and TMZ,
including bevacizumab/placebo (n = 8), dasatinib/placebo (n = 6), cediranib/placebo (n = 4),
carmustine wafers (n = 3), cilengitide (n = 2), and CT-322 (n = 2).

Statistical analysis

Patient characteristics were compared using either the Mann-Whitney U'test or XZ test
(or Fisher’s exact testing for smaller cell counts) for continuous or categorical variables,
respectively. ASL was defined as any occurrence of TLC < 500 cells/uL within 3 months
(by week-12 time point) of starting RT. ASL, progression-free survival (PFS), and overall
survival (OS) rates between the 2 treatment strategies were calculated using the Kaplan-
Meier method and then compared using log—rank testing. All time to event data were
calculated from the start of RT. Univariate and multivariate analyses to identify predictors
for OS and ASL were performed using Cox regression and logistic regression modeling,
respectively. Variables with £< .10 on univariate analyses were entered in a forward-
conditional manner for multivariate analyses. Linear regression was performed to model the
relationship between brain V25 Gy and 3-month ASL rate.

Propensity score matching without replacement was performed to minimize unbalanced
confounding factors between the SFRT and LFRT cohorts using the nearest-neighbor
technique with a caliper distance of 0.20 of the standard deviation of the logit of the
propensity score. Matching variables included clinical characteristics known to be predictive
of ASL and OS, to minimize the confounding effect. Balance between the propensity-
matched cohorts was performed by comparing standardized mean differences between the
matching variables, to confirm that no standardized mean difference was >0.25 (17-24). The
TLCs and GTVs of the matched cohorts were compared using the Wilcoxon matched-pair
signed rank test. Acute severe lymphopenia rates and survival curves were generated using
the Kaplan-Meier method and compared using log—tank testing.

All tests were 2-sided, and significance was defined as a Pvalue < .05. Statistical analyses
were performed with the Statistical Package for Social Sciences, version 23.0 (IBM SPSS
Statistics, Armonk, NY), with the R propensity matching extension package (R, version
2.15.0, R Foundation for Statistical Computing, Vienna, Austria).
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Two hundred seventeen adult GBM patients were treated with 60 Gy of RT with concurrent
TMZ between 2007 and 2016: 164 before 2015 and 53 thereafter. Seven patients from
2015-2016 were excluded from the analysis because they were treated using SFRT owing
to enrollment to clinical protocols in which T2 abnormalities and larger margins were
mandated. Thus, a total of 210 patients were eligible for the analysis: 164 patients with
SFRT and 46 patients with LFRT.

Age, Karnofsky performance status (KPS), sex, extent of resection (EOR), O8-
methylguanine-DNA-methyltransferase (MGMT) methylation, baseline TLCs, and
dexamethasone use were well balanced between the 2 groups. Limited-field RT had larger
GTVs, lower proportion with unknown MGMT status, and lower proportion treated with
3D-CRT. As expected, the brain dose—volume histogram and initial and boost PTVs
were significantly lower with LFRT (Table 1). As seen in Figure 1A, TLCs at baseline,
week 2, and week 6 were not significantly different between the 2 cohorts, but TLCs at
week 12 were significantly higher for LFRT than for SFRT (median 1100 cells/uL vs 900
cells/uL, respectively, P=.02). As seen in Figure 1B, LFRT also had significantly lower
brain V25 Gy than SFRT (41% vs 53%, P < .01). Limited-field RT had an approximately
50% reduction of ASL rate at 3 months compared with SFRT, though not statistically
significant (15.5% vs 33.8%, 95% confidence interval [CI] 4.3-25.4% vs 23.7-42.5%,
respectively, P=.12; Fig. 2A). Administration of additional agents during RT plus TMZ
was not associated with higher ASL (odds ratio [OR] 0.734, 95% CI 0.261-2.065). However,
given the imbalance of some SFRT patients receiving additional agents during RT plus
TMZ and 3D-CRT, a sensitivity analysis was performed to exclude these patients (n =
51), and a similar difference of ASL rates was observed (Fig. E1; available online at
www.redjournal.org).

After a median follow-up of 15.4 months for all patients and 24.1 months for surviving
patients, median PFS was 6.1 months (95% CI 5.2-7.1 months) for LFRT versus 7.7 months
(95% CI 6.8-8.6 months) for SFRT (P=.18; Fig. 2B), and median OS was 16.2 months
(95% C1 9.5-23.0 months) for LFRT versus 17.1 months (95% CI 14.4-19.8 months) for
SFRT (P=.29; Fig. 2C). As seen in Table 2, Cox regression analyses identified EOR
(hazard ratio [HR] 1.619, 95% CI 1.126-2.327), MGMT methylation (HR 0.469, 95% CI
0.322-0.683), and ASL (HR 1.831, 95% CI 1.196-2.803) as factors independently predictive
for OS. Notably, TLC < 500 cells/uL (grade 3 or higher lymphopenia) at week 6 or 12
lacked statistically significant association with OS. Patients with ASL had significantly
worse PFS and OS than those without ASL: median PFS of 6.4 months (95% CI 5.0-7.9
months) versus 7.7 months (95% CI 6.7-8.7 months, P=.01), respectively (Fig. E2A,
available online at www.redjournal.org); median OS of 10.8 months (95% CI 9.7-12.0
months) versus 18.1 months (95% CI 16.1-20.0 months, P< .01), respectively (Fig. E2B;
available online at www.redjournal.org). In Table 3, logistic regression analyses identified
older age (OR 1.091, 95% CI 1.047-1.137), female sex (OR 2.901, 95% CI 1. 391-6.047),
and higher brain V25 Gy (OR 1.048, 95% CI 1.022-1.074) as independent predictors for
ASL. Notably, dexamethasone use at baseline lacked statistically significant association with
ASL on multivariate analysis (Table 3). A dose—response curve also demonstrated that the
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risk of ASL increased linearly with higher brain V25 Gy in our cohort (Fig. 3A). As seenin
Figure 3B, V25 Gy < 40% was associated with significantly lower ASL rate (12.6%, 95% CI
3.4-21.0%) than V25 Gy > 40% (35.7%, 95% CI 25.4-44.6%, P=.01).

To reduce unbalanced confounders between LFRT and SFRT, a matched cohort was created
using 1:1 propensity score matching with the following variables: age, KPS, sex, EOR,
MGMT methylation status, and baseline TLC. Gross tumor volume was not included
because its wide variation limited its applicability for matching, but the matched cohort
resulted in comparable GTVs between SFRT and LFRT (36.6 cm?3 vs 45.6 cm3, respectively,
P=.11). Of note, although RT technique was not used as a matching variable owing

to its nonsignificant association with ASL or OS, the matched cohort only contained 1
SFRT patient who received 3D-CRT. Baseline characteristics for the matched cohort of 45
pairs were well balanced (Table E2; available online at www.redjournal.org). The TLCs at
baseline, week 2, and week 6 were not significantly different between the matched cohorts,
but TLCs at week 12 were borderline significant (median 1100 cells/uL for LFRT vs 1000
cells/uL for SFRT, P=.06). Acute severe lymphopenia rate at 3 months for LFRT (15.9%,
95% ClI 4.4-26.0%) was again lower but not statistically significantly different than matched
SFRT (29.2%, 95% CI 13.3-41.3%, P=.28; Fig. 2D). As seen in Figs. 2E and 2F, matched
LFRT did not have significantly different PFS than matched SFRT (median 5.9 vs 6.2
months, 95% CI 5.0-6.9 months vs 5.3-7.1 months, respectively, £=.58) nor OS (median
16.2 vs 13.9 months, 95% CI 9.4-23.0 months vs 11.5-16.3 months, respectively, = .69).

Discussion

Our study demonstrates that reducing treatment volumes using LFRT for newly diagnosed
GBM receiving concurrent TMZ may lead to reduced treatment-induced lymphopenia. This
study also confirms that ASL (more so than grade 3 or higher lymphopenia at week 6 or
12) is independently associated with OS and that brain V25 Gy is a significant dosimetric
predictor for ASL. Importantly, reduction of treatment volume with LFRT does not seem to
impact PFS or OS negatively.

The present study confirms and builds on some of the previous findings on treatment-
induced lymphopenia in GBM. Investigators previously analyzed 183 grade 3/4 glioma
patients treated with RT (ranging between 54 Gy and 66 Gy) and TMZ from 2007-2012.
They showed female sex, older age, lower baseline TLC, and higher brain V25 Gy as the
most significant predictors for ASL (10). With a more homogeneous population of only
GBM patients and standard RT dose of 60 Gy, we again confirmed brain V25 Gy as the most
significant dosimetric predictor of ASL. Unlike the other previously significant variables,
baseline TLC did not meet the significance threshold in the multivariate analysis, which
may be due to less frequent ASL in the present study. Importantly, this study provides
evidence to support the previous hypothesis that reduction of brain V25 Gy may reduce
treatment-induced lymphopenia. Grossman et al (3) previously demonstrated that grade 3
lymphopenia at approximately 2 months from the start of RT was independently associated
with OS. Although this study confirms a significant association between treatment-induced
lymphopenia and OS, it also suggests the occurrence of grade 3 lymphopenia at any time

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 August 13.
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within the 3-month window (rather than its absence or presence at month 2 or 3) may be a
more robust indicator.

Our finding that LFRT did not result in worse PFS and OS is reassuring and is consistent
with previous retrospective studies. In the pre-TMZ era, Chang et al (12) illustrated that
patterns of failure in GBM patients did not differ if the T2 abnormality was not intentionally
used to generate CTVs. Subsequently, Paulsson et al (15) reported on survival outcomes in
GBM patients (mostly treated with TMZ-based chemoradiotherapy) using a range of CTV
expansions (5-20 mm) and noted no significant differences in survival with reduced CTV
margins. The 2016 American Society for Radiation Oncology clinical practice guideline for
GBM reports considerable variability in CTV margin size among cooperative groups, with
the American Brain Tumor Consortium recommending margins of 5 mm for both initial
and boost CTVs (11). Our data confirm that CTV margin reduction and elimination of
routine inclusion of T2 abnormality not only do not result in worse PFS/OS but also may
reduce treatment-induced lymphopenia. Given the dismal prognosis of GBM with standard
chemoradiotherapy and increasing trend to incorporate immunotherapy or targeted agents,
standardization and adoption of a more limited-field approach to irradiate GBM should be
revisited.

Given the strong association between ASL and OS, the lack of improved PFS/OS with
reduction of ASL after LFRT is slightly counter-intuitive. The nonsignificant difference of
PFS/OS between SFRT and LFRT may be due to limited sample size, which may also
explain the lack of statistical significance for ASL rates despite large observed difference.
Another possibility may be that ASL is a surrogate rather than a cause for decreased PFS
or OS. In the multivariate analysis for OS (Table 2), ASL seemed to replace age and KPS
as a prognostic factor for OS, suggesting ASL may be a surrogate for the patient’s overall
health status. Interestingly, Campian et al (25) previously performed a feasibility study

to administer lymphocyte reinfusion after completion of chemoradiotherapy but failed to
reverse lymphopenia as compared with matched historical controls. Clinical trials to test
other methods to manage treatment-related lymphopenia in GBM, such as interleukin-7
(NCT02659800) are currently under investigation and will shed further insight on whether
treatment of ASL may affect OS.

Currently, the mechanism behind treatment-induced lymphopenia is unclear. Yovino et al
(8) previously modeled the effect of RT field for GBM and the direct radiation dose to
circulating lymphocytes. This model explains why the brain V25 Gy correlates with ASL
and why reduction of treatment volume can reduce ASL in our study. Investigators of other
disease sites have noted similar correlations between RT volume and lymphopenia (26).
However, lymphopenia can persevere for many months in GBM patients after completion
of partial-brain RT without significant radiation exposure to much of the lymphoid organs
or bone marrow. This indicates that exposure of circulating lymphocytes to RT is not the
sole mechanism of lymphopenia. Preclinical studies have demonstrated that RT can have
indirect consequences on circulating lymphocytes. Kapoor et al (27) found that ex vivo
irradiation of a small proportion of blood and reinfusion into mice can cause a drastic
reduction in systemic lymphocyte count, which can be reversed with autologous stem cell

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 August 13.
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transplantation. Our group is currently conducting additional translational research to further
explore the underlying mechanisms.

Limitations of this study stem from the retrospective nature of its design. Without
prospective randomization, the SFRT and LFRT cohorts may have unadjusted or unknown
confounders that may not be completely accounted for by multivariate analysis or propensity
score matching. For example, LFRT is more recent with more uniform treatment design and
may also derive benefit from improved general medical care over time. A small percentage
of SFRT patients received additional systemic agents during RT plus TMZ or were treated
with 3D-CRT instead of IMRT, but these factors did not significantly impact ASL (Table

3 and Fig. E1; available online at www.redjournal.org). Although steroid exposure might
play a confounding effect on lymphopenia, our analysis showed that baseline steroid use
(either as a continuous variable or a binary variable with 4 mg/d as a cut-off) was not
significantly different between the SFRT and LFRT cohorts (Table 1). Furthermore, baseline
steroid use did not seem to correlate with ASL when accounting for other clinical factors
(Table 3), which is consistent with prior data (3, 10). Limited-field RT has fewer patients
and more limited follow-up, so lack of statistical difference for ASL and survival outcomes
may be the result of under-powered sample size. Thus, the findings of this study should

be considered hypothesis-generating, and more extensive prospective studies should be
considered to determine whether treatment reduction of GBM may lead to improvement in
ASL and survival.

Conclusion

This study adds to the growing body of literature evaluating the relationship between
RT and treatment-induced lymphopenia in GBM patients. In particular, V25 Gy of the
brain is an independent predictor for ASL in GBM patients receiving 60 Gy of RT with
concurrent TMZ, and reduction of brain volume irradiated may lead to less treatment-
induced lymphopenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(A) Box and whisker plot illustrating median and quartile distribution of total lymphocyte
counts for standard-field radiation therapy (SFRT) and limited-field radiation therapy
(LFRT) patients at baseline, week 2, week 6, and week 12. (B) Box and whisker plot
illustrating median and quartile distribution of brain V25 Gy (brain volume receiving 25 Gy)
for standard-field radiation therapy and limited-field radiation therapy patients.
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Fig. 2.

(A?) Acute severe lymphopenia (ASL) rate of glioblastoma (GBM) patients treated with
standard-field radiation therapy (SFRT) and limited-field radiation therapy (LFRT). (B)
Progression-free survival of GBM patients treated with SFRT and LFRT. (C) Overall
survival of GBM patients treated with SFRT and LFRT. (D) Acute severe lymphopenia

rate of propensity-matched patients treated with SFRT and LFRT. (E) Progression-free
survival of propensity-matched patients treated with SFRT and LFRT. (F) Overall survival of
propensity-matched patients treated with SFRT and LFRT.
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Fig. 3.

(A) Dose—response plot of brain V25 Gy (brain volume receiving 25 Gy) and 3-month
acute severe lymphopenia (ASL) rate. Number above each data point denotes the sample
size of that dose range. Linear regression equation estimates the risk of ASL for any
given brain V25 Gy. (B) ASL rate stratified by V25 Gy greater than or less than 40%.
Abbreviation: RT = radiation therapy.
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