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Proton therapy reduces the likelihood of high-grade 
radiation-induced lymphopenia in glioblastoma patients: 
phase II randomized study of protons vs photons
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Abstract
Background. We investigated differences in radiation-induced grade 3+ lymphopenia (G3+L), defined as an abso-
lute lymphocyte count (ALC) nadir of <500 cells/µL, after proton therapy (PT) or X-ray (photon) therapy (XRT) for 
patients with glioblastoma (GBM).
Methods. Patients enrolled in a randomized phase II trial received PT (n = 28) or XRT (n = 56) concomitantly with 
temozolomide. ALC was measured before, weekly during, and within 1  month after radiotherapy. Whole-brain 
mean dose (WBMD) and brain dose-volume indices were extracted from planned dose distributions. Univariate 
and multivariate logistic regression analyses were used to identify independent predictive variables. The resulting 
model was evaluated using receiver operating characteristic (ROC) curve analysis.
Results. Rates of G3+L were lower in men (7/47 [15%]) versus women (19/37 [51%]) (P < 0.001), and for PT (4/28 [14%]) 
versus XRT (22/56 [39%]) (P = 0.024). G3+L was significantly associated with baseline ALC, WBMD, and brain volumes 
receiving 5‒40 Gy(relative biological effectiveness [RBE]) or higher (ie, V5 through V40). Stepwise multivariate logistic re-
gression analysis identified being female (odds ratio [OR] 6.2, 95% confidence interval [CI]: 1.95‒22.4, P = 0.003), baseline 
ALC (OR 0.18, 95% CI: 0.05‒0.51, P = 0.003), and whole-brain V20 (OR 1.07, 95% CI: 1.03‒1.13, P = 0.002) as the strongest 
predictors. ROC analysis yielded an area under the curve of 0.86 (95% CI: 0.79–0.94) for the final G3+L prediction model.
Conclusions. Sex, baseline ALC, and whole-brain V20 were the strongest predictors of G3+L for patients with GBM 
treated with radiation and temozolomide. PT reduced brain volumes receiving low and intermediate doses and, 
consequently, reduced G3+L.

Key Points

1.  Protons, versus photons, reduce irradiated brain volumes and thus severe lymphopenia.

2.  Patients with low baseline lymphocyte counts and women are at high risk.

3.  GBM patients at high risk of severe lymphopenia could benefit from proton therapy.
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Glioblastoma (GBM) is the most common and aggressive 
primary brain tumor among adults. The median survival 
time after standard X-ray (photon) radiotherapy (XRT) and 
concurrent and adjuvant temozolomide (TMZ) is approx-
imately 15  months. Radiotherapy, with or without che-
motherapy, has been associated with radiation-induced 
lymphopenia (RIL) in patients with numerous tumor types, 
including GBM.1–9 High-grade RIL has been associated 
with reduced overall survival,3,6,8,10–14 increased risk of re-
currence,15,16 reduced response rates,17 and possibly op-
portunistic infections. Such consequences extend across 
cancer types, including gliomas, breast, pancreas, lung, 
hepatocellular, head and neck, esophageal, cervical, and 
bladder cancers.7,9,14,18–23

The incidence and severity of RIL are associated with 
several baseline and dosimetric factors, such as treatment 
duration (number of fractions), target volume size, age, 
baseline absolute lymphocyte count (ALC), body mass 
index (BMI), and, more recently, treatment modality (ie, 
protons vs photons). In a previous study of patients with 
esophageal cancer receiving concurrent chemotherapy 
and either intensity-modulated (photon) radiotherapy 
(IMRT) or passively scattered proton therapy (PSPT), 
35% of patients had Common Terminology Criteria for 
Adverse Events v4 (CTCAE) grade 4 RIL, which was as-
sociated with both disease-specific and overall sur-
vival.23 Patients treated with protons had 70% lower rates 
of grade 4 RIL compared with those treated with IMRT. 
This and other reports comparing lymphopenia among 
patients receiving protons versus photons9,23–27 suggest 
that protons, because of the compact nature of their 
dose distributions, could spare the lymphocyte-bearing 
tissues to a greater degree and, therefore, reduce the 
risk of severe lymphopenia and potentially improve dis-
ease outcomes. (See the Supplementary Figure 1 for an 
explanation.)

Grossman et  al7 studied immunosuppression in pa-
tients treated for high-grade glioma with XRT and TMZ 
and found reductions in CD4 counts to be common, 
treatment related, long-lasting, and associated with 
early death from tumor progression. In a separate study, 
Huang et  al28 reported that being female, being older, 
having lower baseline ALC, and having higher brain 
volume receiving ≥25 Gy were significant predictors of 
acute severe lymphopenia (ASL) during radiotherapy 
plus TMZ. In this study, we use the term “G3+L” instead 

of ASL, defining it as an ALC nadir of <500 cells/µL, and 
investigated its association with baseline patient-specific 
and dosimetric factors and treatment modality (ie, pro-
tons or photons) for GBM patients treated on a random-
ized phase II trial.

Materials and Methods 

Patients and Treatment

Patients selected for this retrospective analysis had been 
enrolled in a randomized phase II GBM trial of proton 
versus photon therapy (NCT01854554, Glioblastoma 
Multiforme Proton vs Intensity-Modulated Radiotherapy) 
and treated from March 2014 through March 2016. The trial 
was approved by The MD Anderson Cancer Center institu-
tional review board, and all patients had provided written 
informed consent before enrollment. Inclusion criteria in-
cluded histologically confirmed GBM and age >18 years. 
All patients received the prescribed regimen of concur-
rent and adjuvant TMZ, with standard dose modifications 
determined at the discretion of the treating medical on-
cologists. The primary objective of the trial was to inves-
tigate differences in time to cognitive failure between 
protons and photons. The manuscript describing the 
analysis of the primary outcomes is in preparation. The 
inclusion criteria for the present retrospective analysis in-
cluded having at least 4 documented weekly ALC meas-
urements, specifically at baseline (before treatment), at 
least twice during treatment, and at approximately one 
month after treatment. For radiation treatment planning, 
the gross tumor volume (GTV) was defined as tumor 
cavity and any T1 tumor enhancement. The clinical target 
volume (CTV) included the GTV + a 2 cm margin custom-
ized to include fluid attenuated inversion recovery en-
hancement (if considered by the radiation oncologist to 
be tumor) and excluded bone, fascia, and other anatomic 
barriers. Planning target volume (PTV) included a PTV-50 
composed of CTV + a 3‒5 mm expansion treated to 50 
Gy(RBE) and a PTV-60 composed of GTV + a 3‒5 mm ex-
pansion treated to 60 Gy(RBE) in 30 fractions. Because 
of the greater sensitivity of proton dose distributions 
to positioning and proton range uncertainties, the vol-
umes used for planning proton treatments are different 

Importance of the Study

Severe radiation-induced lymphopenia (RIL) is associ-
ated with reduced survival in GBM and other forms of 
cancer. Lymphocytes are highly radiosensitive. Proton 
therapy, because of the unique dosimetric characteris-
tics of protons, can considerably reduce the volumes of 
tissues receiving low and intermediate radiation doses, 
thereby substantially sparing lymphocytes. Here we 
compared RIL among GBM patients given protons or 
photons and investigated associations between severe 

RIL and dosimetric and patient-specific factors. We de-
veloped a predictive model of severe RIL for patients 
with GBM treated with radiotherapy plus temozolomide 
and found that female patients and those with low base-
line lymphocyte counts are at high risk of severe RIL. 
This model may be useful for identifying patients at high 
risk of RIL who could benefit from proton therapy, and 
such models could also be incorporated into the optimi-
zation of treatment plans to mitigate RIL.

https://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
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from those for photons. Nevertheless, for consistency, 
the PTVs used for the analyses and intercomparisons 
of proton and photon data were defined identically. The 
“simultaneous integrated boost” technique was used to 
deliver different prescribed doses to both the PTVs. In 
this paper we use units of Gy(relative biological effective-
ness [RBE]); for protons, the RBE is assumed to be 1.1, 
whereas for photons, the RBE by definition is 1. A  total 
of 89 patients met the inclusion criteria; however, 5 were 
excluded for having received mixed proton and photon 
treatments.

Lymphopenia was graded according to the CTCAE v4.0 
as grade 0 (greater than or equal to the lower limit of 
normal [LLN]), grade 1 (lower than the LLN to ≥0.8 × 109 
cells/L), grade 2 (<0.8 to ≥0.5 × 109 cells/L), grade 3 (<0.5 to 
≥0.2 × 109 cells/L), and grade 4 (<0.2 × 109 cells/L), all nadir 
values.29 The time frame for assessing G3+L was defined as 
from the start of to 1 month after the completion of radia-
tion therapy.

Photon treatment plans were produced with a Pinnacle 
system (Philips Radiation Oncology Systems), whereas 
proton treatment plans were produced with an Eclipse 
system (Varian Medical Systems). Planning target volumes 
(PTV-50 and PTV-60), the WBMD, and the whole-brain vol-
umes receiving 5, 10, 15, . . . 50 Gy(RBE) or higher (denoted 
as V5 through V50) were extracted from the treatment 
plans.

Correlative Studies and Statistical Analyses

The primary endpoint for this retrospective analysis was 
G3+L. Patient-specific baseline characteristics including 
age, sex, body mass index (as surrogate for total blood 
volume), baseline ALC, baseline white blood cell count, re-
ceipt of steroids before radiation, tumor location, GTV, CTV, 
PTV-50 and PTV-60; and treatment-related factors and dosi-
metric factors including radiation modality, WBMD, and V5, 
V10, V15, . . . , V50 were evaluated using standard descrip-
tive statistics with mean and standard deviation for con-
tinuous variables and with frequency and proportions for 
categorical variables. The Wilcoxon rank-sum test was used 
to examine differences in continuous variables between 
patient-characteristic groups as well as between radiation 
modalities. Associations between categorical variables 
were assessed using chi-squared or Fisher’s exact tests, as 
appropriate. Correlation analysis was performed with the 
Spearman method. Univariate logistic regression analysis 
was used to provide odds ratios (ORs) with corresponding 
95% confidence intervals (CIs) for investigating the associ-
ation of a variable with lymphopenia. Stepwise logistic re-
gression multivariate analysis (MVA) was then performed 
to determine the most significant predictors from the can-
didate set of univariate analysis variables. Ten-fold cross-
validation was carried out to evaluate the robustness of the 
MVA prediction model. The receiver operating character-
istic (ROC) curve analysis, which summarized G3+L clas-
sification accuracy with the area under the curve (AUC), 
was used to assess the performance of the final prediction 
model. P-values less than 0.05 were considered to indicate 
statistical significance. All statistical analyses were done 
with R v3.4.0.

Results

Of the 84 patients enrolled in the study, 47 were men and 
37 women; 28 received protons (20 intensity-modulated 
proton therapy [IMPT], 5 PSPT, and 3 a combination of 
IMPT and PSPT), and 56 received photons (IMRT or vol-
umetric modulated arc therapy) (Table 1). The imbalance 
in patient numbers between the proton and photon arms 
was due primarily to the denial of insurance coverage 
for proton therapy. The randomized trial (the source of 
patient data for this study) was powered to study differ-
ences in cognition. Because this was a phase II trial, en-
rollment continued until sufficient numbers of patients 
were in the proton arm. Descriptive statistics indicated 
that sex, baseline ALC, treatment modality, receipt of ster-
oids before radiation, WBMD, and whole-brain V5 through 
V40 were significantly associated with G3+L. (See also 
Supplementary Figure 2.) A total of 26 patients developed 
G3+L, 4 of whom (14%) were treated with protons and 22 
(39%) with photons. Nineteen of 37 women (51%) and 7 of 
47 men (15%) developed G3+L (P < 0.001). Baseline ALC 
values (mean ±  (SD)) were 1.3 ± 0.6 × 103/µL among pa-
tients who developed G3+L versus 1.7 ± 0.5 × 103/µL (P < 
0.001) among those who did not. The incidence of G3+L 
among patients treated with photons was significantly 
higher than that for patients treated with protons. Mean 
WBMD was 28.1 ± 6.3 Gy(RBE) for patients with G3+L and 
23.2 ± 6.5 Gy(RBE) for those without (P = 0.001). Brain vol-
umes V5 through V40 were all associated with G3+L. Of 
the 41 patients who received pretreatment steroids, 18 
(44%) developed G3+L, as opposed to 8 (19%) of 43 who 
did not (P = 0.009). However, pretreatment steroids were 
found to influence the baseline ALC (mean 1.47 × 103/µL 
with steroids vs 1.69 × 103/µL without steroids, P = 0.042; 
Supplementary Figure 3). Other factors listed in Table  1 
were not significantly different between patients with or 
without G3+L.

Table  2 summarizes baseline and dosimetric charac-
teristics of the study population grouped according to 
treatment modality (protons or photons). Baseline char-
acteristics were generally well balanced between the 2 
groups, whereas the dosimetric characteristics generally 
tended to favor protons. Although the mean baseline ALC 
values between the proton and photon groups were not 
significantly different (1.54 vs 1.6 × 103/µL, P = 0.675), the 
mean ALC nadir was significantly higher for the proton 
group than for the photon group (0.86 vs 0.69  ×  103/µL, 
P = 0.018; Supplementary Figure 4).

The WBMD and brain V5‒V40 were significantly lower 
for the proton group than for the photon group, but the 
volumes at higher doses were not significantly different. 
Treatment modality and irradiated volumes were found to 
correlate with each other (Fig. 1). In general, irradiated vol-
umes are expected to be smaller for proton therapy (as ex-
plained in Supplementary Figure 1); however, depending 
on the PTV size, anatomy, and beam configurations, a 
subset of patients treated with photons may also have 
small irradiated volumes, and the reverse may be true for 
protons. The larger low- and intermediate-dose bath from 
photons may be responsible for the greater depletion of 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
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highly radiosensitive lymphocytes in the photon versus 
proton groups.

Results of the univariate and multivariate logistic re-
gression analyses are shown in Table 3. Variables found 
to be significant in univariate analyses were sex, base-
line ALC, treatment modality, steroids before treatment, 
WBMD, and whole-brain V5–V40. In MVA, stepwise 
elimination during the model development identified 
the strongest predictors of G3+L to be sex, baseline 
ALC, and whole-brain V20. Notably, however, the treat-
ment modality and steroids were absent from the final 
model. The absence of modality may reflect the strong 

correlation between irradiated volumes and treat-
ment modality (see Fig. 1). An MVA that omitted irradi-
ated volumes resulted in the treatment modality being 
among the strongest predictors (Supplementary Table 
1). Interactions between whole-brain dosimetric vari-
ables and the modality were tested in logistic regression 
analyses. Although the study showed the relative predic-
tive strength to be different among different whole-brain 
dosimetric variables versus modality, the results of 
analysis were not statistically significant. For example, 
the interaction between V20 and modality resulted in 
OR  0.95, 95% CI: 0.82‒1.06, P  =  0.373 (Supplementary 

  
Table 1 Baseline and dosimetric characteristics grouped according to the occurrence of grade 3+ lymphopenia* 

Characteristic Total (n = 84) G0–2L (n = 58) G3+L (n = 26) P value

Sex (%)    <0.001*

 Male 47 (56.0) 40 (69.0) 7 (26.9)  

 Female 37 (44.0) 18 (31.0) 19 (73.1)  

Age , mean (SD) 52.6 (12.4) 52.7 (11.7) 52.3 (13.9) 0.892

BMI, mean (SD) 28.3 (7.5) 29.3 (8.3) 26.2 (4.8) 0.077

GTV, mean (SD) 47.0 (35.3) 43.9 (35.7) 53.7 (34.2) 0.240

CTV, mean (SD) 231.1 (93.5) 221.7 (91.7) 252.1 (95.8) 0.167

PTV-50, mean (SD) 331.4 (125.2) 317.9 (122.7) 361.4 (128.0) 0.139

PTV-60, mean (SD) 91.6 (65.7) 87.3 (69.9) 101.0 (55.4) 0.378

Baseline ALC, mean (SD) 1.6 (0.6) 1.7 (0.5) 1.3 (0.6) <0.001*

Baseline WBC, mean (SD) 8.5 (3.8) 8.2 (3.8) 9.1 (3.8) 0.332

Modality (%)    0.024*

 Protons 28 (33.3) 24 (41.4) 4 (15.4)  

 Photons 56 (66.7) 34 (58.6) 22 (84.6)  

Pre-radiation steroids    0.023*

 No 43 (51.2) 35 (60.3) 8 (30.8)  

 Yes 41 (48.8) 23 (39.7) 18 (69.2)  

Location (%)    0.916

 Left 37 (44.0) 25 (43.1) 12 (46.2)  

 Right 44 (52.4) 31 (53.4) 13 (50.0)  

 Bilateral 3 (3.6) 2 (3.4) 1 (3.8)  

Whole Brain DVH, mean (SD)    

 Mean, Gy(RBE) 24.7 (6.8) 23.2 (6.5) 28.1 (6.3) 0.001*

  V5 (%) 76.8 (21.1) 72.8 (22.2) 85.6 (15.5) 0.008*

  V10 (%) 68 (20.3) 63.4 (20.4) 78.2 (16.2) 0.001*

  V15 (%) 58 (18.1) 54.1 (17.6) 66.8 (16.2) 0.002*

  V20 (%) 48.2 (15.2) 44.7 (14.1) 56.1 (14.9) <0.001*

  V25 (%) 40.9 (12.8) 38.3 (11.8) 46.7 (13.2) 0.004*

  V30 (%) 35.7 (11.1) 33.6 (10.3) 40.3 (11.8) 0.009*

  V40 (%) 29 (9.6) 27.5 (8.9) 32.3 (10.3) 0.028*

 V50 (%) 22.1 (8.2) 21 (7.2) 24.6 (9.7) 0.064

*Quantities in parentheses are standard deviations for continuous variable and percentage of patients for categorical variables. Asterisks denote 
statistically significant parameters
Abbreviations: G0–2L, grade 0‒2 lymphopenia; G3+L, grade 3+ lymphopenia; BMI, body mass index; GTV, gross tumor volume; CTV, clinical target 
volume; PTV-50 and PTV-60, planning target volumes receiving higher than 50 and 60 Gy respectively; ALC: absolute lymphocyte count; WBC, white 
blood cells count (in units of 100 cells per liter); DVH, dose-volume histogram; V5, V10, . . . , brain volumes receiving greater than 5, 10, . . . Gy(RBE) 
dose.

  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
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Table 2). Therefore, interaction terms were not included 
in multivariable regression modeling.

A Pearson correlation matrix showing correlations be-
tween G3+L versus treatment modality and irradiated vol-
umes is displayed in Fig. 1. The treatment modality, WBMD, 
and the irradiated volumes from V5 to V30 were associated 
with G3+L, although the association with V20 was slightly 
stronger. At the same time, the irradiated volumes, espe-
cially at the lower end, depended on the treatment mo-
dality. Moreover, as might be expected, the irradiated 
volumes were strongly interdependent; for example, if a 
treatment design had a larger V20, then generally other vol-
umes, especially neighboring ones, would also be larger.

In addition to the association between radiation mo-
dality and G3+L, we investigated the effect of protons 
versus photons on changes in lymphocyte counts over 
time and the percent change in ALCs from the baseline 
to nadir (Δ-ALC; Fig. 2). Regarding changes in mean ALCs 
over time relative to baseline (Fig. 2A), the mean values at 
baseline were essentially the same between protons and 
photons (see also Table 2 and Supplementary Figure 4), 
but the ALCs in patients treated with photons declined by 
a larger magnitude by the end of the treatment course. 
ALC values in both treatment groups recovered at ap-
proximately the same rate after treatment. Interestingly, 
the ALC values actually increased (over baseline levels) 

  
Table 2 Baseline and dosimetric characteristics grouped according to treatment modality*

Characteristic Total (n = 84) Protons (n = 28) Photons (n = 56) P-value

Sex, n (%)    1

 Male 47 (56.0) 16 (57.1) 31 (55.4)  

 Female 37 (44.0) 12 (42.9) 25 (44.6)  

Age, mean (SD) 52.6 (12.4) 55.1 (10.7) 51.3 (13) 0.177

BMI, mean (SD) 28.3 (7.5) 30 (8.6) 27.5 (6.8) 0.139

GTV, mean (SD) 47.0 (35.3) 41.7 (28.1) 49.6 (38.4) 0.339

CTV, mean (SD) 231.1 (93.5) 215.1 (83.0) 239.2 (98.0) 0.264

PTV-50, mean (SD) 331.4 (125.2) 295.4 (96.1) 349.4 (134.7) 0.058

PTV-60, mean (SD) 91.6 (65.7) 74.0 (41.0) 100.4 (73.9) 0.079

Baseline ALC, mean (SD) 1.6 (0.6) 1.5 (0.6) 1.6 (0.6) 0.675

Baseline WBC, mean (SD) 8.5 (3.8) 8.2 (4.2) 8.6 (3.6) 0.663

G3+L, n (%)    0.024*

 No 58 (69.0) 24 (85.7) 34 (60.7)  

 Yes 26 (31.0) 4 (14.3) 22 (39.3)  

Location, n (%)    0.916

 Left 37 (44.0) 13 (46.4) 24 (42.9)  

 Right 44 (52.4) 14 (50.0) 30 (53.6)  

 Bilateral 3 (3.6) 1 (3.6) 2 (3.6)  

Preradiation steroids    1

 No 43 (51.2) 14 (50.0) 29 (51.8)  

 Yes 41 (48.8) 14 (50.0) 27 (48.2)  

Whole brain DVH, mean (SD)     

 Mean, Gy(RBE) 24.7 (6.8) 20.1 (5.7) 27.0 (6.1) <0.001*

  V5 (%) 76.8 (21.1) 51.9 (13.3) 89.2 (10.8) <0.001*

  V10 (%) 68 (20.3) 46.2 (13) 78.9 (13.3) <0.001*

  V15 (%) 58 (18.1) 42 (12.7) 66.1 (14.8) <0.001*

  V20 (%) 48.2 (15.2) 37.4 (11) 53.6 (14.2) <0.001*

  V25 (%) 40.9 (12.8) 35.3 (10.7) 43.8 (13) 0.003*

  V30 (%) 35.7 (11.1) 32.5 (9.9) 37.3 (11.5) 0.059

  V40 (%) 29 (9.6) 27.6 (8.9) 29.7 (9.9) 0.363

  V50 (%) 22.1 (8.2) 21.1 (7.2) 22.6 (8.6) 0.410

Abbreviations: BMI, body mass index; GTV, gross tumor volume; CTV, clinical target volume; PTV-50 and PTV-60, planning target volumes receiving 
higher than 50 and 60 Gy respectively; ALC: absolute lymphocyte count; WBC, white blood cells count (in units of 100 cells per liter); G3+L, grade 3+ 
lymphopenia; DVH, dose-volume histogram; V5, V10, . . . , brain volumes receiving greater than 5, 10, . . . Gy(RBE) dose.

  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa182#supplementary-data
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at week 1, and the change seemed to be higher for pro-
tons than for photons (Supplementary Figure 5). Percent 
change in ALCs relative to baseline remained positive at 
weeks 1 and 2 for protons and photons and then started 
becoming negative. The association between the per-
centage change from baseline ALC to ALC nadir (ie, the 
Δ-ALC) with PTV is shown in Fig. 2B, and between Δ-ALC 
and treatment modality in Fig. 2C. Representing the data 
in terms of Δ-ALC reduced the influence of interpatient 
variations in baseline ALC and revealed the significance 
of independent variables.

Results from the multivariate logistic regression anal-
ysis (Table 3) indicated that being female (OR 6.2, 95% 
CI: 1.95‒22.4, P = 0.003), baseline ALC (OR 0.18, 95% CI: 
0.05‒0.51, P = 0.003), and whole-brain V20 (OR 1.07, 95% 
CI: 1.03‒1.13, P = 0.002) were the most significant model 
predictors of G3+L. Validation tests of the final predic-
tive model are shown in Fig. 3. The AUC value of the ROC 
analysis was found to be 0.86 (Fig. 3A). The AUC for the 
corresponding ROC analysis excluding irradiated vol-
umes (Supplementary Figure 6), which led to modality 
being a strong predictor, was similar. The probability of 
G3+L risk predicted by the model as a function of whole-
brain V20 for men and women, with shaded regions cor-
responding to ranges of baseline ALC values within 1 
(SD) from the mean, is shown in Fig. 3B. The G3+L risk as 
a function of baseline ALC value for protons and photons 
for men versus women is shown in Fig. 3C.

Discussion

We sought here to determine whether proton therapy, 
with its compact dose distribution patterns, would afford 
greater sparing of the immune system, and correspond-
ingly lower incidence of high-grade lymphopenia, among 
patients with GBM relative to those treated with conven-
tional (X-ray) radiation.

This retrospective analysis of data collected prospec-
tively from a randomized phase II trial focused on rates of 
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with lower dose volumes but the association weakens as the dose 
increases. V20 is associated to varying degrees with all other vol-
umes. In other words, if V20 is larger, then other volumes would 
be as well.
  

  
Table 3 Univariate and multivariable logistic regression analyses to 
determine associations with G3+L

 Univariate Regression Analysis

Variable OR (95% CI) P-value

Sex (Female) 6.03 (2.24–17.89)  0.001*

Age 1.00 (0.96–1.04) 0.89

BMI 0.92 (0.84–1.00) 0.084

GTV 1.01 (0.99–1.02) 0.246

CTV 1.00 (1.00–1.01) 0.173

PTV50 1.00 (1.00–1.01) 0.146

PTV60 1.00 (1.00–1.01) 0.381

Baseline ALC 0.23 (0.08–0.57)  0.003*

Baseline WBC 1.06 (0.94–1.20) 0.332

Modality (photons) 3.88 (1.29–14.56)  0.025*

Preradiation steroids (yes) 3.49 (1.20–11.14) 0.026

Location   

 Right 0.79 (0.29–2.20) 0.655

 Bilateral 1.35 (0.06–15.67) 0.815

Whole brain DVH   

 Mean, Gy(RBE) 1.00 (1.00–1.00) 0.004*

  V5 (%) 1.03 (1.01–1.07) 0.014*

  V10 (%) 1.04 (1.02–1.08) 0.003*

  V15 (%) 1.04 (1.02–1.08) 0.004*

  V20 (%) 1.06 (1.02–1.10) 0.003*

  V25 (%) 1.06 (1.02–1.10) 0.007*

  V30 (%) 1.06 (1.01–1.11) 0.014*

  V40 (%) 1.06 (1.01–1.12) 0.035*

  V50 (%) 1.06 (1.00–1.13) 0.071

 Multivariate Regression Analysis

Variable OR (95% CI) P-value

Sex (Female) 6.193 (1.951–22.37) 0.0029

Baseline ALC (K/µL) 0.179 (0.052–0.511) 0.0027

Whole brain V20 (%) 1.072 (1.028–1.125) 0.0021

*Variables with statistically significant association.
Abbreviations: BMI, body mass index; GTV, gross tumor volume; 
CTV, clinical target volume; PTV-50 and PTV-60, planning target vol-
umes receiving higher than 50 and 60 Gy respectively; DVH, dose-
volume histogram; ALC, absolute lymphocyte count; WBC, white blood 
cells count (in units of 109 cells per liter); V5, V10, . . . , brain volumes 
receiving greater than 5, 10, . . . Gy(RBE) dose.
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severe (grade ≥3) lymphopenia (G3+L) among GBM pa-
tients treated with either protons or photons and TMZ. In 
univariate analysis, we found that being female, having a 
low baseline ALC value, treatment modality, steroids be-
fore treatment, WBMD, and whole-brain V5 through V40 
were significantly associated with G3+L. Our MVA pro-
duced a model in which sex, baseline ALC, and whole-
brain V20 were the strongest predictors of G3+L.

Among the dosimetric characteristics, V20 was found to 
have the strongest correlation with G3+L in our analyses 
(Fig. 1), but other volumes receiving low and intermediate 
doses as well as the WBMD were also nearly as well cor-
related. Although these dosimetric correlations were sta-
tistically significant, they were weak individually. Quite 
possibly, a composite dose-volume index other than the 
mean dose, such as “effective dose” represented by the ex-

pression Deff =
Ä∑

(Di)
1/n · vi

än
,30,31 may be more strongly 

correlated with G3+L than any of the individual dosimetric 

factors we investigated. In this expression, vi is the frac-
tional subvolume of the brain receiving dose Di and n is 
a parameter that can be obtained by the maximum likeli-
hood approach. We plan to investigate the association with 
Deff in future studies

Although we found that proton therapy, relative to 
photon therapy, led to significantly smaller whole-brain V5 
through V30 as well as WBMD (Tables 2 and 3), treatment 
modality itself did not emerge among the model variables. 
This may be due to the possibility that some of the patients 
receiving photons, such as those with smaller target vol-
umes, may have had smaller irradiated brain volumes. 
Omitting dosimetric factors from the MVA did lead to mo-
dality being a strong predictor and a model variable (see 
Supplementary Table 1).

Our results, showing association of high-grade 
lymphopenia with volumes irradiated, are consistent with 
prior studies of patients with GBM treated with photons. 
For instance, Huang et al28 and Rudra et al32 reported that 
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mean brain dose and brain V25 were associated with se-
vere lymphopenia and that reducing the brain V25 reduced 
the risk of severe RIL. It may be argued that the size of the 
PTV should also influence the volumes irradiated and, 
therefore, have an association with RIL. However, our uni-
variate analysis did not find any such association. To fur-
ther explore the role of the PTV size, we subdivided the 
PTVs into quartiles and repeated the analysis. We found 
that the highest quartile PTV was indeed significantly as-
sociated with G3+L; however, it dropped out from the final 
model after MVA (see Supplementary Table 2).

Similar to the findings by Huang et al,28 we found that 
women were at a strikingly higher risk of G3+L than men 
(Tables 1 and 3), despite the fact that the baseline ALC was 
the same for both sexes (Supplementary Figure 7). This 
was somewhat surprising and needs further investigation 
but could be related to sex-based differences in cerebral 
perfusion. Amen et  al33 pointed out that healthy women 

generally have higher rates of regional cerebral blood 
flow34–37 and regional cerebral metabolic rates for glucose 
than men,38,39 which might mean greater exposure of circu-
lating lymphocytes to radiation. Another explanation may 
be the higher sensitivity of females to TMZ. In our study, 
all patients received concurrent TMZ. However, Lin et al40 
have reported on lymphopenia in lower-grade gliomas 
where concurrent TMZ is not always used and found that 
concurrent chemotherapy (as opposed to adjuvant) is asso-
ciated with a higher incidence of early lymphopenia. They 
also identified female sex as a risk factor for lymphopenia; 
however, it appears that patient numbers were too low to 
determine if these sex-related differences could potentially 
be due to increased sensitivity to TMZ. On the other hand, 
Schmetzer and Florcken41 have noted that there are “clear 
gender-dependent differences in response rates and the 
probability of side effects in patients treated with chemo-
therapy.” Nevertheless, it seems that for women with GBM 
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(and possibly women with other types of brain tumors), 
protons may be the preferred modality.

Of the variables we identified that were associated with 
lymphopenia, those factors that can be controlled to re-
duce its incidence and severity were the dosimetric vari-
ables, ie, WBMD and the irradiated volumes. Reduction 
in these variables can be achieved by the choice of treat-
ment modality and by the optimization of beam intensities 
and beam configurations. Although many patients with 
GBM may benefit from proton therapy, patients at partic-
ularly high risk of G3+L after photon therapy may benefit 
the most. The model we developed may be useful for de-
fining criteria for treatment-plan optimization with the 
goal of maintaining the risk of G3+L to below a specified 
acceptable threshold. The findings in Fig. 3B, for instance, 
show that if our requirement is to limit the risk of G3+L to 
20%, then the whole-brain V20 should be limited to 32% 
for women and 58% for men whose baseline ALC is equal 
to the population mean. Similarly, our model can be used 
to set constraints for patients with different baseline ALCs. 
Notably, protons are more likely to achieve such con-
straints than photons.

An interesting result shown in Fig. 2A and Supplementary 
Figure 4 is the observed increase in ALC values at week 1 
of treatment. The increase resulting from the combined 
effect of protons and photons was statistically significant 
(P = 0.028), though the increase from each separately was 
not. One might hypothesize that this may have resulted 
from the stimulation of the immune system during the in-
itial few fractions, but that the depletion of lymphocytes 
with continued radiotherapy overwhelmed any stimulatory 
effect. This needs further study in larger groups of patients 
with brain tumors.

We and others have also compared the effects of protons 
versus photons on lymphopenia and outcomes for cancer 
of other sites (eg, esophagus). Generally protons have been 
found to be advantageous even when they are delivered 
with PSPT. More advanced techniques, such as IMPT, 
with its greater power to control and tailor dose distribu-
tions, should offer greater ability to mitigate lymphopenia. 
However, studies such as this are essential to understand 
the complex relationships between lymphopenia, detailed 
dose distributions, and patient-specific factors and to de-
velop models for predicting lymphopenia. The patient-
specific dosimetric constraints defined based on such 
models can then be incorporated into IMPT optimization 
criteria to ensure optimal sparing of lymphocytes.

It should also be noted that this study may have impor-
tant implications for immunotherapy as it is being actively 
investigated for brain tumors. Immunotherapy for brain 
metastasis from cancers such as melanoma or non-small-
cell lung cancer have shown great success and demon-
strate that the CNS is not an immune-privileged organ 
as previously believed.42,43 However, immunotherapy 
for GBM has shown little success due to low mutational 
burden, tumor-mediated immunosuppression, and mul-
tiple other factors.44 Regardless, avoiding radiation-
induced immune suppression utilizing techniques such as 
proton therapy may preserve immune function and ulti-
mately enhance the efficacy of immunotherapy for GBM.

The main limitation of this study was its small sample 
size, which, coupled with the short survival time for 

patients with GBM, limited our ability to assess potential 
differences in protons versus photons in survival and other 
clinically relevant outcomes. Nevertheless, we analyzed 
the overall survival data and have included sample results 
in Supplementary Figure 8. Although the current study is 
the first, to our knowledge, to address the issue of proton- 
versus photon-induced lymphopenia in GBM and to show 
the benefit of proton therapy, we did not have ALC data at 
all time points. This, together with small sample size (which 
was calculated based on projected cognitive outcomes, the 
primary endpoint of the trial), may have obscured more 
subtle clinical variables for specific tissues that may be 
associated with lymphopenia. Nevertheless, we did ob-
serve significant associations between G3+L versus mo-
dality and dosimetric factors for the whole brain. Ideally, 
specific immune organs at risk in the brain should also 
be considered. As mentioned above, until recently, the 
CNS was considered an immune-privileged site, in that it 
lacks a traditional lymphatic system, and lymphopenia re-
sulting from brain irradiation has been assumed to result 
from the exposure of lymphocytes in the circulating blood. 
However, some evidence suggests that the CNS undergoes 
continuous immune surveillance through the lymphatic 
vessels lining the dural sinuses.45,46 The rich lymphatic net-
work in the dura absorbs and transports craniospinal fluid 
into the cervical lymph nodes.47,48 Thus, the irradiation of 
lymphatics in the brain, in addition to blood, may also be 
responsible for the incidence and severity of lymphopenia.

In conclusion, our results reaffirm previous findings that 
lymphopenia is common after radiotherapy plus TMZ for 
GBM. We also found WBMD and whole-brain V5 through 
V40 to be significantly associated with G3+L. G3+L was 
also strongly associated with being female and having a 
low baseline ALC. A model developed based on our data 
analyses was able to predict with sufficient specificity 
and sensitivity the probability of G3+L for the population 
studied. Importantly, we further found that protons can 
significantly reduce WBMD and the irradiated volume 
of the whole brain and, therefore, the incidence of G3+L, 
implying that patients with GBM (and, plausibly, patients 
with other types of brain tumors) who are at high risk of 
severe lymphopenia, namely women and those with low 
baseline ALC, stand to benefit from proton therapy. In the 
future, models of the type developed here could be applied 
to individual patients, with their own individual pretreat-
ment factors, to define the patient-specific dose-volume 
constraints required to maintain the probability of G3+L 
to within acceptable limits. Such constraints may be more 
readily achievable with protons than photons, especially 
with IMPT.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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