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ARTICLE INFO ABSTRACT

Keywords: Introduction: Adjuvant chemoradiation therapy (CRT) in gastric cancer inevitably results in an unintentional
Gastric cancer spleen radiation dose. We aimed to determine the association between the spleen radiation dose and the
Survival

observed severity of lymphopenia which may affect the clinical outcomes (survival time and infection risk).
Methods: Patients who received adjuvant CRT for gastric cancer between January 2015 and December 2020 were
analyzed. The splenic dose-volume histogram (DVH) parameters were reported as mean splenic dose (MSD) and
percentage of splenic volume receiving at least x Gray (Gy). Peripheral blood counts were recorded pre- and
post-CRT. The development of severe (Common Terminology Criteria for Adverse Events, version 5.0, grade > 3)
post-CRT lymphopenia (absolute lymphocyte count [ALC] < 0.5 K/pL) was assessed by multivariable logistic
regression using patient and dosimetric factors. Overall survival (OS), recurrence-free survival (RFS), and cu-
mulative incidence of infectious events were estimated and analyzed using the Cox model or competing risk
analysis.

Results: Eighty-four patients with a median follow-up duration of 42 months were analyzed. Pre- and post-CRT
median ALC values were 1.8 K/pL (0.9-3.1 K/pL) and 0.9 K/pL (0.0-4.9 K/pL), respectively (P < 0.001). MSD >
40 Gy (odds ratio [OR], 1.13; 95 % confidence interval [CI], 1.01-1.26; P = 0.041), sex (OR for male to female,
0.25; 95 % CI, 0.09-0.70; P = 0.008), and baseline absolute neutrophil count (OR per 1 unit increase, 1.61; 95 %
CI, 1.02-2.58; P = 0.040) were associated with the development of severe post-CRT lymphopenia, which was a
risk factor for poorer OS (hazard ratio [HR] = 2.47; 95 % CI, 1.24-4.92; P = 0.010) and RFS (HR = 2.27; 95 % CI,
1.16-4.46; P = 0.017). The cumulative incidence of infections was higher among severe post-CRT lymphopenia
patients (2.53, 95 % CI, 1.03-6.23, P = 0.043).

Conclusion: High splenic radiation doses increase the odds of severe post-CRT lymphopenia, an independent
predictor of lower OS and higher risks of recurrence and infections in gastric cancer patients receiving adjuvant
CRT. Therefore, optimizing the splenic DVH parameters may decrease the risk of severe post-CRT lymphopenia.

Postoperative chemoradiotherapy
Normal tissue toxicity
Spleen

Introduction contradictory role of promoting tumor growth and mediating disease

eradication, depending on the interactions between immune effector,

Immunosurveillance is the immune system’s ability to detect and stromal, and tumor cells, and humoral factors [2,3]. Evidence indicates

eliminate tumor cells before developing into a clinical malignancy [1]. It host immunity’s importance in controlling cancer development and
functions through “immunoediting” and plays an integral and progression [1].

* Corresponding author at: Department of Clinical Oncology, Tuen Mun Hospital, 23 Ching Chung Koon Road, Tuen Mun, Hong Kong. Tel.: +852 2468 5087 fax:
+852 2468 5097.
E-mail address: leesfm@ha.org.hk (S.F. Lee).
1 Dr Francis Ann Shing Lee and Dr Harvey J. Mamon are joint senior authors.

https://doi.org/10.1016/j.ctro.2022.07.007

Received 2 May 2022; Received in revised form 7 July 2022; Accepted 15 July 2022

Available online 21 July 2022

2405-6308/© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Society for Radiotherapy and Oncology. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:leesfm@ha.org.hk
www.sciencedirect.com/science/journal/24056308
https://www.sciencedirect.com/journal/clinical-and-translational-radiation-oncology
https://doi.org/10.1016/j.ctro.2022.07.007
https://doi.org/10.1016/j.ctro.2022.07.007
https://doi.org/10.1016/j.ctro.2022.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ctro.2022.07.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

S.F. Lee et al.

Lymphocytes are highly radiosensitive. Radiotherapy (RT) can lead
to lymphopenia via direct cytotoxic effects on circulating lymphocytes,
as blood flows through the field or residing lymphocytes in lymphoid
organs [4-12]. Studies suggest that lymphopenia after chemoradiation
(CRT) is linked to a higher risk of complications and poorer prognosis of
different types of solid tumors [13,14]. Lymphopenia risk can be related
to the spleen dose because it is a secondary lymphoid organ containing
more lymphocytes than those in the blood, at 15 % and 2 %, respectively
[15]. A higher spleen dose has been associated with an increased risk of
lymphopenia in patients with upper abdominal malignancies, such as
esophageal, pancreatic, and liver cancers [6-9,11,12], although, in one
study, a lower risk of hematologic toxicity with a higher spleen dose was
observed in patients receiving CRT for esophageal cancer [10].

CRT for stomach cancer is unique, because the spleen is usually
included in the field. However, it is not routinely considered an organ-
at-risk (OAR) with dosimetric constraints. A better understanding of
the spleen’s role in acute hematologic toxicity and its clinical signifi-
cance allows us to consider applying dose constraints to the spleen as an
OAR. Therefore, this study aimed to identify the irradiated spleen’s ra-
diation dose and fractional volume as predictors of lymphopenia risk
among gastric cancer patients receiving adjuvant CRT and the clinical
consequences (survival time and infection risk).

Methods
Study design, data, and setting

We retrospectively identified consecutive patients with adenocarci-
noma of the stomach in Tuen Mun Hospital, Hong Kong treated with
radical total or subtotal gastrectomy for stage IB-III disease (i.e., T3-4,
or N1-3 diseases) followed by adjuvant CRT with the 5-Fluorouracil (5-
FU) regimen from 2015 to 2020 [16]. Patients who had primarily
unresectable disease or distant metastases at presentation, did not
complete the entire course of the CRT regimen or had splenectomy were
excluded.

Pretreatment evaluation included a complete history and physical
examination, blood tests (complete blood count, liver, and renal func-
tion), and imaging (computed tomography or positron emission
tomography-computed tomography). Stage was defined according to the
American Joint Committee on Cancer (7th edition) criteria [17].

Treatment monitoring and blood count evaluation

The patients were reviewed weekly during RT. White blood cell
count, absolute neutrophil count (ANC), absolute lymphocyte count
(ALC), hemoglobin, and platelet count were measured at weekly in-
tervals throughout the treatment. Laboratory results were also recorded
before adjuvant treatment (baseline) and up to 2 months after CRT to
observe potential delayed counts changes. Hematologic toxicity was
graded based on the Common Terminology Criteria for Adverse Events,
version 5.0, as per the established cut-off values [18]. Grades 1 and 2
lymphopenia (ALC between 0.5 and 1 K/pL) and grade 3 and 4 lym-
phopenia (ALC < 0.5 K/pL) were categorized as mild and severe,
respectively.

Treatment planning and delivery

The patients were simulated and treated in a supine position with
their arms up. RT was delivered using three-dimensional conformal or
intensity-modulated RT at 45 Gy in 25 daily fractions over 5 weeks (1.8
Gy per fraction per day). The radiation dose constraints for the spinal
cord were < 45 Gy, kidney V15 < 60 %, liver V30 < 40 %, and heart
V40 < 30 %. No dose constraints were applied to the spleen or vertebrae.

The chemotherapy regimen consisted of intravenous drug delivery
consisting of 5-FU 425 mg/m? per day and leucovorin 20 mg/m? per day
for 5 days, followed by RT concurrent with 5-FU 400 mg/m? and
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leucovorin 20 mg/m? on the first four and last three days of RT. Four
weeks after RT completion, two five-day cycles of 5-FU (425 mg/m? per
day) plus leucovorin (20 mg/m? per day) were administered 4 weeks
apart.

Dosimetric and volumetric parameters

The spleen was not contoured as an OAR in our institution; we
delineated it after RT had been delivered for this study. For each patient,
the entire spleen and spine (from the most cranial to the most caudal
spinal level of the planning target volume [PTV]) were delineated on the
treatment planning CT scan by a trained radiation oncologist or radio-
therapist (Supplementary Figure S1). We contoured the spine as the
vertebral body, transverse processes, and posterior elements to account
for the potential immunosuppressive effect of bone marrow exposure to
RT [19]. We retrieved the dose distribution to compute the dose-volume
histogram (DVH) data using Pinnacle 9.1 (Philips Medical Systems, the
Netherlands). The following data were recorded for the structures:
volume, mean dose, and relative volume receiving at least 5 Gy (V5), 10
Gy (V10), 15 Gy (V15), 20 Gy (V20), 30 Gy (V30), 40 Gy (V40), and 45
Gy (V45). The physical radiation dose was not converted to the equiv-
alent dose in 2 Gy fractions because the o/f of the spleen is uncertain.

Statistical analysis

We compared the occurrence of severe lymphopenia between the
splenic dosimetric parameters using the Wilcoxon rank-sum test or the
Fisher exact test, as appropriate. To assess the potential predictors of
post-CRT ALC, we performed logistic regression with the development of
severe lymphopenia as a dependent variable.

Overall survival (OS) and recurrence-free survival (RFS) were esti-
mated by Kaplan-Meier analysis, and the differences between groups
were compared using log-rank tests [20,21]. We counted survival events
only if the outcomes occurred beyond a landmark period of 4 months
after starting CRT because most patients would have completed adju-
vant therapy by that time. The landmark analysis accounted for the lead-
time bias between the start of treatment and the assessment of survival
time. OS was defined as the time from the landmark to death from any
cause or the last follow-up, whichever occurred first, whereas RFS was
defined as the time from the landmark to cancer relapse, death, or the
last follow-up, whichever occurred first. The patients were censored at
the last follow-up visit. We fit semiparametric Cox proportional hazards
models to evaluate the association between OS and RFS and post-CRT
ALC, adjusted for other potential prognostic factors. Furthermore, we
used a Fine-Gray competing risk model to analyze the competing risks of
non-infection-related mortality and derive the subdistribution hazard
ratios (HRs) for infections [22,23]. Factors with a P < 0.1 on univariable
analysis were included in the multivariable model, and backward
elimination was used to obtain the final model.

All analyses were performed using Stata (StataCorp. 2019. Stata
statistical software: Release 16 College Station, TX, StataCorp LLC,
USA). A two-tailed P of < 0.05 was considered statistically significant.

Results
Description of the cohort

The characteristics of the 84 patients with stomach cancer treated
with gastrectomy followed by adjuvant CRT are detailed in Table 1 and
Supplementary Table S1. The median age at diagnosis was 61 years
(range, 34-77 years), and 64.0 % were males. The median follow-up
duration from the start of CRT for alive patients was 42 months
(range, 12-80 months). The median baseline ALC was 1.8 K/pL (range,
0.9-3.1 K/pL). The median ALC decreased to 0.9 K/pL (range, 0.0-4.9
K/pL) shortly after CRT and was significantly lower than the baseline (P
< 0.001); the median ALC remained lower than the baseline at follow-up



S.F. Lee et al.

Table 1

Clinical and Translational Radiation Oncology 36 (2022) 83-90

Patient, disease, and dosimetric factors of the gastric cancer patients who had adjuvant chemoradiation, 2015-2020 (N = 84).

Characteristics All patients (n = 84) Patients categorized by post-CRT ALC

ALC < 0.5 K/pL (n = 27) ALC > 0.5 K/pL (n = 57) p
Age, year 0.438
Median (range) 61 (54-66) 60 (53-65) 62 (55-66)
Sex, n (%) 0.002
Male 54 (64.3) 11 (40.7) 43 (75.4)
Female 30 (35.7) 16 (59.3) 14 (24.6)
Stage, n (%) 0.608
I 2(2.5) 0 (0.0) 2(3.7)
I 16 (18.5) 5 (18.5) 11 (19.3)
i 66 (79.0) 22 (81.5) 44 (77.2)
Extent of gastric surgery, n (%) 0.582
Total gastrectomy 41 (48.8) 12 (44.4) 29 (50.9)
Partial gastrectomy 43 (51.2) 15 (55.6) 28 (49.1)
Lymph node dissection, n (%) 0.506
D1 24 (28.6) 9(33.3) 15 (26.3)
D2 60 (71.4) 18 (66.7) 42 (73.7)
Tumor grade, n (%) 0.137
Well/moderately differentiated 28 (33.3) 6 (22.2) 22 (38.6)
Poorly differentiated 56 (66.7) 21 (77.8) 35 (61.4)
Resection margin, n (%) 0.256
RO 76 (90.5) 23 (85.2) 53 (93.0)
R1 8(9.5) 4 (14.8) 4 (7.0)
RCS co-morbidity scores, n (%) 0.154
0 63 (75.0) 19 (70.4) 44 (77.2)
1 17 (20.2) 8 (29.6) 9 (15.8)
>2 4 (4.8) 0 (0.0) 4(7.0)
White cell count, median (range) (K/pL)
Baseline 5.9 (1.6-12.3) 6.0 (1.6-7.7) 5.7 (2.7-12.3) 0.943
Before chemoradiation 5.1 (2.3-11.7) 5.1 (2.3-9.0) 5.1 (2.7-11.7) 0.620
After chemoradiation 3.9 (1.9-12.7) 3.5(1.9-7.3) 4.1 (2.0-12.7) 0.1030
ALC, median (range) (K/pL)
Baseline 1.8 (0.9-3.1) 2.0 (1.3-2.6) 1.7 (0.9-3.1) 0.590
Before chemoradiation 1.9 (0.7-2.8) 1.7 (0.7-2.4) 2.0 (0.8-2.8) 0.070
After chemoradiation 0.5 (0.0-3.5) 0.2 (0-0.4) 0.9 (0.1-3.5) <0.001
ANC, median (range) (K/pL)
Baseline 3.2(0.2-9.1) 3.1 (0.2-5.0) 3.2 (1.1-9.1) 0.839
Before chemoradiation 2.5 (0.6-8.1) 2.7 (0.6-5.9) 2.4(1.4-8.1) 0.126
After chemoradiation 2.2 (0.7-8.1) 2.4 (1.4-5.8) 2.1 (0.7-8.1) 0.171
Monocyte, median (range) (K/pL)
Baseline 0.5 (0.1-1.4) 0.5 (0.1-1.1) 0.5 (0.2-1.4) 0.707
Before chemoradiation 0.5 (0.2-1.2) 0.5 (0.2-0.9) 0.5 (0.3-1.2) 0.810
After chemoradiation 0.6 (0.2-1.8) 0.6 (0.2-0.9) 0.6 (0.2-1.8) 0.910
Platelet, median (range) (K/pL)
Baseline 230 (89-479) 242 (172-386) 230 (89-479) 0.875
Before chemoradiation 229 (115-511) 250 (143-401) 222 (115-511) 0.238
After chemoradiation 152 (52-381) 166 (65-381) 144 (52-299) 0.734
Hemoglobin, median (range) (g/dL)
Baseline 11.6 (8.6-15.1) 11.8 (8.6-14.1) 11.6 (9.4-15.1) 0.877
Before chemoradiation 11.6 (8.7-15.0) 11.0 (8.9-15.0) 11.9 (8.7-15.0) 0.015
After chemoradiation 11.8 (9.1-15.4) 11.3 (9.1-14.3) 12.0 (9.3-15.4) 0.037
Total chemotherapy dose, median (range) (% of full dose) 100 (84-100) 100 (84-100) 89 (77-100) 0.225
Radiotherapy techniques, n (%) 0.750
3-dimensional conformal radiotherapy 61 (72.6) 19 (70.4) 42 (73.7)
Intensity-modulated radiotherapy 23 (27.4) 8(29.6) 15 (26.3)
Mean spleen dose (Gy), median (range) 40.7 (25.0-48.1) 42.4 (27.0-48.1) 40.2 (25.0-47.6) 0.018
Spleen volume (cm®), median (range) 117.6 (17.0-342.4) 94.5 (34.0-197.8) 127.7 (17.0-342.4) 0.094
Spleen V5 (%), median (range) 100.0 (100.0-100.0) 100.0 (100.0-100.0) 100.0 (100.0-100.0) 1.000
Spleen V10 (%), median (range) 100.0 (99.6-100.0) 100.0 (100.0-100.0) 100.0 (99.0-100.0) 0.068
Spleen V15 (%), median (range) 99.7 (94.9-100.0) 100.0 (99.5-100.0) 98.3 (93.6-100.0) 0.056
Spleen V20 (%), median (range) 95.8 (50.8-100.0) 99.5 (78.5-100.0) 93.9 (50.8-100.0) 0.009
Spleen V30 (%), median (range) 84.6 (29.8-100.0) 91.3 (29.8-100.0) 81.8 (40.3-100.0) 0.024
Spleen V40 (%), median (range) 69.4 (12.2-100.0) 72.9 (12.2-100.0) 65.3 (28.0-100.0) 0.039
Spleen V45 (%) median (range) 53.5 (4.1-100.0) 59.0 (4.1-100.0) 52.3 (16.8-96.0) 0.099
Mean spine dose (Gy), median (range) 29.5 (20.6-40.1) 30.4 (20.9-40.1) 28.6 (20.6-35.2) 0.112
Spine V5 (%), median (range) 100.0 (99.7-100.0) 100.0 (99.8-100.0) 100.0 (99.7-100.0) 0.318
Spine V10 (%), median (range) 98.3 (93.9-99.6) 99.3 (97.6-99.8) 97.6 (93.8-99.4) 0.046
Spine V15 (%), median (range) 92.6 (84.9-97.0) 95.8 (88.2-98.3) 90.2 (83.0-96.6) 0.063
Spine V20 (%), median (range) 82.2 (32.0-99.3) 83.9 (32.0-98.2) 80.1 (42.2-99.3) 0.048
Spine V30 (%), median (range) 42.6 (13.7-91.0) 48.0 (22.0-91.0) 39.1 (13.7-79.3) 0.225
Spine V40 (%), median (range) 19.8 (0.2-68.1) 21.9 (10.8-68.1) 19.4 (0.2-45.8) 0.050
Spine V45 (%), median (range) 9.0 (0.7-38.5) 10.2 (2.7-22.4) 8.7 (0.7-38.5) 0.124
PTV (cm3), median (range) 1463 (754-2435) 1357 (754-2435) 1465 (933-2386) 0.225

Abbreviations: ALC, absolute lymphocyte count; ANC, absolute neutrophil count; CRT, chemoradiation; PTV, planning target volume; RCS, Royal College of

Surgeons.
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Fig. 1. Absolute lymphocyte count at baseline, before, and after adjuvant chemoradiation, and during follow-up. Abbreviations: chemo, chemotherapy; CRT,

chemoradiation.

(Fig. 1). The incidence of severe lymphopenia at the first post-CRT blood
test (the median time was 3 weeks after completion of adjuvant CRT,
with interquartile range 1-4 weeks) was 32.1 %. Most of these patients
had recovery of their ALC during follow-up. Nine (10.7 %), 7 (8.3 %),
and 7 (8.3 %) patients had persistent severe lymphopenia at 60-, 90-,
and 120-days post-CRT, respectively. Most patients had the spine con-
toured from T9 or 10 to L3. Sensitivity analyses did not detect statisti-
cally significant difference in dosimetric parameters by spinal levels
contoured (Supplementary Table S2).

Prediction of post-CRT severe lymphopenia

The median mean spleen dose (MSD) was 40.7 Gy (range, 25.0-48.1
Gy) for the whole cohort. The median MSD among patients with severe
lymphopenia (ALC < 0.5 K/pL) was higher than those without (42.4 Gy
vs 40.2 Gy; P = 0.018). We also detected a dose-response relationship
between MSD and the severity of lymphopenia, with the median MSD for
patients with normal ALC (ALC > 1.0 K/pL), mild (ALC 0.5-1.0 K/pL),
and severe lymphopenia of 39.4 Gy, 40.7 Gy, and 42.4 Gy, respectively
(P = 0.044). Univariable logistic regression analysis showed that MSD as
a binary variable (cut-off using integer closest to the median and round
to the nearest multiple of 5) was significantly associated with severe
lymphopenia (odds ratio [OR] for > 40 Gy vs < 40 Gy, 2.76; 95 %ClI,
1.01-7.54; P = 0.048). However, MSD as a continuous variable showed
a weaker association (OR per Gy increase, 1.11; 95 %CI, 1.00-1.23; P =
0.060) with post-CRT lymphopenia. Spine V40 (OR per % increase, 1.06;
95 %CI, 1.01-1.11; P = 0.024) was also found to be statistically signif-
icant in the univariable analysis and was selected for the multivariable
analysis. We present the incidence of post-CRT grade > 3 lymphopenia
in different MSD binary cut-off values (Supplementary Table S3).

The median spleen V20 (99.5 % vs 93.9 %; P = 0.009), V30 (91.3 %
vs 81.8 %; P = 0.024), and V40 (72.9 % vs 65.3 %; P = 0.039) were
significantly higher in patients with severe lymphopenia than in those
without it (Table 1). Furthermore, a greater proportion of patients with

86

severe lymphopenia had V40 > 70 % (P = 0.024). Similar trends were
obtained at 60 % and 80 % for V30, V40, and V45, respectively, but did
not reach statistical significance (P = 0.055-0.403).

In the stepwise multivariable logistic regression model with back-
ward elimination, MSD dichotomized into a median of 40 Gy (OR > 40
vs < 40 Gy, 1.13; 95 %CI, 1.01-1.26, P = 0.041), sex (OR for male vs
female, 0.25; 95 %CI, 0.09-0.70; P = 0.008), and baseline ANC (OR per
1 unit increase, 1.62; 95 %CI, 1.02-2.58; P = 0.040) were significant
predictors of the development of post-CRT severe lymphopenia
(Table 2). Multivariable model analyzing MSD as a continuous variable
also showed significant results (OR per Gy increase, 1.15; 95 %CI,
1.02-1.30; P = 0.022). None of the spine dosimetric factors or spine
volume was found to be significant in the multivariable analysis.

Survival outcomes and risk of infection

oS

Two patients who died within 4 months after the start of CRT were
excluded, and 82 patients were included in the analysis. The median
follow-up duration for alive patients was 3.2 years. The median OS at the
landmark time point for the whole cohort was 4.9 years (95 %CI, 2.1-not
reached). The 1-year, 2-year, and 5-year OS were 80.5 % (95 %CI,
70.0-87.5 %), 64.7 % (95 %CI, 52.8-74.4 %), and 46.9 % (95 %CI,
30.9-61.3 %), respectively. Patients who had post-CRT severe lympho-
penia had a shorter median OS (2.0 years, 95 %CI, 0.7-3.9 years), while
the median OS for those without was not reached (Fig. 2). In multivar-
iable analysis, we found that post-CRT severe lymphopenia (HR, 2.47;
95 %CI, 1.24-4.92; P = 0.010), and total chemotherapy dose (HR per 1
% increase, 0.97; 95 %CI, 0.96-0.99; P < 0.001) were associated with
OS (Table 3). Patients with persistent severe lymphopenia at 60-, 90-,
and 120-days post-CRT had no significant difference in OS when
compared with those without (log-rank P = 0.224-0.884) (Supple-
mentary Figures S2-4).
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Univariable and multivariable analyses of predictors of developing post-chemoradiation severe lymphopenia, 2015-2020 (N = 84).

Univariable Analysis

Multivariable Analysis* Multivariable Analysis*”

Variables OR (95 % CI) P OR (95 % CI) p OR (95 % CI) P
Dosimetric factors

Mean spleen dose, Gy (>40 vs < 40) 2.76 (1.01-7.54) 0.048 1.13 (1.01-1.26) 0.041 - -
Mean spleen dose, Gy (per unit increase) 1.11 (1.00-1.23) 0.060 - - 1.15 (1.02-1.30) 0.022
Spleen V5, % (per unit increase) 1.09 (0.70-1.69) 0.698

Spleen V10, % (per unit increase) 1.12 (0.92-1.38) 0.262

Spleen V15, % (per unit increase) 1.10 (0.99-1.23) 0.080

Spleen V20, % (per unit increase) 1.09 (1.00-1.17) 0.072

Spleen V30, % (per unit increase) 1.03 (1.00-1.07) 0.075

Spleen V40, % (per unit increase) 1.02 (1.00-1.05) 0.105

Spleen V45, % (per unit increase) 1.02 (1.00-1.04) 0.109

Spleen volume, em® (per unit increase) 0.99 (0.98-1.00) 0.095

Mean spine dose, Gy (per unit increase) 1.13 (1.00-1.27) 0.713

Spine V5, % (per unit increase) 1.10 (0.68-1.78) 0.687

Spine V10, % (per unit increase) 1.10 (0.94-1.29) 0.219

Spine V15, % (per unit increase) 1.04 (0.98-1.10) 0.191

Spine V20, % (per unit increase) 1.03 (1.00-1.07) 0.084

Spine V30, % (per unit increase) 1.02 (0.99-1.05) 0.125

Spine V40, % (per unit increase) 1.06 (1.01-1.11) 0.024

Spine V45, % (per unit increase) 1.06 (0.98-1.14) 0.171

Spine volume, cm® (per unit increase) 1.00 (0.99-1.00) 0.195

PTV, cm?® (per unit increase) 1.00 (0.99-1.00) 0.218

Patient factors

Age, year (>60 vs < 60) 0.78 (0.31-1.97) 0.603

Sex (male vs female) 0.22 (0.08-0.59) 0.003 0.25 (0.09-0.70) 0.008 0.29 (0.10-0.85) 0.024
Comorbidity (yes vs no) 1.43 (0.51-4.00) 0.501

Baseline white blood cell, K/pL (per unit increase) 1.09 (0.79-1.49) 0.605

Baseline ALC, K/pL (per unit increase) 0.41 (0.15-1.10) 0.078 0.33 (0.10-1.07) 0.064
Baseline ANC, K/pL (per unit increase) 1.34 (0.91-1.97) 0.141 1.62 (1.02-2.58) 0.040 1.79 (1.09-2.94) 0.021
Baseline hemoglobin, K/pL (per unit increase) 0.68 (0.48-0.98) 0.036

Baseline platelet, K/puL (per unit increase) 1.00 (1.00-1.01) 0.423

Total chemotherapy dose, % (per unit increase) 0.98 (0.96-1.01) 0.144

Abbreviations: ALC, absolute lymphocyte count; ANC, absolute neutrophil count; CI, confidence interval; CRT, chemoradiation; Gy, Gray; OR, odds ratio; PTV,

planning target volume; Vx, volume of spleen receiving x Gy of radiation.

" Due to the collinearity between MSD and other spleen dosimetric parameters and between mean spine dose and other spine dosimetric parameters, the only
dosimetric parameters included in the multivariable analysis were mean spleen dose and spine V40.
# Mean spleen dose was analyzed in multivariable model as a continuous variable.
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Fig. 2. Kaplan-Meier estimates of overall survival based on landmark analysis
in patients with gastric cancer categorized by severe post-chemoradiation
lymphopenia (absolute lymphocyte counts < 0.5 K/pL). The time 0 is 4
months after the start of CRT. Abbreviation: CRT, chemoradiation.

RFS

A total of 77 patients were included in the analysis. The 1-year, 2-
year, and 5-year RFS for the cohort were 75.0 % (95 %ClI, 63.7-83.3 %),
59.6 % (95 %CI, 47.1-70.1 %), and 52.4 % (95 %CI, 38.9-64.2 %),
respectively. Patients who had post-CRT severe lymphopenia had a
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shorter median RFS (1.8 years, 95 %CI, 0.9-3.7 years), whereas the
median RFS for those without it was not reached. Fig. 3 shows the cu-
mulative incidence of recurrence between patients with and without
post-CRT severe lymphopenia. Post-CRT severe lymphopenia (HR, 2.27;
95 %CI, 1.16-4.46; P = 0.017) and higher cancer stage (HR stage Il vs I/
II, 3.17; 95 %CI, 1.01-9.92; P = 0.048) were associated with RFS in
multivariable analysis (Table 3).

Risk of infection

A total of 18 infections (14 pneumonia and 4 sepsis cases) were
recorded. Nine infectious events were fatal. The incidence and mortality
rates of the infections were 84.7 (95 %CI, 53.4-134.5) and 39.1 (95 %CI,
20.3-75.1) per 1000 person-years, respectively. The cumulative inci-
dence of infectious events was 9.5 % (95 %CI, 4.5-16.9 %), 12.2 % (95
%CI, 6.2-20.3 %), and 25.4 % (95 %CI, 15.3-36.8 %) at 1-year, 2-year,
and 5-year follow-up, respectively. Supplementary Figure S5 shows the
cumulative incidence of severe post-CRT lymphopenia. Only severe
post-CRT lymphopenia (2.53; 95 %CI, 1.03-6.23; P = 0.043) and pres-
ence of comorbidity (2.89; 95 %CI, 1.74-4.81; P < 0.001) were associ-
ated with infection (Supplementary Table S4).

Discussion

To our knowledge, this study is the first to report the relationship
between splenic irradiation and severe post-CRT lymphopenia and its
association with clinical outcomes in gastric cancer. Our data suggest
that severe lymphopenia is common after adjuvant CRT for stomach
cancer. MSD, sex, and baseline ANC were significant predictors of post-
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Table 3
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Univariable and multivariable analyses of prognostic factors for overall survival and recurrence-free survival, 2015-2020 (N = 84).

Overall Survival

Recurrence-Free Survival

Univariable Analysis

Multivariable Analysis

Univariable Analysis Multivariable Analysis

Variables HR (95 % CI) P value HR (95 % CI) P HR (95 % CI) P HR (95 % CI) P
Post-CRT severe lymphopenia (yes vs no) 2.50 0.008  2.47 0.010  2.14 (1.10-4.20) 0.026  2.27 0.017
(1.27-4.89) (1.24-4.92) (1.16-4.46)
Baseline white blood cell, K/pL (per unit increase) 1.20 0.077 1.23 0.060 1.22 (1.05-1.41) 0.008
(0.98-1.46) (0.99-1.52)
Baseline ALC, K/pL (per unit increase) 1.56 0.250 1.19 (0.59-2.40) 0.618
(0.73-3.30)
Baseline ANC, K/pL (per unit increase) 1.25 0.069 1.29 (1.10-1.51) 0.002
(0.98-1.58)
Baseline hemoglobin, K/pL (per unit increase) 0.92 0.496 0.98 (0.74-1.29) 0.865
(0.73-1.17)
Baseline platelet, K/uL (per unit increase) 1.00 0.892 1.00 (0.99-1.00) 0.674
(0.99-1.00)
Age, year (>60 vs < 60) 0.73 0.369 0.78 (0.39-1.56) 0.479
(0.37-1.44)
Sex (male vs female) 0.79 0.505 0.67 (0.34-1.32) 0.245
(0.40-1.57)
Comorbidity (yes vs no) 1.57 0.225 1.17 (0.55-2.47) 0.689
(0.76-3.23)
Cancer stage (III vs 1/1I) 1.87 0.197 3.49 0.037 3.17 0.048
(0.72-4.85) (1.08-11.30) (1.01-9.92)
Tumor grade (poorly vs well/moderately 2.41 0.038 1.77 (0.79-3.95) 0.166
differentiated) (1.05-5.55)
Resection margin (R1 vs R0O) 1.71 0.316 2.95 (1.30-6.69) 0.010
(0.60-4.88)
Infection (yes vs no) 2.24 0.023 1.08 (0.51-2.28) 0.847
(1.12-4.48)
Total chemotherapy dose, % (per unit increase) 0.97 <0.001 0.97 <0.001 1.00 (0.98-1.02) 0.755
(0.96-0.99) (0.96-0.99)

Abbreviations: ALC, absolute lymphocyte count; ANC, absolute neutrophil count; CI, confidence interval; CRT, chemoradiation; HR, hazard ratio.
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Fig. 3. Cumulative incidence of recurrence by competing-risk analysis among
patients with gastric cancer with and without severe post-chemoradiation
lymphopenia (absolute lymphocyte counts < 0.5 K/pL). The time 0 is 4
months after the start of CRT. Abbreviation: CRT, chemoradiation.

CRT severe lymphopenia, which in turn was an independent predictor of
poorer OS and RFS. Patients with a higher post-CRT ALC and no
comorbidities had lower infection risk during follow-up.

RT is immune-stimulating and immune-suppressive, depending on
dose fractionation, total dose, field size, and systemic treatment
[19,24-26]. Its immunosuppressive effect is due to the depletion of
circulating lymphocytes through the RT portal and the unintentional
exposure of lymphopoiesis sites, like the bone marrow, spleen, and
lymph nodes [19]. The spleen, being close to the treatment field, is also a
reservoir of immune cells and a depot for clonal expansion of lympho-
cytes to specific antigens [27]. We observed a dose-response
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relationship between post-CRT ALC and MSD (as binary or continuous
variable). This supports the postulation that splenic irradiation dose is a
predictor for developing severe post-CRT lymphopenia. In contrast, the
effects of lymphocyte depletion in the marrow and circulation were
assessed by testing the association between PTV (as a surrogate for RT
portal size) or spine DVH and severe post-CRT lymphopenia, respec-
tively. The spine DVHs were found to be statistically insignificant fac-
tors, this could be related to the fact that the marrow irradiated was
limited to several spinal levels and the rest of the spine and pelvis were
spared.

Lymphopenia is predominantly a consequence of CRT, although
patients receive chemotherapy followed by CRT. This was reflected in
the lack of significant association between the total chemotherapy dose
and post-CRT severe lymphopenia, and the normal median ALC after
chemotherapy (before CRT), which was not significantly different from
baseline values. No patient developed severe lymphopenia after
chemotherapy, but this increased to 33 % after CRT. Furthermore, the
lack of neutropenia accompanying lymphopenia was different from that
observed with myelosuppression from chemotherapy [28,29]. Although
higher baseline ANC was weakly associated with poorer OS and RFS, it
was the opposite for severe post-CRT lymphopenia. This may reflect an
underlying proinflammatory status that suppresses the activity and
proliferation of immune cells, including lymphocytes [30-32].

The association between lymphopenia and inferior survival out-
comes supports that the immune system contributes to tumor control
[33]. Higher chemotherapy dose was associated with superior OS; these
findings could be related to the better general health in some patients.
Strategies to effectively kill all cancer stem cells using the correct
combination and schedule of treatment, stimulating an immune
response, and subverting immunosuppressive mechanisms should be
developed [33]. However, efforts to combine systemic treatments and
RT may be considerably hampered by lymphocyte depletion after CRT
[34-38], this is supported by the finding that we did not detect signif-
icant association between chemotherapy dose and RFS. Considering the
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spleen as an OAR for RT plan optimization and selection to minimize
unintentional splenic irradiation to decrease the risk of RT-related
lymphopenia may be a promising approach that deserves further
investigation. Our results suggest that there may be an MSD threshold of
approximately 40 Gy for severe lymphopenia.

We detected an association between infectious events and severe
post-CRT lymphopenia and persistently low ALC for at least 6 months
after CRT. Therefore, impaired immunity due to possible hyposplenia in
our study cohort could be chronic and was further evidenced by the
incidence and mortality rates of infections of 83.2 and 39.1 per 1000
person-years, respectively, and up to one-third of patients suffering from
infections within 5 years. These figures are comparable to those
observed in patients who underwent splenectomy, hyposplenia in other
diseases, or after splenic irradiation for hematological diseases [27,39].

Although previous studies reported impaired splenic immunological
function with peripheral blood microscopic changes and heightened risk
of infection after approximately 10-40 Gy of splenic irradiation for a
range of conditions [40-43], the tolerance dose of the spleen is uncer-
tain. The radiation tolerance level of splenic immunological function
may be lower than the dose administered to the spleen in many of our
patients. Furthermore, consistent with our observation of increasing
cumulative incidences years after CRT, a chronic pattern of hyposplenia
after splenic irradiation was observed [41]. Routine use of antimicro-
bials against fatal infectious diseases, similar to hypo- and asplenia in
other diseases, cannot be recommended due to the lack of evidence to
guide their use in gastric RT. However, its use might be beneficial,
especially when sparing the spleen is difficult and at the expense of other
OARs, such as the kidneys, liver, and bowel.

Our study had several limitations and strengths. First, this was a
retrospective study with inherent heterogeneity in the study population,
and the effects of potential confounding and bias could not be elimi-
nated. Second, lack of variation in the lower dose parameters limited the
assessment of the RT dose—effect relationship of splenic irradiation. In
general, the doses represented by the DVH parameters were higher than
those reported in other studies [8,10-12,44]. This could be because of
the high dose to the splenic hilum as the CTV included the splenic hilar
lymph nodes [16,45,46]. We hypothesized that the location of the high
radiation dose in the splenic hilum may induce vascular damage and
changes in the white and red pulp, which was demonstrated in patients
with Hodgkin’s lymphoma receiving 40 Gy (which is the same as our
median MSD) in 2 Gy daily fractions [40,47]. Finally, we only assessed
gastric cancer and the results cannot be generalized to other treatment
sites. However, because the spleen is close to other intra-abdominal
organs like the pancreas, the frequent inclusion of parts of the spleen
in the RT field may be similar to that in other upper abdominal cancers.

Conclusions

Severe lymphopenia occurs commonly after adjuvant CRT for gastric
cancer and is an independent predictor of inferior OS and RFS and a
higher infection risk. Furthermore, the risk of severe lymphopenia
increased with higher MSD.

Funding

The author(s) received no specific funding for this work.
Ethics approval and consent to participate

The Research Ethics Committee, New Territories West Cluster,
Hospital Authority, Hong Kong approved the study and waived patient
consent requirement (reference no: NTWC/REC/16119). The research

was conducted in accordance with the 1964 Declaration of Helsinki and
its later amendments.

Clinical and Translational Radiation Oncology 36 (2022) 83-90
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank King-Fung Tsang (Department of Clinical Oncology, Tuen
Mun Hospital, Hospital Authority, Hong Kong) for clerical support and
data retrieval.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ctro.2022.07.007.

References

[1] Finn OJ. A believer’s overview of cancer immunosurveillance and immunotherapy.
J Immunol (Baltimore, Md : 1950) 2018;200(2):385-91.

[2] Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity’s
roles in cancer suppression and promotion. Science 2011;331(6024):1565-70.
https://doi.org/10.1126/science.1203486.

[3] Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New insights into cancer
immunoediting and its three component phases—elimination, equilibrium and
escape. Curr Opin Immunol 2014;27:16-25. https://doi.org/10.1016/j.
€0i.2014.01.004.

[4] MacLennan IC, Kay HE. Analysis of treatment in childhood leukemia. IV. The
critical association between dose fractionation and immunosuppression induced by
cranial irradiation. Cancer. Jan 1978;41(1):108-11. doi:10.1002/1097-0142
(197801)41:1<108::aid-cncr2820410116>3.0.c0;2-z.

[5] Yovino S, Kleinberg L, Grossman SA, Narayanan M, Ford E. The etiology of
treatment-related lymphopenia in patients with malignant gliomas: modeling
radiation dose to circulating lymphocytes explains clinical observations and
suggests methods of modifying the impact of radiation on immune cells. Cancer
Invest 2013;31(2):140-4. https://doi.org/10.3109/07357907.2012.762780.

[6] Yalamanchali A, Zhang H, Huang KC, et al. Patient-Specific Lymphocyte Loss
Kinetics as Biomarker of Spleen Dose in Patients Undergoing Radiation Therapy for
Upper Abdominal Malignancies. Advances in Radiation Oncology. 2021;6(1)doi:
10.1016/j.adro.2020.08.002.

[7] LiuJ, Zhao Q, Deng W, Lu J, Xu X, Wang R, et al. Radiation-related lymphopenia is

associated with spleen irradiation dose during radiotherapy in patients with

hepatocellular carcinoma. Radiat Oncol 2017;12(1).

Chadha AS, Liu G, Chen H-C, Das P, Minsky BD, Mahmood U, et al. Does

Unintentional Splenic Radiation Predict Outcomes After Pancreatic Cancer

Radiation Therapy? Int J Radiat Oncol Biol Phys 2017;97(2):323-32.

[9] Saito T, Toya R, Yoshida N, Shono T, Matsuyama T, Ninomura S, et al. Spleen Dose-
Volume Parameters as a Predictor of Treatment-related Lymphopenia During
Definitive Chemoradiotherapy for Esophageal Cancer. In Vivo 2018;32(6):
1519-25.

[10] Chin AL, Aggarwal S, Pradhan P, Bush K, von Eyben R, Koong AC, et al. The role of
bone marrow and spleen irradiation in the development of acute hematologic
toxicity during chemoradiation for esophageal cancer. Adv Radiat Oncol 2018;3
(3):297-304.

[11] Reddy AV, Deek MP, Jackson JF, Hill CS, Sehgal S, He J, et al. Vertebral body and
splenic irradiation are associated with lymphopenia in localized pancreatic cancer
treated with stereotactic body radiation therapy. Radiat Oncol 2021;16(1).

[12] Sakaguchi M, Maebayashi T, Aizawa T, Ishibashi N, Okada M. Association between
unintentional splenic radiation and lymphopenia and high neutrophil/lymphocyte
ratio after radiotherapy in patients with esophageal cancer. Transl Cancer Res
2021;10(12):5076-84. https://doi.org/10.21037 /tcr-21-1765.

[13] Grossman SA, Ellsworth S, Campian J, Wild AT, Herman JM, Laheru D, et al.
Survival in patients with severe lymphopenia following treatment with radiation
and chemotherapy for newly diagnosed solid tumors. J Natl Compr Canc Netw
2015;13(10):1225-31.

[14] Ray-Coquard I, Cropet C, Van Glabbeke M, et al. Lymphopenia as a prognostic
factor for overall survival in advanced carcinomas, sarcomas, and lymphomas.
Cancer research. Jul 1 2009;69(13):5383-91. do0i:10.1158/0008-5472.Can-08-
3845.

[15] Blum KS, Pabst R. Lymphocyte numbers and subsets in the human blood. Do they
mirror the situation in all organs? Immunol Lett 2007;108(1):45-51. https://doi.
0rg/10.1016/j.imlet.2006.10.009.

[16] Macdonald JS, Smalley SR, Benedetti J, Hundahl SA, Estes NC, Stemmermann GN,
et al. Chemoradiotherapy after surgery compared with surgery alone for
adenocarcinoma of the stomach or gastroesophageal junction. N Engl J Med 2001;
345(10):725-30. https://doi.org/10.1056/NEJMoa010187.

[17] Edge SB, Compton CC. The American Joint Committee on Cancer: the 7th Edition
of the AJCC Cancer Staging Manual and the Future of TNM. Ann Surg Oncol 2010;
17(6):1471-4. https://doi.org/10.1245/s10434-010-0985-4.

[8

=


https://doi.org/10.1016/j.ctro.2022.07.007
https://doi.org/10.1016/j.ctro.2022.07.007
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0005
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0005
https://doi.org/10.1126/science.1203486
https://doi.org/10.1016/j.coi.2014.01.004
https://doi.org/10.1016/j.coi.2014.01.004
https://doi.org/10.3109/07357907.2012.762780
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0035
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0035
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0035
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0040
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0040
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0040
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0045
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0045
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0045
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0045
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0050
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0050
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0050
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0050
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0055
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0055
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0055
https://doi.org/10.21037/tcr-21-1765
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0065
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0065
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0065
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0065
https://doi.org/10.1016/j.imlet.2006.10.009
https://doi.org/10.1016/j.imlet.2006.10.009
https://doi.org/10.1056/NEJMoa010187
https://doi.org/10.1245/s10434-010-0985-4

S.F. Lee et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

US Department of Health and Human Services. Common Terminology Criteria for
Adverse Events (CTCAE) Version 4.0. 2010.

Venkatesulu BP, Mallick S, Lin SH, Krishnan S. A systematic review of the influence
of radiation-induced lymphopenia on survival outcomes in solid tumors. Crit Rev
Oncol Hematol Mar 2018;123:42-51. https://doi.org/10.1016/j.
critrevonc.2018.01.003.

Kaplan EL, Meier P. Nonparametric estimation from incomplete observations. J Am
Stat Assoc 1958;53(282):457-81. https://doi.org/10.1080/
01621459.1958.10501452.

Mantel N. Evaluation of survival data and two new rank order statistics arising in
its consideration. Cancer Chemother Rep 1966;50(3):163-70.

Fine JP, Gray RJ. A proportional hazards model for the subdistribution of a
competing risk. J Am Stat Assoc 1999;94(446):496-509. https://doi.org/10.1080/
01621459.1999.10474144.

Lau B, Cole SR, Gange SJ. Competing risk regression models for epidemiologic
data. Am J Epidemiol 2009;170(2):244-56. https://doi.org/10.1093/aje/kwp107.
Formenti SC, Demaria S. Combining radiotherapy and cancer immunotherapy: a
paradigm shift. J Natl Cancer Inst 2013;105(4):256-65. https://doi.org/10.1093/
jnci/djs629.

Demaria S, Pilones KA, Vanpouille-Box C, Golden EB, Formenti SC. The optimal
partnership of radiation and immunotherapy: from preclinical studies to clinical
translation. Radiat Res 2014;182(2):170-81. https://doi.org/10.1667/rr13500.1.
Gandhi SJ, Minn AJ, Vonderheide RH, Wherry EJ, Hahn SM, Maity A. Awakening
the immune system with radiation: Optimal dose and fractionation. Cancer Lett
2015;368(2):185-90. https://doi.org/10.1016/j.canlet.2015.03.024.

Di Sabatino A, Carsetti R, Corazza GR. Post-splenectomy and hyposplenic states.
Lancet 2011;378(9785):86-97. https://doi.org/10.1016/s0140-6736(10)61493-6.
Lyman GH. Risks and consequences of chemotherapy-induced neutropenia. Clin
Cornerstone 2006;8(Suppl 5):512-8. https://doi.org/10.1016/51098-3597(06)
80054-2.

Netterberg I, Nielsen EI, Friberg LE, Karlsson MO. Model-based prediction of
myelosuppression and recovery based on frequent neutrophil monitoring. Cancer
Chemother Pharmacol 2017;80(2):343-53. https://doi.org/10.1007/500280-017-
3366-x.

Li Y, Wang W, Yang F, Xu Y, Feng C, Zhao Y. The regulatory roles of neutrophils in
adaptive immunity. Cell Co ication and Signaling. 2019;17(1):147. doi:
10.1186/512964-019-0471-y.

de Kleijn S, Langereis JD, Leentjens J, et al. IFN-y-Stimulated Neutrophils Suppress
Lymphocyte Proliferation through Expression of PD-L1. PLOS ONE. 2013;8(8):
€72249. doi:10.1371/journal.pone.0072249.

Petrie HT, Klassen LW, Kay HD. Inhibition of human cytotoxic T lymphocyte
activity in vitro by autologous peripheral blood granulocytes. J Immunol 1985;134
(1):230-4.

Zitvogel L, Tesniere A, Kroemer G. Cancer despite immunosurveillance:
immunoselection and immunosubversion. Nat Rev Immunol 2006;6(10):715-27.
https://doi.org/10.1038/nri1936.

Wu Q, Allouch A, Martins I, Brenner C, Modjtahedi N, Deutsch E, et al. Modulating
both tumor cell death and innate immunity is essential for improving radiation

90

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Clinical and Translational Radiation Oncology 36 (2022) 83-90

therapy effectiveness. Front Immunol 2017;8. https://doi.org/10.3389/
fimmu.2017.00613.

Ishihara D, Pop L, Takeshima T, Iyengar P, Hannan R. Rationale and evidence to
combine radiation therapy and immunotherapy for cancer treatment. Cancer
Immunol Immunother 2017;66(3):281-98. https://doi.org/10.1007/500262-016-
1914-6.

Wargo JA, Reuben A, Cooper ZA, Oh KS, Sullivan RJ. Immune effects of
chemotherapy, radiation, and targeted therapy and opportunities for combination
with immunotherapy. Semin Oncol 2015;42(4):601-16. https://doi.org/10.1053/
j.seminoncol.2015.05.007.

Barker HE, Paget JTE, Khan AA, Harrington KJ. The tumour microenvironment
after radiotherapy: mechanisms of resistance and recurrence. Nat Rev Cancer 2015;
15(7):409-25. https://doi.org/10.1038/nrc3958.

Carvalho HA, Villar RC. Radiotherapy and immune response: the systemic effects
of a local treatment. Clinics (Sao Paulo, Brazil) 2018;73(suppl 1):e557s-. https://
doi.org/10.6061/clinics/2018/e557s.

Schwartz PE, Sterioff S, Mucha P, Melton 3rd LJ, Offord KP. Postsplenectomy sepsis
and mortality in adults. JAMA 1982;248(18):2279-83.

Dailey MO, Coleman CN, Kaplan HS. Radiation-induced splenic atrophy in patients
with Hodgkin’s disease and non-Hodgkin’s lymphomas. N Engl J Med 1980;302(4):
215-7. https://doi.org/10.1056,/nejm198001243020406.

Coleman CN, McDougall IR, Dailey MO, Ager P, Bush S, Kaplan HS. Functional
hyposplenia after splenic irradiation for Hodgkin’s disease. Ann Intern Med 1982;
96(1):44-7. https://doi.org/10.7326,/0003-4819-96-1-44.

Weiner MA, Landmann RG, DeParedes L, Leventhal BG. Vesiculated erythrocytes as
a determination of splenic reticuloendothelial function in pediatric patients with
Hodgkin’s disease. J Pediatr Hematol Oncol 1995;17(4):338-41. https://doi.org/
10.1097/00043426-199511000-00010.

Weinmann M, Becker G, Einsele H, Bamberg M. Clinical indications and biological
mechanisms of splenic irradiation in chronic leukaemias and myeloproliferative
disorders. Radiother Oncol 2001;58(3):235-46. https://doi.org/10.1016/S0167-
8140(00)00316-9.

Yalamanchali A, Zhang H, Huang KC, Mohan R, Lin SH, Zhu C, et al. Patient-
specific lymphocyte loss kinetics as biomarker of spleen dose in patients
undergoing radiation therapy for upper abdominal malignancies. Adv Radiat Oncol
2021;6(1):100545. https://doi.org/10.1016/j.adro.2020.08.002.

Smalley SR, Gunderson L, Tepper J, Martenson JA, Minsky B, Willett C, et al.
Gastric surgical adjuvant radiotherapy consensus report: rationale and treatment
implementation. Int J Radiat Oncol Biol Phys 2002;52(2):283-93. https://doi.org/
10.1016/50360-3016(01)02646-3.

Jansen EP, Nijkamp J, Gubanski M, Lind PA, Verheij M. Interobserver variation of
clinical target volume delineation in gastric cancer. Int J Radiat Oncol Biol Phys
2010;77(4):1166-70. https://doi.org/10.1016/j.ijrobp.2009.06.023.

Dailey MO, Coleman CN, Fajardo LF. Splenic injury caused by therapeutic
irradiation. Am J Surg Pathol 1981;5(4):325-31. https://doi.org/10.1097/
00000478-198106000-00002.


https://doi.org/10.1016/j.critrevonc.2018.01.003
https://doi.org/10.1016/j.critrevonc.2018.01.003
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1080/01621459.1958.10501452
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0105
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0105
https://doi.org/10.1080/01621459.1999.10474144
https://doi.org/10.1080/01621459.1999.10474144
https://doi.org/10.1093/aje/kwp107
https://doi.org/10.1093/jnci/djs629
https://doi.org/10.1093/jnci/djs629
https://doi.org/10.1667/rr13500.1
https://doi.org/10.1016/j.canlet.2015.03.024
https://doi.org/10.1016/s0140-6736(10)61493-6
https://doi.org/10.1016/s1098-3597(06)80054-2
https://doi.org/10.1016/s1098-3597(06)80054-2
https://doi.org/10.1007/s00280-017-3366-x
https://doi.org/10.1007/s00280-017-3366-x
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0160
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0160
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0160
https://doi.org/10.1038/nri1936
https://doi.org/10.3389/fimmu.2017.00613
https://doi.org/10.3389/fimmu.2017.00613
https://doi.org/10.1007/s00262-016-1914-6
https://doi.org/10.1007/s00262-016-1914-6
https://doi.org/10.1053/j.seminoncol.2015.05.007
https://doi.org/10.1053/j.seminoncol.2015.05.007
https://doi.org/10.1038/nrc3958
https://doi.org/10.6061/clinics/2018/e557s
https://doi.org/10.6061/clinics/2018/e557s
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0195
http://refhub.elsevier.com/S2405-6308(22)00060-X/h0195
https://doi.org/10.1056/nejm198001243020406
https://doi.org/10.7326/0003-4819-96-1-44
https://doi.org/10.1097/00043426-199511000-00010
https://doi.org/10.1097/00043426-199511000-00010
https://doi.org/10.1016/S0167-8140(00)00316-9
https://doi.org/10.1016/S0167-8140(00)00316-9
https://doi.org/10.1016/j.adro.2020.08.002
https://doi.org/10.1016/s0360-3016(01)02646-3
https://doi.org/10.1016/s0360-3016(01)02646-3
https://doi.org/10.1016/j.ijrobp.2009.06.023
https://doi.org/10.1097/00000478-198106000-00002
https://doi.org/10.1097/00000478-198106000-00002

	Splenic irradiation contributes to grade ​≥ ​3 lymphopenia after adjuvant chemoradiation for stomach cancer
	Introduction
	Methods
	Study design, data, and setting
	Treatment monitoring and blood count evaluation
	Treatment planning and delivery
	Dosimetric and volumetric parameters
	Statistical analysis

	Results
	Description of the cohort
	Prediction of post-CRT severe lymphopenia
	Survival outcomes and risk of infection
	OS
	RFS
	Risk of infection


	Discussion
	Conclusions
	Funding
	Ethics approval and consent to participate
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


