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Abstract. Aim: Our study sought to identify dosimetric
predictors of treatment-related lymphopenia during
chemoradiotherapy for esophageal cancer. Materials and
Methods: Patients with esophageal cancer who had received
definitive chemoradiotherapy at our Institution were
retrospectively assessed. The absolute volume of the spleen,
body, and bone marrow that had received 5, 10, 20, and
30 Gy and the mean splenic dose were recorded. Results:
Multivariate linear regression analysis revealed that
docetaxel use and spleen dose—volume parameters (V5, V10,
V20, V30, and mean splenic dose) were significant
independent factors negatively influencing the absolute
lymphocyte count at nadir. An increase of 1 Gy in mean
splenic dose predicted a 2.9% decrease in nadir absolute
lymphocyte count. Univariable logistic regression analysis
showed that the mean splenic dose was a significant
predictor of grade 4 lymphopenia. None of the body or bone
marrow dose—volume parameters significantly predicted
lymphopenia. Conclusion: Higher spleen dose—volume
parameters were associated with severe lymphopenia during
chemoradiotherapy.

The important role of lymphocytes in the immune response to
cancer is evidenced by reports that show better survival of
patients with lung, colorectal, and breast cancer who have
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lymphocyte infiltration in the tumor tissue (1-3). Recent
studies demonstrated that treatment-related lymphopenia was
associated with poor outcome in patients undergoing definitive
chemoradiotherapy (CRT) for esophageal, pancreatic, lung,
cervical, and nasopharyngeal cancer (4-8). Lymphocytes are
highly radiosensitive, and exposure to low doses of radiation
can lead to a decrease in the number of peripheral blood
lymphocytes (9). Radiation-related lymphopenia can thus
affect the immune system and the treatment outcome.

Previous studies have suggested that radiation-related
lymphopenia is associated with the irradiation of lymphoid
tissue including the spleen (10) and bone marrow (11), or the
irradiation of peripheral blood lymphocytes (12,13).
However, in CRT for esophageal cancer, mechanisms of
treatment-related lymphopenia have not been clarified.
Therefore, focusing on dose—volume parameters, we sought
to identify predictors of lymphopenia during CRT for
esophageal cancer.

Materials and Methods

Patients. This retrospective study was approved by the Institutional
Review Board of our hospital (approval number, 1533). Patient
informed consent was waived due to the retrospective nature of the
study. The study was carried out according to the Declaration of
Helsinki. Our inclusion criteria were as follows: Patients who
completed definitive CRT for esophageal cancer between January
2011 and August 2015 and whose chemotherapy regimen included
cisplatin. The exclusion criteria were: Previous radiotherapy (RT);
chemotherapy performed before CRT; and CRT performed as
preoperative treatment.

Laboratory data. The study endpoints were as follows: (i) the
absolute lymphocyte count (ALC) at nadir, defined as the lowest
value recorded during CRT; and (ii) lymphopenia of grade 4
(ALC<0.200x1091) as determined by the Common Terminology
Criteria for Adverse Events v 4.0, (14) with the highest grade during
the CRT recorded for analysis.
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Dose—volume parameters. Three organs at risk were assessed:
Spleen, body, and bone marrow. For the present study, organs at risk
were delineated on planning computed tomographic images using
commercially available software (Velocity Al; Velocity Medical
System, Atlanta, GA, USA). One radiation oncologist delineated the
spleen manually. For delineating the body and bone marrow, a
previously described method was followed (13). In order to evaluate
the effect of radiation on peripheral blood lymphocytes, the
radiation oncologist delineated the volume enclosed by the body
surface, creating a body contour. The body surface contour was
obtained first using threshold-based segmentation and then by
manual correction. For bone marrow, all bones were delineated by
threshold-based segmentation and manual correction; intervertebral
disks and costal, thyroid, cricoid, and tracheal cartilage were
excluded. The absolute volume of the three organs at risk receiving
5, 10, 20, and 30 Gy (V5, V10, V20, and V30) was recorded. The
mean splenic dose was also calculated.

Statistical analysis. For univariable and multivariable linear
regression analyses and univariable logistic regression analysis,
patient age, body mass index, baseline ALC, and dose—volume
parameters were applied as continuous variables. The categorical
variables included the American Joint Committee on Cancer clinical
stage (15) and the concurrent chemotherapy regimen. The Shapiro—
Wilk statistic was used to check the normality assumption of
residuals and to judge if any variable transformation was necessary.
The variance inflation factor was used to detect multicolinearity
between independent variables. All variables with a p-value less
than 0.1 at univariable linear regression analysis were entered into
multivariable analysis. Spearman correlation coefficients were used
to evaluate associations between the spleen dose—volume parameters
and the ALC at nadir. The overall survival, calculated from the start
of RT, was estimated using the Kaplan—-Meier method; differences
in survival were determined with the log-rank test. All tests were
two tailed, and differences with p<0.05 indicated statistical
significance. All statistical analyses were performed using SPSS
software, version 24 (IBM SPSS, Armonk, NY, USA).

Results

Patients. The study population included 61 patients treated
with definitive CRT for esophageal cancer (Table I). All
patients had squamous cell carcinoma.

Laboratory data. Blood samples were collected at least
weekly during CRT. The median pre-CRT ALC was
1.638x10%/1 (range=0.585-3.226x10%/1), and the median
nadir ALC during CRT was 0.134x10%/1 (range=0.029-
0.372x10%/1). Of the 61 patients, 48 (79%) developed grade
4 lymphopenia; the other 13 patients (21%) developed grade
3 lymphopenia.

Dose—volume parameters. The median (range) V5, V10,
V20, and V30 of the spleen were 12 (0-139), 6 (0-120), 2 (0-
102), and 0 (0-63) ml, respectively. These values were 67.65
(28.84-122.09), 56.54 (24.18-107.51), 43.57 (18.63-88.38),
and 35.25 (12.62—69.27)><1O2 ml for the body, and 7.71
(3.00-11.74), 6.53 (2.56-10.89), 5.62 (2.10-9.79), and 4.93
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Table 1. Patient and treatment characteristics (n=61).

Characteristic Value
Age, years

Median (range) 68 (45-88)
Gender, n (%)

Female 7 (11)

Male 54 (89)

Body mass index, kg/m?
Median (range)
Tumor location, n (%)

21.6 (15.1-47.8)

Cervical 20 (33)
Upper thoracic 11 (18)
Middle thoracic 18 (30)
Lower thoracic 12 (20)
AJCC clinical stage, n (%)
1 22 (36)
11 10 (16)
1 29 (48)

Baseline ALC (x109/1)
Median (range)

Elective nodal irradiation, n (%)
No 8 (13)
Yes 53 (87)

Radiotherapy technique, n (%)

1.638 (0.585-3.226)

3-D conformal radiotherapy 56 (92)

3-D conformal radiotherapy and

intensity-modulated radiotherapy 5(8)
Total radiation dose, n (%)

60 Gy 39 (64)

59.6 Gy 22 (36)
Concurrent chemotherapy, n (%)

Cisplatin + 5-fluorouracil 20 (33)

Docetaxel + cisplatin + 5-fluorouracil 41 (67)

AJCC, American Joint Committee on Cancer (7th edition) (15); ALC,
absolute lymphocyte count.

(1 .62—8.59)><102 ml for the bone marrow. The median (range)
mean splenic dose was 2.87 (0-31.77) Gy.

Predictors of treatment-related lymphopenia. As the Shapiro—
Wilk test showed that the normality assumption of residuals
was not met, ALC at nadir was log (base 10) transformed to
meet the assumption; log;y ALC nadir was the dependent
variable in our linear regression analyses. In univariable linear
regression analysis, baseline ALC, docetaxel use, spleen V5,
spleen V10, spleen V20, spleen V30, and mean splenic dose
gave p-values of less than 0.10 (Table II), and were included
in multivariable analysis. Since there were strong associations
between spleen V5, spleen V10, spleen V20, spleen V30, and
mean splenic dose, these variables were analyzed in separate
models (Table III). Variance inflation factors ranged from 1.00
to 1.05, and this indicated that there was no multicollinearity
problem for the independent variables. Multivariable linear
regression analysis showed that docetaxel use, spleen V5,
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Table II. Univariable linear regression analysis to identify variables associated with absolute lymphocyte count (ALC) nadir (log10 values).

Variable B 95% CI p-Value
Age (per 1 year increase) 0.001 —-0.007-0.008 0.88
Body mass index (per 1 kg/m2 increase) 0.010 —-0.003-0.023 0.13
7th AJCC clinical stage (III vs. I, II) 0.019 —-0.116-0.155 0.78
Baseline ALC (per increase of 1x109/1) 0.096 -0.017-0.209 0.093
Concurrent chemotherapy (DCF vs. CF) -0.154 -0.293-0.015 0.030
Spleen V5 (per increase of 1 ml) -0.002 —-0.004-0.000 0.012
Spleen V10 (per increase of 1 ml) -0.003 —-0.005-0.001 0.005
Spleen V20 (per increase of 1 ml) -0.003 —-0.006-0.000 0.031
Spleen V30 (per increase of 1 ml) —-0.006 -0.011-0.001 0.032
Mean splenic dose (per increase of 1 Gy) -0.011 —-0.020-0.003 0.008
Body V5 (per increase of 1x102 ml) -0.001 —-0.004-0.003 0.60
Body V10 (per increase of 1x102 ml) -0.002 —-0.005-0.002 0.45
Body V20 (per increase of 1x102 ml) —-0.001 —-0.006-0.003 0.56
Body V30 (per increase of 1x102 ml) 0.001 —-0.005-0.006 0.83
Bone marrow V5 (per increase of 1x102 ml) -0.015 —-0.053-0.022 042
Bone marrow V10 (per increase of 1x102 ml) -0.025 -0.066-0.015 0.21
Bone marrow V20 (per increase of 1x102 ml) -0.028 -0.071-0.015 0.19
Bone marrow V30 (per increase of 1x102 ml) -0.009 —-0.053-0.036 0.70

AJCC, American Joint Committee on Cancer; DCF, docetaxel + cisplatin + 5-fluorouracil; CF, cisplatin + 5-fluorouracil; 8, regression coefficient;
CI, confidence interval; V5, volume receiving 5 Gy; V10, volume receiving 10 Gy; V20, volume receiving 20 Gy; V30, volume receiving 30 Gy.

Table III. Multivariable linear regression analysis to identify variables associated with logl0 (ALC nadir).

Model Variable [§ 95% CI p-Value
1 Baseline ALC (per increase of 1x109/1) 0.102 —-0.002-0.206 0.054
Concurrent chemotherapy (DCF vs. CF) -0.164 -0.293--0.034 0.014
Spleen V5 (per increase of 1 ml) —-0.003 —0.004--0.001 0.001
2 Baseline ALC (per increase of 1x109/1) 0.092 -0.012-0.196 0.081
Concurrent chemotherapy (DCF vs. CF) —-0.146 -0.275--0.017 0.028
Spleen V10 (per increase of 1 ml) -0.003 —-0.005--0.001 0.001
3 Baseline ALC (per increase of 1x109/1) 0.091 -0.017- 0.199 0.098
Concurrent chemotherapy (DCF vs. CF) -0.133 —-0.267- 0.001 0.052
Spleen V20 (per increase of 1 ml) -0.003 —-0.006--0.001 0.017
4 Baseline ALC (per increase of 1x109/1) 0.080 —-0.028- 0.188 0.15
Concurrent chemotherapy (DCF vs. CF) -0.136 -0.271--0.001 0.049
Spleen V30 (per increase of 1 ml) -0.006 -0.011--0.001 0.025
5 Baseline ALC (per increase of 1x109/1) 0.099 —-0.005-0.203 0.062
Concurrent chemotherapy (DCF vs. CF) -0.153 -0.282--0.024 0.021
Mean splenic dose (per increase of 1 Gy) -0.013 —-0.021--0.005 0.001

ALC, Absolute lymphocyte count; DCF, Docetaxel + Cisplatin + 5-fluorouracil; CF, Cisplatin + 5-fluorouracil; (3, regression coefficient; CI,
confidence interval; V5, volume receiving 5 Gy; V10, volume receiving 10 Gy; V20, volume receiving 20 Gy; V30, volume receiving 30 Gy.

spleen V10, spleen V20, spleen V30, and mean splenic dose
were significant factors influencing ALC at nadir. In
multivariable analysis, the regression coefficient for mean
splenic dose was —0.013; an increase of 1 Gy in mean splenic
dose predicted a 2.9% decrease in ALC at nadir. Univariable
logistic regression analysis identified mean splenic dose as a
significant predictor of grade 4 lymphopenia (Table IV).

Correlations between the spleen dose—volume parameters
and ALC at nadir. There were significant correlations
between the spleen dose—volume parameters and ALC at
nadir (Figure 1).

Relationship between treatment-related lymphopenia and
overall survival. The median follow-up period from the start
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Table IV. Univariable logistic regression analysis to identify variables associated with grade 4 lymphopenia.

Variable OR 95% CI p-Value
Age (per | year increase) 1.00 0.94-1.07 0.94
Body mass index (per 1 kg/m? increase) 0.95 0.85-1.06 0.38
7th AJCC clinical (stage III vs. I, IT) 0.49 0.14-1.70 0.26
Baseline ALC (per increase of 1x109/1) 0.52 0.18-1.45 0.21
Concurrent chemotherapy (DCF vs. CF) 2.08 0.59-7.31 0.25
Spleen V5 (per increase of 1 ml) 1.02 1.00-1.04 0.088
Spleen V10 (per increase of 1 ml) 1.03 1.00-1.07 0.094
Spleen V20 (per increase of 1 ml) 1.06 0.98-1.15 0.13
Spleen V30 (per increase of 1 ml) 1.09 0.96-1.23 0.21
Mean splenic dose (per increase of 1 Gy) 1.19 1.01-1.41 0.037
Body V5 (per increase of 1x102 ml) 1.01 0.98-1.04 0.59
Body V10 (per increase of 1x102 ml) 1.02 0.98-1.06 043
Body V20 (per increase of 1x102 ml) 1.02 0.97-1.07 0.47
Body V30 (per increase of 1x102 ml) 1.00 0.95-1.06 0.92
Bone marrow V5 (per increase of 1x102 ml) 1.07 0.76-1.50 0.70
Bone marrow V10 (per increase of 1x102 ml) 1.18 0.81-1.71 0.39
Bone marrow V20 (per increase of 1x102 ml) 1.24 0.82-1.87 0.30
Bone marrow V30 (per increase of 1x102 ml) 1.10 0.73-1.65 0.65

AJCC, American Joint Committee on Cancer; ALC, absolute lymphocyte count; OR, odds ratio; CI, confidence interval; V5, volume receiving 5
Gy; V10, volume receiving 10 Gy; V20, volume receiving 20 Gy; V30, volume receiving 30 Gy.

of RT for the whole patient group was 31 months (range=2
to 83 months). There was no statistically significant
difference in the overall survival of patients with grade 3 or
lower lymphopenia (3-year overall survival=80%) and those
with grade 4 lymphopenia (3-year overall survival=73%)
(p=0.68).

Discussion

In this study, all patients who received CRT for esophageal
cancer experienced severe treatment-related lymphopenia.
We found that higher spleen dose—volume parameters were
predictors of more severe lymphopenia during CRT for
esophageal cancer. We also found that patients who received
docetaxel in addition to cisplatin and 5-fluorouracil were
more likely to experience severe lymphopenia.

The significant association we found between higher
spleen dose—volume parameters and severe lymphopenia
during CRT may be explained by the volume of lymphocytes
that circulate through the spleen. The spleen is quantitatively
the most important organ in the lymphoid system; more
lymphocytes pass through this organ each day than through
all lymph nodes (16). The transit time of lymphocytes
migrating through the spleen is several-fold shorter than that
through lymph nodes and therefore high numbers of
lymphocytes home to and leave the spleen per day (16).
Previous studies have reported that shortly following
injection of labelled lymphocytes, up to 40% of the
lymphocytes were found in the spleen (17-19). This
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quantitatively predominant role of the spleen in the lymphoid
system may therefore explain our findings. Lymphocytes are
highly radiosensitive, and previously reported in vitro data
showed that the dose required to kill 50% of lymphocytes is
approximately 2 Gy, and that required to kill 10% of
lymphocytes is approximately 0.5 Gy (20). This high
sensitivity of lymphocytes to radiation means RT can cause
substantial lymphocyte cell death even during the short
transit time of lymphocytes through the spleen.

Our results suggesting the predictive value of spleen dose—
volume parameters, are consistent with several studies. A
study of 177 patients with locally advanced pancreatic cancer
who received CRT demonstrated that higher splenic doses
increased the risk of the development of severe post-CRT
lymphopenia (10). A study of 59 patients with hepatocellular
carcinoma demonstrated that higher spleen irradiation doses
correlated significantly with lower minimum ALC during RT
for hepatocellular carcinoma (21).

Accumulating evidence indicates that standard therapeutic
doses of radiation have the potential to restore tumor
immunogenicity and convert the tumor into an in situ
‘personalized vaccine’ (22). RT promotes cross-presentation
of tumor-derived antigens by dendritic cells to T-cells,
stimulates chemokine-mediated recruitment of effector T-
cells to the tumor, and facilitates cellular recognition and
killing by T-cells, especially when RT is combined with
targeted immunotherapy (22). On the other hand, RT also has
immune-suppressive effects, and causes lymphocyte cell
death in lymphoid tissue or in the peripheral blood. To fully
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Figure 1. Spearman correlation coefficients (r) were used to evaluate associations between spleen dose—volume parameters and absolute lymphocyte
count (ALC) at nadir.
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utilize the potential of RT to behave as an immune adjuvant,
lymphocyte-sparing RT techniques should be used.

We found that patients who received docetaxel in addition
to cisplatin and 5-fluorouracil were more likely to experience
severe lymphopenia. Docetaxel has a direct, probably
cytotoxic, effect on peripheral blood lymphocytes, and
causes significant but reversible lymphopenia (23).

Severe treatment-related lymphopenia has been shown to
be associated with worse survival and worse disease control
in patients with various solid tumor types (24). In an analysis
of patients with esophageal cancer who received neoadjuvant
CRT, patients without grade 4 lymphopenia demonstrated
evidence of prolonged disease-free and distant metastasis-free
survival, and marginally also for better overall survival (4). It
is unknown whether treatment-related lymphopenia has an
influence on prognosis, or if it is only a prognostic factor.

Our study has some limitations. We did not find an
association between treatment-related lymphopenia and
survival. In our small study, the follow-up period was
relatively short and a small number of deaths occurred. Our
analysis may not have had enough statistical power to detect
any clinically relevant difference. Another limitation of our
retrospective study was that laboratory data were not
acquired regularly during CRT. Consequently, we may not
have used the true nadir blood cell counts in our analyses.

In summary, we retrospectively assessed dose—volume
parameters of the spleen, body, and bone marrow for their
ability to predict lymphopenia during CRT. Severe treatment-
related lymphopenia occurred in our patients. Higher spleen
dose—volume parameters were associated with more severe
lymphopenia during CRT. Although the clinical relevance of
lymphopenia needs to be studied further, our results may
contribute to the development of lymphocyte-sparing RT
techniques.
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