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ABSTRACT
BACKGROUND

We investigated how radiotherapy (RT) parameters may contribute to the risk of lymphopenia in urological

tumors and we discussed how this may impact clinical outcomes.

MATERIAL & METHODS

A systematic review was performed according to the preferred reporting items for systematic reviews and meta-
analysis (PRISMA) guidelines. The PubMed, Embase and ISI Web Of Knowledge databases were searched. Study

quality was assessed according to the Newcastle-Ottawa Scale.
RESULTS

Overall, 8 articles reporting on a total of 549 urological cancer patients met the inclusion criteria. The pooled
mean incidence of acute severe lymphopenia (absolute lymphocyte count < 500 cells/uL) was 17.1%. Extended
radiation volumes may lead to an increased risk of developing lymphopenia. Medium-high doses (= 40 Gy) to
the whole pelvic (odds ratio (OR) = 1.01; 95% confidence interval (Cl) 1.00-1.01; p-value = 0.025) and iliac (OR =
1.04; 95% Cl 1.01-1.08; p-value = 0.009) bone marrow (BM) were associated with acute grade 3 and late grade

2 lymphopenia, respectively.
CONCLUSION

Multiple studies reported high and severe incidences of lymphopenia. Minimizing radiation volumes and
unintentional irradiation of pelvic BM may reduce the incidence of lymphopenia, potentially improving clinical
outcomes. More research is needed to further elucidate these findings and effectively implement recently

developed new risk assessment tools.
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HIGHLIGHTS

e RT may unintentionally cause lymphopenia.
e The mean pooled incidence of ASL (n = 474) was 17.1%.
e The extent of the target volume and dose to the pelvic BM should be limited.

e Tools to assess and limit the risk of lymphopenia are of particular interest.



INTRODUCTION

Improvements in radiotherapy (RT) planning and delivery have allowed for higher conformity of the dose
distribution to the planning target volume (PTV) and a better sparing of the surrounding organs at risk (OAR).
However, an important concern with the use of modulated RT is the increased spread out of non-target dose to
normal tissue outside the PTV. This unintended dose may raise concern as it offers no therapeutic benefit and
could cause adverse effects that negatively affect treatment outcomes and quality of life. The personalized dose
distribution as calculated by the treatment planning system (TPS) is highly dependent on the preferred

treatment approach in clinical practice, which in turn may be associated with different RT parameters [1].

Among lymphocytes, the CD3+ complex is involved in activating both CD8+ cytotoxic and CD4+ helper T-cells.
CD4+ cells primarily mediate anti-tumor immunity by assisting CD8+ cells, promoting antibody responses and
stimulating cytokine secretion. Lymphocytes are recognized as one of the most radiosensitive cells, with even
doses as low as 150 cGy and 275 cGy for lymphocytes residing in lymph nodes in vivo and in vitro reported to be
fatal for 50% of the lymphocyte cells (Dso%) [2]. A more recent in vitro study showed a Dsoy of approximately 2
Gy for isolated CD8+ lymphocytes [3]. Not only circulating lymphocytes are highly radiosensitive, the bone
marrow (BM) is also prone to acute and chronic radiation toxicity [4]. The pelvic region represents 55.6% of the
proliferating BM, of which 16.6% is distributed at the lumbar spine, 9.2% at the sacrum, 25.3% at the pelvis and
4.5% at the proximal femurs [5]. The level of RT-induced BM suppression is both time and dose dependent, with
evidence of partial to complete recovery after one year [4, 6]. Together with lymphocytes residing in other
critical organs, the pelvic BM — being the primary site of hematopoiesis — may be acknowledged as an important

OAR for developing lymphopenia or other hematologic adverse events

The impact of radiation on the immune system has become a topic of particular interest in the search of new
predictive and prognostic biomarkers. In this regard, lymphocytes are an appealing candidate immune-based
biomarker of response to RT due to their accessibility, affordability and prognostic significance [7, 8]. With RT
playing a prominent role in the management of urological cancers, a comprehensive search of the literature to
identify relevant parameters that correlate with the risk and incidence of lymphopenia in any way seems
justified.

MATERIAL AND METHODS

This systematic review was performed according to the preferred reporting items for systematic reviews and
meta-analysis (PRISMA) guidelines [9]. The PubMed (National Institutes of Health), ISI Web of Knowledge
(Clarivate Analytics) and Embase (Elsevier) databases were searched for relevant articles from inception until

March 2021. The study protocol was registered on PROSPERO (National Institute for Health Research, University
of York) [CRD42020159436]. Following in- and exclusion criteria were defined:

INCLUSION CRITERIA (1) Any clinical study of urological malignancies in humans; (2) RT was an integral part of

the patient treatment — primary, salvage or (neo)adjuvant; (3) Documented RT-associated lymphocyte

outcomes.



EXCLUSION CRITERIA (1) Studies published only as abstracts and reports from meetings, review articles,

modeling studies and editorials; (2) (Pre)clinical in vitro and in vivo studies; (3) Studies reporting only on pre-
treatment lymphocyte outcomes or associations with systemic therapy or surgery alone; (4) Radioactive isotope

treatment only; (5) Studies reporting outcomes in HIV-positive or immunodeficient patients.

Article screening was done independently by two reviewers (WD and MS) using the Rayyan web application [10].
Any disagreement was resolved by mutual consensus. A total of 3168 articles were identified using the database
search. Relevant articles were withheld based on title and/or abstract and further assessed for eligibility based
on full text by two independent reviewers (WD and MS). Articles including patients treated with RT for urological
tumors were selected manually during the screening process. Forward and backward snowballing of candidate
articles was performed to identify additional relevant articles. A summary of the search process is shown in

Figure S1.

All p-values < 0.05 were considered significant. Study quality was assessed by using the Newcastle-Ottawa Scale

and applying the scoring algorithm as described by McPheeters et al. [11, 12] (Supplementary Table S1).
RESULTS

Overall, 8 articles met the inclusion criteria [13-20]. Table 1 summarizes all relevant details of these studies. In
total, 549 patients were treated with RT for either prostate (n = 508) or bladder (n = 41) cancer. Four studies (n
= 474) explicitly reported about the incidences of acute severe lymphopenia (ASL) (defined as absolute
lymphocyte count (ALC) < 500 cells/uL). The pooled mean incidence of ASL was 17.1% [13, 16-18] (Figure 1). The
incidence of late grade 2 (15%) and 3 (1%) lymphopenia persisting up to one year after the start of RT was only
mentioned in one study [13]. The study of Miszczyk et al. — which was the only study to include both prostate (n
= 74) and bladder (n = 41) cancer patients — could not demonstrate a significant difference in ALC decrease
between either pathologies [16]. Of note, a summary of reported and back-calculated incidences of lymphopenia

and other hematologic adverse events is provided in Table S2 [13, 16-18].
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Figure 1 — Graphical summary of ASL incidence. To illustrate the impact of the target size, incidences per irradiated volume
are displayed separately and as overall mean (if applicable). The study of Cozzarini et al. [13] and Miszczyk et al. [16] included
only patients treated with extended radiation volumes (i.e. including the pelvic lymph nodes). The dotted line represents the

pooled mean incidence (17.1%). ASL = acute severe lymphopenia.

Four studies investigated the impact of the target size, which could be considered as a surrogate for the
irradiated volume. In the study of Schad et al., the incidence of lymphopenia (median follow-up total lymphocyte
count (TLC) < 1000 cells/uL) was significantly increased in prostate cancer patients treated with pelvic lymph
node (PLN) irradiation (61.1%) as compared to patients without PLN irradiation (26.3%) (p < 0.001). The
incidence of severe lymphopenia (median follow-up TLC < 500 cells/uL) was also increased in the PLN-cohort,
albeit non-significantly (19.4% versus 9.5%; p-value =0.12). Overall, an extended radiation volume was
independently associated with an almost 3.5-fold risk of developing lymphopenia (hazard ratio (HR) = 3.42; 95%
confidence interval (Cl) 1.22-9.61; p-value =0.019) [18]. Indeed, treatment with prostate (bed) only RT (PBRT)
resulted in higher lymphocyte counts (p < 0.05 for all time points after baseline) as well as a lower incidence of
grade 2+ (p < 0.01) and grade 3 (p < 0.01) lymphopenia as compared to whole pelvis RT (WPRT). Of note, the
incidence of grade 2 leukopenia (15% versus 2%; p-value =0.02) and grade 2 anemia (8% versus 0%; p-value
=0.03) was also significantly higher in patients treated with WPRT [17]. Another study found that the ratio of
CD8+/Treg lymphocytes was significantly lower after RT including the PLN both at the end of RT (p-value =0.03)
and until at least 3 months thereafter (p-value =0.03), indicating a stronger immunosuppressive effect [14]. An
analysis of 125 prostate cancer patients treated with post-prostatectomy WPRT revealed that the PTV of the
PLN — which included the obturator, hypogastric, internal and external iliac as well as presacral lymph-nodes
anterior to the first sacral segment —failed to reach significance as a predictor for acute grade 2 (p-value =0.98),

acute grade 3 (p-value =0.66) and late grade 2+ (p-value =0.94) lymphopenia on univariate analysis (UVA) [13].



Five studies investigated the association between lymphopenia and the applied radiation technique, but none
of these studies could demonstrate a significant difference [13, 15, 16, 18, 19]. Elsworthy et al. could not detect
a significant difference in ALC decrease between patients treated with either three-dimensional conformal RT
(3D-CRT) or tomotherapy. However, they did only one evaluation, half way through the trajectory after delivery
of 34-38 Gy [15]. Similarly, the incidence of grade 3+ lymphopenia between patients treated with 3D-CRT
(22.1%) or intensity modulated RT (IMRT) (17.1%) in the study of Miszczyk et al. was very comparable (p > 0.05)
[16]. Another study confirmed that there was no apparent influence of different IMRT techniques (static versus
rotational) for acute grade 2 (p-value =0.80), acute grade 3 (p-value =0.47) and late grade 2+ (p-value =0.81)
lymphopenia [13, 19]. The study of Schad et al. included patients treated with brachytherapy, external beam RT
(EBRT) or a combination of both. Although these techniques are associated with different treatment volumes,
they did not impact the risk of lymphopenia (HR = 0.39; 95% Cl 0.072-2.13; p-value =0.278 for high-dose rate
brachytherapy versus HR = 0.50; 95% Cl 0.12-2.07; p-value =0.338 for EBRT only) [18].

Cozzarini et al. found that the equivalent dose in fractions of 2 Gy (EQD2) (a/B = 3 Gy) to the prostatic bed
(median = 70.4 Gy) and PLN (median = 50.2 Gy) did not predict acute grade 2 (p-value =0.86 and p-value =0.63,
respectively), acute grade 3 (p-value =0.88 and p-value =0.40, respectively) or late grade 2+ (p-value =0.29 and
p-value =0.76, respectively) lymphopenia on UVA. In contrast, the EQD2 to the PLN was an independent
predictor of acute thrombocytopenia (odds ratio (OR) = 0.84; 95% Cl 0.73-0.97; p-value =0.0006). The number
of RT fractions had no significant impact on the risk of acute grade 2 (p-value =0.17), acute grade 3 (p-value
=0.18) and late grade 2+ (p-value =0.43) lymphopenia, but was significantly associated with acute neutropenia

(OR =3.40; 95% CI 1.09-10.66; p-value =0.03) [13].

Sini et al. evaluated the absolute average dose-volume histograms (DVHs) and identified dose constraints that
were associated with acute grade 3 or late grade 2 lymphopenia. Contours of the pelvic bones — used as a
surrogate for pelvic BM — were delineated on the planning computed tomography scan, as previously described
by Mell et al. [21]. Medium-high doses (> 40 Gy) to the whole pelvic (OR =1.01; 95% Cl 1.00-1.01; p-value =0.025)
and iliac (OR = 1.04; 95% Cl 1.01-1.08; p-value =0.009) BM were associated with acute grade 3 and late grade 2
lymphopenia, respectively. Other important factors included baseline ALC and smoking [19]. In the study of Yang
et al., correlations between carbon ion RT (CIRT) and variations in lymphocyte subsets at different time points
were investigated. Rectum Vo correlated with CD8+ cells at post-radiotherapy (p-value =0.0463), rectum Vg7
correlated with CD4+ cells during radiotherapy (p-value =0.0421) and at follow-up (p-value =0.0445). Rectum
Vso correlated with CD4+ cells during radiotherapy (p-value =0.0325) and at follow-up (p-value =0.0362), and
with the CD4/CDS8 ratio at follow-up (p-value =0.0459) [20].

Blood transfusions, excess infections or unexplained treatment breaks did not occur in the study of Pinkawa et
al. [17]. Schad et al. reported no significant associations between lymphopenia and any treatment outcomes
[18]. However, in the study of Yang et al. the CD4/CDS8 ratio was significantly increased during (p < 0.05) and
one-month after (p < 0.05) CIRT in patients with a complete or partial response as compared to those with stable
disease, while the CD3+ and CD8+ cell count was significantly decreased (p < 0.05 and p < 0.01, respectively).

The CD8+ cell count during CIRT was identified as an independent prognostic indicator of the short-term local



efficacy of CIRT (p-value =0.015), which was evaluated up to 3 months by prostate specific antigen (PSA) levels,

and magnetic resonance and positron emission tomography imaging [20].

Aside from RT, systemic therapies may also be a part of the multimodal treatment of urological tumors. Hence,
the risk of a possible confounding effect was more closely examined. Importantly, none of the included patients
received chemotherapy. Androgen deprivation therapy (ADT) was no significant predictor of lymphopenia in
both the study of Cozzarini et al. [13] (p-value =0.35 for acute grade 2, p-value =0.63 for acute grade 3 and p-
value =0.43 for late grade 2+ lymphopenia) and Schad et al. (HR = 0.98; 95% Cl 0.36-2.70; p-value =0.967) [18].
In the study of Pinkawa et al. a significant impact of neoadjuvant hormonal therapy on hemoglobin levels (p <
0.01) was reported, but not on leukocyte counts [17]. The high incidence of anemia (Table S2) might be partly
attributed to the prescription of ADT (n = 387), which has been previously identified as an important risk factor
[22]. It may be assumed that the effects of ADT on blood cells are unlikely of major clinical significance, although
there is still room for further investigation. Of note, neither tumor stage nor Gleason score correlated with the
risk of acute grade 2, acute grade 3 or late grade 2+ lymphopenia [13, 18]. The initial PSA value was a significant
predictor of ASL (HR = 1.05; 95% Cl 1.00-1.11; p-value =0.048) in one study, but this can be countered by the fact
that administration of WPRT was only indicated in high-risk and unfavorable intermediate-risk prostate cancer

[18].
DISCUSSION

The reviewed study cohort only included chemo-naive urological cancer patients, thus representing an unique
study population to scrutinize the interactions of RT with the immune system. Multiple studies reported high
and severe incidences of lymphopenia. Although lymphopenia might be considered a secondary problem, a

critical understanding of its etiology may be an important step towards improving clinical outcomes.

Although increasing evidence identifies lymphopenia as a significant predictor of poor outcomes across multiple
tumor types [23, 24], no such associations were reported here [18]. This was probably due to a too low number
of observations [18]. In contrast, the CD8+ cell count was associated with less effective responses after CIRT,
suggesting that this parameter is a possible biomarker candidate for assessing prostate cancer progress and
prognosis [20]. Indeed, previous research has also implicated peripheral CD8+ cells as an independent negative
prognostic factor for bladder cancer recurrence [25]. Another important finding is the long lasting effect (up to
several years) RT may exert on lymphocyte counts [18, 19]. O’Toole et al. demonstrated in a small cohort (n =
34) that lymphocyte counts returned to baseline levels within 3 years after RT in bladder cancer patients who
were disease-free after a 5-year follow-up period. In contrast, this was not the case for patients with recurrent
or residual disease [26]. In addition, with both encouraging as well as negative results of combined immune
checkpoint inhibitors (ICls) and RT strategies in genitourinary malignancies, peripheral blood biomarkers are of
particular interest to predict durable disease control [7, 27]. Indeed, lymphocyte counts have recently been
identified as a prognostic biomarker in metastatic urothelial cancer patients treated with ICls [28]. RT-induced
lymphopenia may also increase the platelet-to-lymphocyte and neutrophil-to-lymphocyte ratio, which have

already been shown to negatively impact survival [29, 30]. Moreover, patients who are treated with extended



radiation volumes are highly susceptible to experiencing ASL, which might be of particular interest since data on

the advantage of prophylactic PLN irradiation in high-risk prostate cancer patients are still mixed [31].

It is hypothesized that RT causes lymphopenia by impairment of local BM regeneration and unintentionally
depleting the reservoir of lymphocytes [32, 33]. Since the magnitude of BM damage depends on both radiation
dose and volume [4], it is worth mentioning that the literature reporting on dose constraints for lymphopenia
or other hematologic adverse events in urological patients is very sparse. To our knowledge, only one article
defined BM dose constraints, though they may still require external validation [19]. In addition, lymphocyte-
dense structures have also been identified as important modulators [33-36]. Yang et al. demonstrated that
sparing the lymphoid reflux around the rectum may be advantageous [20]. Although it is highly unlikely that the
spleen will receive such high doses when treating the pelvic region, large pelvic vessels may expose a substantial
blood volume to irradiation. Discovery of RT parameters that may influence the spatiotemporal blood dose
distribution is a critical step in moving towards “immunity-sparing RT”, which is hypothesized to improve clinical
outcomes [37]. Recently, mathematical frameworks have been developed to assess the impact of RT on the
immune system, but future research is required to assess the clinical utility and implementation of novel

therapeutic strategies in this regard [7, 35, 36].

Despite resulting in highly different spatial dose distributions, none of the included studies could demonstrate
a significant impact of the RT technique on the immune system. One possible explanation is the similar size of
the PTVs between the investigated groups [1]. Dose fractionation may also play an important role, as
hypofractionated regimens have been associated with a decreased incidence of lymphopenia, probably due to
a lower cumulative exposure of the blood volume with fewer fractions [38, 39]. However, the currently reviewed
data could not confirm this, possibly due to only one article investigating this parameter and the relatively wide
range in the total number of fractions given (median = 28, range 28 to 43) [13]. Although lack of volumetric data
and primary field borders in the included studies limit a firm conclusion, an association between the radiation
volume and incidence of ASL may be assumed. Of note, Cozzarini et al. used an a/B of 3 Gy for calculating the
EQD2, which is not typically used for describing acute toxicities [13]. In this context, it would be more appropriate

to use an a/B of 10 Gy, which is commonly used to specify the high radiosensitivity of BM [39, 40].

More prospective data is required in order to thoroughly assess the clinical importance of lymphopenia in
urological cancers. Concluding remarks about the predictive power of DVH-parameters remain ambiguous and
need further validation. Clinical trials investigating how dedicated strategies — such as BM-sparing RT — may
reduce lymphopenia are currently lacking. Publishing details on volumetric data and primary field borders is
encouraged, especially in those studies investigating the effect of PLN irradiation. In addition, nearly all studies

need longer follow-up periods, and more elaborate reporting of survival and response rates.

There were some limitations to this analysis. The majority of the included articles were retrospective studies or
post hoc analyses, potentially introducing selection and reporting bias of patients with a (predefined) number
of available counts. Most of the reported results were based on single-institutional small study cohorts. Although

the scope of this systematic review was confined to a specific anatomical region, the analyzed study population



was heterogeneous in terms of disease stage and RT setting. Most importantly, there was high inter-study

heterogeneity with regards to measurement time points and outcome definitions.

CONCLUSION

Despite some heterogeneity across the included studies, high incidences and severe grades of lymphopenia were
reported. Minimizing radiation volumes and unintentional irradiation of pelvic BM may reduce the incidence of
lymphopenia, potentially improving clinical outcomes. Although the identified risk factors seem rational, as of
yet it unlikely that more inferences can be made, while drawing attention to the issue seems warranted. More
research is needed to further elucidate these findings and effectively implement recently developed new risk

assessment tools.
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Table 1 — Summary of included studies.

NUMBER
PATHOLOG
AUTHOR OF STUDY DESIGN
Y
PATIENTS
Cozzarini et al.
[13] Prostate 125 Observational
2016
Eckert et al. [14]
Prostate 18 Prospective
2018
Elsworthy et al.
[15] Prostate 28 Prospective

2008

SYSTEMIC LYMPHOCYTE
RADIOTHERAPY DETAILS
THERAPY PARAMETER
Post-prostatectomy WPRT
SS-IMRT (15.2%), RA (48.0%) and TT
(36.8%) Lymphopenia
ADT (34%) as per CTCAE
Median EQD?2 to prostate bed: 70.4 Gy v4.03
Median EQD2 to PLN: 50.2 Gy
PBRT/WPRT
Lymphocyte
Prescribed dose for PBRT: 70-78 Gy in
ADT (83.3%) subset
35-39 fractions
changes
Prescribed dose for WPRT: 50.4 Gy in 28
fractions
PBRT £ seminal vesicles Changes in
N/A
3D-CRT (46.4%) or TT (53.6%) ALC

OUTCOME

Acute

G1l+=100%

G2+=87%

G3+=26%

Late

G2=15%

G3=1%

PBRT versus WPRT

e | fraction of T lymphocytes and
CD8+/Treg ratio

e No statistically significant
differences for B-, CD4+ and
CD8+ cells

3D-CRT

Baseline: 2020 * 620 cells/uL

Mid-point: 1170 % 470 cells/uL

T
Baseline: 1560 + 590 cells/uL
Mid-point: 1040 + 290 cells/uL



Miszczyk et al.

Prostate
[16]
Bladder
2018
Pinkawa et al.
[17] Prostate
2014
Schad et al. [18]
Prostate

2019

115 Retrospective
113 Prospective
131 Retrospective

Primary RT + prophylactic PLN irradiation

Bladder: 60-70 Gy
Prostate: 76 Gy
PLN: 44-45 Gy (+ additional boost in 2

cases)

PBRT or WPRT
5-field IMRT (primary or

adjuvant/salvage)

Prescribed dose for PBRT
66 or 76 Gy * boost up to 80 Gy
Prescribed dose for WPRT
45 Gy

PBRT or WPRT (EBRT + brachytherapy)

ADT for prostate
Lymphopenia
cancer patients
as per CTCAE
No chemotherapy
v4.0
for bladder cancer

patients

Lymphopenia
as per CTCAE

ADT (23.9%)
v3.0

Lymphopenia:
median
follow-up TLC
<1000

ADT (52.8%)
cells/uL

Severe
lymphopenia:

median

G0=15.2%
G1=19.6%
G2=46.4%
G3=18.8%
G4 =0.0%

PBRT-cohort
G2+=33%
G3=3%
WPRT-cohort
G2+=91%
G3=36%

Lymphopenia
PBRT-cohort: 61.1%
WPRT-cohort: 26.3%

Severe lymphopenia
PBRT-cohort: 19.4%
WPRT-cohort: 9.5%



Sini et al. [19]
Prostate
2016
Yang et al. [20]
Prostate

2016

121

19

Post-prostatectomy WPRT
SF-IMRT (16%), RA (47%) and TT (37%)

Observational Prescription dose to PTV (range): 70-75.6 ADT (34%)
Gy; 65.5-71.4 Gy
Prescription dose to pelvis (median,

range): 51.8 Gy; 50.4-52.5 Gy

Carbon ion (33C)RT

Prospective N/A
Prescription dose to PTV: 63-66 GyE in

fractions of 2.74 GyE

follow-up TLC
< 500 cells/pL

Lymphopenia
as per CTCAE
v4.03

Variation in
percentage
with respect

to baseline

Lymphocyte
subset

changes

Acute

G1=100%

G2=61%

G3=25%

Late

G2+=15.7%

Rectum Vyq correlated with
CD8+ cells at post-radiotherapy
Rectum Vg7 correlated with
CD4+ cells during radiotherapy
and at follow-up

Rectum Vsq correlated with
CD4+ cells during radiotherapy
and at follow-up, and with the

CD4/CDS ratio at follow-up

Abbreviations: RT = radiotherapy; EBRT = external beam RT; 3D-CRT = three-dimensional conformal RT; IMRT = intensity modulated RT; SS-IMRT = step-and-shoot IMRT; RA = RapidArc; TT = tomotherapy; PBRT =

prostate bed (only) RT; WPRT = whole pelvis RT; PTV = planning target volume; PLN = pelvic lymph nodes; CTCAE = common terminology for adverse events; ADT = androgen deprivation therapy; EQD2 = equivalent

dose in fractions of 2 Gy; ALC = absolute lymphocyte count; TLC = total lymphocyte count: Gx = grade x; Gy = gray; GyE = gray equivalent.



