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Abstract

Background: This is the first known study examining renal function following stereotactic body radiotherapy (SBRT)
for pancreatic head adenocarcinoma.

Methods: Thirty-eight borderline-resectable/unresectable patients, part of an ongoing prospective trial, underwent
3 cycles of gemcitabine/5-fluorouracil followed by SBRT (5 daily fractions of 5/6/7/8 Gy) and concurrent nelfinavir.
Thereafter, in resectable cases, surgery was performed within 4-8 weeks. The last available pre-SBRT creatinine was
recorded, along with the highest post-SBRT value. Glomerular filtration rate (GFR) was calculated by the commonly-
utilized Modification of Diet in Renal Disease formula. GFR decline was defined as the post-SBRT nadir GFR minus
the pre-SBRT GFR. Correlations with the V5-V30, and mean/maximum kidney doses was performed. Statistics
included Pearson correlation, Mann-Whitney, and Fisher's exact tests.

Results: The median total kidney volume was 355 cm?®. Median dosimetric values were as follows: V5 (209 cm?),

V10 (103 cm?), V15 (9 cm?), V20 (0 cm?), V25 (0 cm?); and mean (6.7 Gy) & maximum kidney dose (18.3 Gy). Median GFR
change was —23 (range, —105 to 25) mL/min/1.73 cm? Of all dosimetric parameters, only V5 was significantly associated
with changes in GFR (Pearson r=—040, p=0.012). In patients with V5 < 210 cm?, median GFR change was —11.8 mL/
min/1.73 cm?, as compared with —37.1 mL/min/1.73 cm? change in those with V5 > 210 cm? (p = 0.02). A GFR change <
—23 ml/min/1.73 cm? was observed in 6/20 (30%) patients with V5 < 210 cm?, versus 15/18 (83%) of those with V5 >
210 cm?. Patients with V5 = 210 cm? were over ten times as likely to have GFR change < —23 mL/min/1.73 cm? (p = 0.
003). Using linear regression, GFR change = —0.1748 X V5(cm?) + 863.

Conclusions: In the first known analysis of renal function after pancreatic SBRT, evaluating patients on a prospective
study, V5 > 210 cm® was associated with a post-SBRT GFR decline of >23 mL/min/1.73 cm? If V/5 is kept <210 cm?”,
median GFR decline was only 11.8 mL/min/1.73 cm”. Further validation is needed to ascertain definite dose-volume
parameters and examine late renal decline.
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Background

The recent popularity of neoadjuvant stereotactic body
radiotherapy (SBRT) for pancreatic cancer has created a
necessity to better define dose-volume parameters in
order to ensure the safety of nearby organs-at-risk (OARs)
[1]. Although dose-volume constraints have been pub-
lished for conventionally-fractionated radiotherapy, the
relevance of these constraints is uncertain in the setting of
SBRT [2, 3]. Although previously addressed for SBRT to
renal tumors [4], kidney dosimetry in the pancreas SBRT
setting has previously not been addressed, and dose-
volume constraints of prior work (using various regimens)
have not been correlated with renal function [5-9].
Though the irradiated renal volume is overall low in pan-
creatic SBRT (and recognizing that these data apply to
pancreatic SBRT only), assessing the degree of post-SBRT
renal impairment is important to provide a benchmark,
especially as the use of pancreatic SBRT rises in the future.
This is the first study to date examining this notion, evalu-
ating patients enrolled on an ongoing prospective trial. In
addition to radiation oncologists, these data are broadly
applicable to medical oncologists, nephrologists, and/or
general practitioners, all of whom may be involved in
post-SBRT care of this population.

Methods

This study was a retrospective secondary analysis of an
ongoing prospective study of chemotherapy followed by
SBRT and concurrent nelfinavir, a human immunodefi-
ciency virus protease inhibitor harboring tumoricidal
and radiosensitizing effects, observed in both preclinical
studies [10], phase I trials [11], and phase II data [12].
All patients had biopsy-proven borderline resectable or
unresectable pancreatic head adenocarcinoma without
evidence of distant disease. Complete trial inclusion cri-
teria are described elsewhere [13]; of note, maximum
tumor dimension was <8 cm, serum creatinine <2 mg/
dL, without prior abdominal radiotherapy.

Blood chemistries were obtained weekly during chemo-
therapy, and immediately prior to SBRT. Treatment course
is also described elsewhere [13, 14], but consisted of 3 cycles
of intravenous gemcitabine/5-fluorouracil/leucovorin. Sub-
sequently, PET-CT scan, fiducial marker implantation, and
MRI imaging was obtained. Four-dimensional CT (4D-CT)
simulation (with obtainment of a free-breathing phase) was
then performed, utilizing body fixation devices and intra-
venous/oral contrast, with no oral intake for several hours
prior to simulation. The gross tumor volume was con-
toured with the assistance of PET-CT/MRI image fusion,
and an internal target volume (ITV) was created to account
for respiratory motion utilizing 4D-CT information. An iso-
tropic 5 mm expansion was added to the ITV, forming the
planning target volume (PTV). Uninvolved regional lymph
nodes were not electively included in treatment volumes
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[6]. OARs were contoured in accordance with Radiation
Therapy Oncology Group (RTOG) guidelines [15, 16]; the
right and left kidneys were contoured individually and com-
bined as a composite total kidney volume for the purposes
of this study [8]. Though other dose constraints were from
previous studies [5-9, 17] and RTOG 0631 [18], one-third
of the total kidneys’ volumes were limited to <15 Gy [8]. As
this was also a dose-escalation study, prescribed doses in-
cluded 5, 6, 7, and 8 Gy in five daily fractions. The pre-
scribed dose was required to cover 95% of the PTV at
minimum. Accurate SBRT delivery was confirmed with
daily image guidance using ExacTrac orthogonal kV images
(Brainlab AG, Feldkirchen, Germany). Concurrent nelfina-
vir was administered with SBRT, which has hepatic metab-
olism and is not known to affect kidney function [19].
Thereafter, if deemed resectable on post-SBRT imaging,
pancreaticoduodenectomy was performed. No patients re-
ceived adjuvant systemic therapy.

Retrospectively, the last available pre-SBRT serum cre-
atinine value (mg/dL) was recorded, along with post-
SBRT values for the duration of patients’ follow-up/sur-
vival. For each creatinine value, the Modification of Diet
in Renal Disease (MDRD) formula was used to calculate
the corresponding glomerular filtration rate (GFR):
175 x Cr 115 age’o'203 x 0.742(if female) x 1.210(f African-
American). GFR change was calculated as the post-SBRT
nadir GFR minus pre-SBRT GFR; negative values indi-
cated a decline, positive values a rise. Though creatinine
can indeed fluctuate in any patient, we deliberately ana-
lyzed based on the nadir GFR for this study, for multiple
reasons. First, follow-up in the prospective trial was well-
controlled in terms of post-SBRT/surgical medication
changes, adjuvant therapies, and other items potentially
influencing kidney function. Second, the methods were
based on those in nephrologic literature, wherein the con-
cept of peak creatinine/nadir GFR continues to gain popu-
larity in follow-up for conditions having poor prognoses
and/or frequent creatinine fluctuations [20, 21].

Dosimetric parameters analyzed for this study in-
cluded V5 (cm?® of kidney receiving >5Gy)-V30, as well
as mean and maximum kidney dose. Statistics were per-
formed using SAS v.9.3 (Cary, NC). These included the
Mann-Whitney & Fisher’s exact tests as non-parametric
tests of comparing mean/maximum values and propor-
tions, respectively, of several parameters analyzed herein.
In order to associate GFR decline with dose-volume pa-
rameters, Pearson correlation was utilized; linear regres-
sion provided a numerical comparison between both
variables.

Results

Of 40 consecutively/prospectively-enrolled patients, two
were excluded for not having available pre/post-SBRT
creatinine values. Characteristics of the 38-patient study
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population is shown in Table 1. No patient underwent a
change in dosage or new addition of anti-hypertensive
medications known to affect the kidney. After SBRT,
with mean 10-month (range, 0-26) follow-up, 30/38
(79%) patients experienced a rise in creatinine. Relatively
consistently in all patients, GFR reached a nadir in an

Table 1 Clinical characteristics of the study population. ECOG,
Eastern Cooperative Oncology Group; SBRT, stereotactic body
radiotherapy; GFR, glomerular filtration rate; PTV, planning target
volume

Parameter Value
(Percent/Range)

Median (range) age, years 63 (35-80)
Gender

Male 23 (60.5%)

Female 15 (39.5%)
ECOG performance status

0 13 (34.2%)

1 20 (52.6%)

2 5 (13.2%)

3 0 (0%)
History of chronic kidney disease

Yes 0 (0%)

No 38 (100%)
Nephroaffective medication at
diagnosis

Metformin 6 (16%)

ACE inhibitors 3 (8%)
Median (range) tumor size, cm 3.0 (0.8-6.5)
Resectability status

Borderline resectable 13 (34.2%)

Unresectable 25 (65.8%)
Median (range) pre-SBRT 0.8 (0.5-14)

creatinine, mg/dL

Median (range) pre-SBRT 96.8 (50.1-142.0)

GFR, mL/min/1.73 m?

Median (range) post-SBRT 1.1 (0.5-3.57)
creatinine peak, mg/dL
Median (range) pre-SBRT 616 (129-147.7)

GFR nadir, mL/min/1.73 m?

Median (range) contoured 355 (187-726)

volume of kidneys, cm?

Median (range) PTV volume, cm’ 130 (59-275)
SBRT technique
Fixed-beam 36 (94.7%)
Arc 2 (5.3%)
Receipt of pancreaticoduodenectomy
Yes 10 (26.3%)
No 28 (73.7%)
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average of 5 months; median GFR change was -23
(range, -105-25) mL/min/1.73 m? The median pre-
SBRT GFR was 97 mL/min/1.73 m?, with a median nadir
of 62 mL/min/1.73 m? after SBRT (p < 0.001).

Of the 26 patients who experienced a nadir GFR
within 3 months, four patients experienced Common
Toxicity Criteria for Adverse Events (CTCAE) grade 1
toxicity (creatinine 1.5-2 times above baseline), grade 2
(2-3 times above baseline) in one patient, and grade 3
(creatinine over three times baseline and/or over 4 mg/
dL) in two patients (neither required hospitalization). In
the 12 patients whose GFR nadir occurred more chron-
ically (after 3 months), six patients were categorized as
grade 1 renal toxicity, five patients grade 2, and one pa-
tient grade 3. No patient required dialysis. At last
follow-up however, five patients persisted with grade 1
renal toxicity and the remainder had no CTCAE-defined
toxicities. Regarding post-nadir trends, by last follow-up,
creatinine was stable (within 20% of baseline [22-24]) in
17 patients, increased in 15 patients, and decreased in
six patients.

Median (range) values for V5, V10, V15, V20, and V25
were 209 (52-320), 103 (0-242), 9 (0-110), 0 (0-22),
and 0 (0-5) cm?® respectively. Median values of kidney
mean and maximum doses were 6.7 and 18.3 Gy, re-
spectively. Though V10-V30, age, gender, baseline GFR,
tumor resection, and postoperative chemotherapy did
not correlate with GFR decline (all p > 0.05), V5 corre-
lated significantly (Pearson r=-0.40, p =0.012; Fig. 1).
Hence, using linear regression, GFR change roughly
equated to: (-0.1748 x V5) + 8.63.

A GFR change < -23 mL/min/1.73 cm® was observed
in 6/20 (30%) patients with V5<210 cm?®, versus 15/18
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Fig. 1 Scatter plot demonstrating that change in glomerular
filtration rate (GFR) after pancreas stereotactic radiotherapy is

inversely related to kidney V5
- J
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(83%) of those with V5 >210 cm®. Moreover, in patients
with V5 <210 cm®, median GFR change was -11.8 mL/
min/1.73 cm? as compared with -37.1 mL/min/
1.73 cm?® change in those with V5>210 cm® (p = 0.02).
Patients with V5>210 cm® were vastly more likely to
have GFR change < -23 mL/min/1.73 cm? (p = 0.003).

Discussion

In summary, these data relate kidney V5 to renal GFR
decline after pancreas SBRT. By retrospectively analyzing
data obtained as part of a prospective trial, we provide
the first known association between kidney doses in pan-
creatic SBRT and renal dysfunction. It should be men-
tioned that these data are applicable to pancreatic SBRT
and not necessarily to SBRT for other intra-abdominal
areas. Nevertheless, our results underscore the need to
control low-dose spillage to the renal system.

There are salient reflections from these data. It is most
likely that V5, but not other higher-dose parameters,
correlated most with the renal endpoints herein, because
of the higher amount of low-dose spillage to the kidneys
with SBRT, which notably depends also on treatment
technique. This is consistent with comparatively fewer
differences between patients in V10 and higher values,
whereas V5 was most liable to be different between pa-
tients. This is a prime reason our data may not apply to
primary renal neoplasms, which are associated with
higher renal doses from closer anatomic proximity, as
opposed to the largely lower kidney doses delivered dur-
ing pancreas SBRT. However, it does not rule out the
fact that both high-dose as well as low-dose areas could
impact kidney function. Nevertheless, a message of our
results is that pancreas SBRT is not likely to deliver high
renal doses, thus decreasing the likelihood that high-
dose areas would find to correlate with renal decline.

Our data will next be compared to existing literature.
Currently, only one other study has published data on
observed kidney doses, but without correlation to renal
function; this study also used an uncommon, and there-
fore potentially less generalizable, single-fraction SBRT
technique [25]. This study complements a recently pub-
lished report of renal decline after SBRT of renal cell
carcinoma, although clinical and radiotherapeutic cir-
cumstances of both studies were substantially different
[4]. That study utilized a substantial proportion of single-
fraction treatment to the kidney, as opposed to 5-fraction
treatment relatively away from the kidney. Hence, the
finding therein of higher (>50% isodose line) renal doses
correlating with renal decline would naturally not be con-
gruent with this study (which demonstrated similar find-
ings with lower-dose volumes). Nevertheless, regarding
pancreatic SBRT, Table 2 displays various other kidney
constraints utilized in five available investigations. With
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Table 2 Selected existing reports describing dose constraints to
the kidney during pancreatic SBRT. SBRT, stereotactic body
radiotherapy; SIB, simultaneous integrated boost

Study Treatment regimen/dose  Dose-volume constraint

Koong et al. [4] 45 Gy/25 fractions + 25 Gy  70% of each kidney
single-fraction SBRT <15 Gy

Chang et al. [5] 79% patients with 25 Gy~ 75% of each kidney
single-fraction SBRT; 21% <5 Gy

patients with preceding
45-54 Gy/25-30 fractions

25-30 Gy/5 fractions, SIB
to involved perivascular
areas to 35-50 Gy

Chuong et al. [€] Kidney mean dose

<10 Gy

Suetal. [7] 30-36 Gy/3 fractions 1/3 of kidney volume
<15 Gy

Herman et al. [8] 33 Gy/5 fractions 75% of both kidneys
<12 Gy

further research, these constraints may be better standard-
ized in the future.

Regarding strengths and weaknesses of these data, this
investigation is part of a prospective trial and the associ-
ated standardization of treatment, thus avoiding poten-
tial bias associated with retrospective data analysis. It
should be mentioned, however, that this endpoint was
planned to be analyzed but not specifically listed as a
pre-specified endpoint of the trial. Moreover, confirm-
ation of our methods from the nephrology perspective is
noteworthy. Chiefly, though creatinine can indeed fluctu-
ate in various individuals, as mentioned before, there were
multiple reasons for deliberately measuring peak creatin-
ine/nadir GFR (as opposed to temporal patterns) includ-
ing being an increasingly-utilized option in patients with
poor prognosis [20, 21]. Additionally, although there are
several methods to calculate GFR, each with correspond-
ing strengths and weaknesses, the MDRD is used for pa-
tients both with normal GFR and renal disease, and has
been validated in large cohorts [26]. Though the MDRD
formula does not adjust for body mass, any formula has
similar shortcomings. Lastly, though a GFR drop of
23 mL/min/1.73 cm? (the median value) was utilized as a
comparative “standard”, high-quality data have demon-
strated its value. In patients with similar baseline creatin-
ine, a drop in 35 mL/min/1.73 cm?® is associated with
increased all-cause and cardiovascular mortality [27].
Hence, in practice, GFR drops between 20 and 50 mL/
min/1.73 cm? are considered “clinically noteworthy” end-
points. Additionally, it has been recommended to grade
kidney injury using GFR changes, and a change of 23 mL/
min/1.73 cm® roughly corresponds with a one-level up-
staging of chronic kidney disease (CKD) [3]. For these sev-
eral reasons, we strongly posit that our median value
cutoff is quite clinically applicable. In addition to for non-
pancreas SBRT cases, our data have limited applicability to
patients with acute kidney injury (AKI) or CKD; though
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no patients had CKD, presence of occult AKI can never
be ruled out. Additionally, it is difficult and impractical to
control the numerous factors that can influence creatinine
readings at any given time. Additionally, though compari-
son was made to one pre-SBRT “initial” GFR datapoint,
utilizing creatinine measurements during chemotherapy
can be misleading owing to frequent receipt of intra-
venous hydration (or drug infusion itself). Moreover,
though these data have the advantage of detailing the
temporal relationship of post-SBRT GEFR decline, it may
not substitute for individual creatinine/GFR measure-
ments immediately prior to interventions impacting the
kidneys. The vast majority of patients did not have indi-
vidual renal scans in order to verify correlation with
both dosimetry and calculated GFR. Next, that some
patients had surgery may impact post-SBRT creatinine
values; however, this was in a minority of patients (n =
10), none of which displayed outliers in renal measure-
ments for the study period. Furthermore, it was not
feasible to control for every potential medication that
may have effects on the kidney. Additionally, our con-
touring of both kidneys as one structure, instead of
proportional/spared volume or other parameters, is
consistent with other sources [7-9]. However, it is ac-
knowledged that kidney motion was not controlled
using abdominal compression, because dose to the
renal apices may be different than to the central paren-
chyma. Furthermore, the planar imaging alignment as-
sumes that the planned dose delivered to the kidneys
equates to the actual delivered dose, which like other
studies may not be accurate because kidney location in
the field and/or with respect to fiducials cannot be pre-
cisely verified in every fraction. Taken together,
strengths and weaknesses are described when placing
these results in context of existing and future work.

In summary, the value of kidney V5 in clinically-
evident renal function decline must be validated in an
independent cohort (and in non-SBRT cases), as these
data are hypothesis-generating. Additionally, though this
study measured a GFR nadir and did not seek to exam-
ine a prolonged time course of post-SBRT GFR decline,
this can indeed occur after SBRT [28]; unfortunately,
measurement of longer-term data is difficult owing to
the abysmal survival of this disease, and our short
follow-up was severely limited by patient survival [29].
Data examining the time course of GFR decline for
SBRT-induced kidney injury, even in the short-term, are
warranted.

Conclusions

In the first known analysis of renal function after pan-
creatic SBRT, evaluating patients on a prospective study,
total kidney V5=>210 cm® was associated with a post-
SBRT GFR decline of >23 mL/min/1.73 cm?® If V5 is
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kept <210 cm®, median GFR decline was only 11.8 mL/
min/1.73 cm?® Further verification of these data is
needed to better ascertain dose-volume relationships
with GFR, and examine late renal decline.
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