1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Radiother Oncol. Author manuscript; available in PMC 2018 March 01.

-, HHS Public Access
«

Published in final edited form as:
Radiother Oncol. 2017 March ; 122(3): 464-469. doi:10.1016/j.radonc.2016.12.030.

Dosimetric parameters correlate with duodenal histopathologic
damage after stereotactic body radiotherapy for pancreatic
cancer: Secondary analysis of a prospective clinical trial

Vivek Verma?, Audrey J. LazenbyP, Dandan Zheng?, Abhijeet R. Bhirud?, Quan P. Ly¢,
Chandrakanth Are®, Aaron R. Sasson9, and Chi Lin®"

aDepartment of Radiation Oncology, University of Nebraska Medical Center, Omaha
bDepartment of Pathology, University of Nebraska Medical Center, Omaha
¢Department of Surgery, University of Nebraska Medical Center, Omaha

dDepartment of Surgery, Stony Brook University School of Medicine Stony Brook, USA

Abstract

Purpose—Prospectively assess relationships between dosimetric parameters and histopathologic/
clinical duodenal toxicities in patients on a phase | trial for pancreatic cancer.

Methods—Forty-six borderline resectable/unresectable patients were enrolled on a prospective
trial testing neoadjuvant gemcitabine/5-fluorouracil followed by SBRT (5 daily fractions of 5-8
Gy) and concurrent nelfinavir. Post-SBRT surgery was performed in 13 resectable patients, which
constituted the patient population herein. Pathologic duodenal damage was assessed using
predetermined criteria: 1, no/minimal; 2, moderate; and 3, marked damage. Clinical toxicities were
assessed per CTCAE. Duodenal dosimetric parameters included VV5-V40 and mean/maximum
doses. Spearman correlation and linear regression evaluated associations between dosimetric
parameters and clinical/pathologic duodenal toxicity.

Results—The median duodenal mean and maximum doses were 20 and 37 Gy. Median duodenal
V5-V40 were 64, 62, 52, 39, 27, 14, 5 and 0 cc, respectively. The median duodenal damage score
was 2 (four 1, eight 2, and one 3). Higher duodenal damage scores correlated with higher duodenal
mean doses (r=0.75, p=0.003), V35 (r=0.61, p=0.03), V30 (r=0.67, p=0.01), V25 (r=0.68,
p=0.01), V20 (r=0.56, p=0.05), and the planning target volume (PTV) mean (r=0.59, p= 0.03)
and maximum (r=0.61, p=0.03) doses. Clinical toxicities did not correlate with dosimetric
parameters or duodenal pathologic damage.

Conclusions—Duodenal histologic damage correlates with mean duodenal dose, V20-V35, and
PTV mean/-maximum doses.
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Pancreatic cancer, most commonly adenocarcinoma, is the fourth-leading cause of cancer
death in the U.S., with an estimated 41,780 deaths in 2016 [1]. Though resection is
traditionally the cornerstone of therapy, there are many rationales for utilizing neoadjuvant
therapy (commonly fluoropyrimidine- and/or gemcitabine-based chemotherapy or
chemoradiotherapy). These include possibly downstaging borderline resectable (BR) and
unresectable patients, potentially making them resectable candidates [2]. This also
theoretically allows for RO (negative margins) resection. Specifically, radiotherapy in the
neoadjuvant setting provides several advantages over postoperative circumstances. Owing to
a lack of tissue/architectural/vascular deformation, radiation may be better tolerated with a
smaller treated volume, potentially causing reduced toxicity. Additionally, surgical trauma
can increase tissue hypoxia, which is a well-known cause of radioresistance, and in other
cancers correlates with poor prognosis [3].

Stereotactic body radiation therapy (SBRT) allows for improved conformality and shortened
treatment times as compared to conventionally-fractionated radiotherapy. Initial studies
demonstrated feasibility and effectiveness of SBRT for pancreatic cancer including high
local control [4-5]. However, despite superior conformality and in part due to single-fraction
treatment regimens, there were substantial and serious acute and late gastroduodenal/bowel
toxicities observed, secondary to the close anatomical relationship with the pancreas [6-10].

With further elucidation of dosimetric variables associated with clinical toxicities, as well as
modestly fractionating treatments, later trials have shown improvements in clinical toxicities
even with the use of concurrent chemotherapy [11]. However, dosimetric associations with
histopathologic duodenal damage have heretofore never been performed. Histopathologic
findings may predate clinical symptoms and may delineate higher-risk populations in whom
to provide more aggressive supportive therapies (e.g. proton pump inhibitors (PPIs) for
bowel toxicity) [12-14]. We are performing a prospective phase | study of chemotherapy
followed by SBRT and concurrent administration of the human immunodeficiency virus
(HIV) protease inhibitor nelfinavir, which has been shown to have tumoricidal and
radiosensitizing effects both in preclinical studies [15] and phase | trials [16]. In a
prospectively planned manner using patients who had pancreaticoduodenectomy from this
trial, we perform a secondary dosimetric analysis correlating dosimetric parameters with
histologic damage to the duodenum.

Materials and methods

Patient selection

This is an Institutional Review Board-approved prospective dosimetric analysis of patients
enrolled in a phase | trial of hypofractionated stereotactic body radiation therapy concurrent
with nelfinavir following gemcitabine and 5FU in locally advanced pancreatic
adenocarcinoma patients. Specifically, this analysis was a pre-defined secondary analysis of
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the trial. Forty-six patients with biopsy-proven BR/unresectable (as assessed by
abdominopelvic computed tomography (CT)/magnetic resonance imaging (MRI) and
defined by the National Comprehensive Cancer Network [17]) ductal adenocarcinoma of the
pancreatic head were enrolled in this trial. Complete inclusion criteria of the trial are
described elsewhere [18] and briefly included no history of significant bowel pathology
(including gastroduodenal ulcers), no prior bowel surgery, medically “fit” to receive staging
laparoscopy and fiducial marker implantation, and no chemotherapy and/or RT within 5
years of enrollment. In the phase I trial, the primary outcome was dose-limiting toxicities
and maximum tolerated SBRT dose. Dosimetric data and histology of duodenal specimens
in 13 patients that underwent pancreaticoduodenectomy following chemoradiotherapy were
analyzed for this report.

Chemotherapy

The neoadjuvant chemotherapy regimen [19] consisted of three 3-week cycles of intravenous
gemcitabine (750 mg/m? females, 900mg/m?2 males), 5-fluorouracil (2700 mg/m?), and
leucovorin (50 mg/m?2) over 30 min on days 1 and 8. Patients that underwent surgical
resection received three additional courses of chemotherapy postoperatively using the above
regimen. No chemotherapy was administered between SBRT and surgery.

Radiation therapy

All patients were prescribed a PPI at time of consultation, which they continued indefinitely
thereafter. Prior to simulation, two fiducial markers were implanted into the pancreatic head
approximately two centimeters apart. Simulation with a free-breathing CT and four-
dimensional CT (4DCT), occurring at a minimum of 7 days after fiducial placement, was
carried out using body fixation and immobilization devices (Medical Intelligence,
Schwabmunchen, Germany), with supine positioning and arms over head. Abdominal
compression was not utilized. Oral and intravenous contrast was given unless renal function
precluded administration.

The gross tumor volume (GTV) was defined as all gross disease as determined on free-
breathing CT together with assistance of MRI fusion on all patients. The internal target
volume (ITV) was constructed using 4DCT information. The planning target volume (PTV)
consisted of a 6 mm expansion of the ITV, with tighter margins adjacent to the duodenum
and stomach. There was no prophylactic lymph nodal irradiation, consistent with other
reports [8,10-11]. Normal tissues were contoured per guidelines including the duodenum,
which was defined as the duodenal bulb to the point the transverse duodenum crossed the
left lateral border of the aorta [20-22]. The prescribed dose was required to cover 95% of the
planning target volume at minimum. Dose constraints for the stomach and small bowel
included the maximum point dose not exceeding 80% of the prescription dose. Regardless of
fractionation scheme, it was always initially attempted to keep the duodenal maximum dose
<32 Gy, but was considered tolerable if <38 Gy. Though the aforementioned duodenum
constraints were always prioritized above PTV coverage, both were allowed to be
compromised in case of technically challenging cases, especially with large PTV volumes,
dose-escalation on protocol, and/or particularly unfavorable anatomy. Thus, very much like
several of the aforementioned cited studies, there was no absolute “hard constraint” for the
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duodenum; the balance of target coverage and duodenal doses was assessed on a case-by-
case basis so as to ensure adequate individualized care for each patient based on
individualized factors.

Once the treatment plan was finalized, duodenal dosimetric parameters were prospectively
collected and tabulated, including V5 (volume (cc) of the duodenum receiving 5 Gy or
more), V10, V15, V20, V25, V30, V35, V40, duodenal mean/maximum doses, PTV
minimum/mean/maximum doses as well as PTV volume, and total duodenal volume.

The Novalis linear accelerator with an M3 multileaf collimator (BrainLAB AG, Heimstetten,
Germany) was used to deliver respiratory-gated and ExacTrac image-guided SBRT. With
daily ExacTrac images, 3-dimensional couch shifts were made by matching corresponding
fiducial markers to the digitally reconstructed radiograph from the simulation CT scan
within a gating window of £15% centered around complete exhalation. As this was a phase |
study, the SBRT and nelfinavir dose-escalation levels were as follows. Level I: 5 Gy x 5 plus
nelfinavir 625 mg twice daily for three weeks; level I1: 5 Gy x 5 plus nelfinavir 1250 mg
twice daily for three weeks; level 111: 6 Gy x 5 plus nelfinavir 1250 mg twice daily for three
weeks; level 1V: 7 Gy x 5 plus nelfinavir 1250 mg twice daily for three weeks; level V: 7 Gy
x 5 plus nelfinavir 1250 mg twice daily for five weeks; level VI: 8 Gy x 5 plus nelfinavir
1250 mg twice daily for five weeks. SBRT was delivered in five consecutive daily fractions.
Nelfinavir was started two weeks prior to commencing radiation therapy.

Toxicities were assessed prospectively during and after treatment, using the Common
Terminology Criteria for Adverse Events (CTCAE). After completion of SBRT and
nelfinavir, patients underwent restaging thoracic and abdominopelvic CT scans for
consideration of surgical resection. If the disease was resectable at this time without distant
metastases, pancreaticoduodenectomy was performed 4—6 weeks after the completion of
SBRT.

All pathologic analysis of surgical specimens, including duodenal pathology, was performed
by a single board-certified gastrointestinal surgical pathologist. Histopathologic duodenal
damage was classified using the following predetermined criteria [23]. A score of 1
corresponded to no/minimal signs of mucosal damage: villi remained long and slender,
epithelial cells had abundant eosinophilic cytoplasm with few mitotic figures, and the lamina
propria had normal amounts of inflammatory cells including few or no neutrophils. A score
of 2 corresponded to moderate damage: villi were blunted or absent, epithelial cells had
reactive/reparative changes with basophilic cytoplasm, increase mitotic figures, and/or small
erosions or focal ulcerations; the lamina propria showed increased inflammation including
eosinophils and neutrophils. Severe damage was quantified with a score of 3: epithelial
damage was so great that it was at many places absent with or without extensive ulcerations
and the residual surviving epithelium displaying marked reactive/reparative changes; the
lamina propria was replaced with granulation tissue and/or overlying fibrinoinflammatory
exudates with numerous neutrophils. Examples of each type of histologic duodenal damage
are provided in Fig. 1.
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Statistical analysis

Results

Descriptive statistics were used to describe the baseline patient characteristics, RT dose, and
duodenal damage score. Spearman correlation and linear regression were used to determine
associations between dosimetric variables and clinical/pathologic toxicities. Statistical
analyses were performed using SAS software (version 9.4; SAS Institute, Cary, NC).

Table 1 displays clinicopathologic and treatment characteristics of the thirteen patients in the
prospective trial that underwent surgical resection. Of note, four patients had a histologic
duodenal damage score of 1 (no/minimal damage), eight patients with a score of 2 (moderate
damage), and one patient with 3 (marked damage). Table 2 shows the histopathologic
characteristics and grading of each patient.

Clinical Gl toxicities did not correlate with any level of pathologic duodenal damage (Table
3). Tabulation of acute duodenal toxicities of the 13 patients is given in Table 3. Treatment
was tolerated well with one grade 3 Gl toxicity, four grade 2 toxicities (nausea, vomiting,
anorexia and hemoglobin decrease) and twenty-five grade 1 toxicities. Overall, nausea
(7/13) and abdominal discomfort (7/13) were most common side effects. Five patients also
had grade 1 hemoglobin decrease and one had a grade two hemoglobin decrease, both
uncertain to be directly attributed to SBRT versus pre-SBRT chemotherapy.

Table 4 and Supplementary Table 1 list dosimetric parameters as well as Spearman
correlation coefficients associated with duodenal histopathologic damage scores. Higher
duodenal mean doses (o = 0.003), PTV mean dose (p= 0.03), PTV maximum dose (o=
0.03), V20 (p=0.05), V25 (p=0.01), V30 (p=0.01), and V35 (p = 0.03) were found to
correlate with greater histologic damage. There was a trend toward significance for duodenal
volume (p = 0.06). Duodenal V5, V10, V15, and V40, as well as PTV volume were not
statistically correlative. Selected fit plots that correlate duodenal pathologic damage with
duodenal V35, V30, V25, and duodenal mean dose are presented in Fig. 2.

Discussion

In this predefined analysis of prospectively collected dosimetric data on a phase I clinical
trial, we provide the first known correlation between duodenal dosimetry and
histopathologic damage. The importance of this work is that dosimetric delineation of
higher-risk patients, correlating with subclinical histopathologic damage, may necessitate
changes in medical management.

Although involving extrapolation to nonoperative cases and not specifically assessed herein
(routine upper endoscopy was not performed after treatment), aggressive treatment of
subclinical histologic damage (e.g. more aggressive PPI therapy) is very much warranted
owing to the potential risk of future toxicities/complications (along with low adverse effects
with PPIs). Moreover, many patients also note “vague gastrointestinal symptoms” during
and following SBRT which do not fit into traditional CTCAE categories, which could be
related to subclinical mucosal damage. Furthermore, aggressive treatment of subclinical
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damage may also help to promote mucosal healing and a return to normal gastrointestinal
physiology. Hence, based on dosimetric parameters in this study, we propose that patients
that have not undergone resection after SBRT that are “dosimetrically high-risk” be more
aggressively treated with supportive medications (e.g. PPIs). The role of using non-steroidal
anti-inflammatory drugs in this setting is questioned, owing to gut mucosal damage as a
known side effect.

Our dosimetric findings as correlating with histologic damage have not been reported before,
and as a result of such, we have now adopted customized dose constraints at our institution,
based on median values of various dose-volume parameters found in our prospective series.
These include duodenal mean dose <20 Gy, V20 < 39 cc, V25 < 27 cc, V30 < 14 cc, and
V35 < 5 cc, among others. However, it should be noted that existing data have shown
substantial heterogeneity in finding a dosimetric parameter predictive of duodenal/
gastrointestinal toxicity. Murphy et al. determined V10-V25 and duodenal maximum dose
as predictors in their work with single-fraction 25 Gy SBRT [24]. A study from William
Beaumont Hospital demonstrated V20—V 35 (univariate) as well as V25 and V35
(multivariate) as predictive factors of gastrointestinal toxicity in patients receiving
concurrent fractionated RT and gemcitabine [25]. Another study that examined 3-fraction
SBRT found duodenal maximum dose to be the most robust parameter, although correlation
with chemotherapy was not mentioned [26]; these results are similar to studies of
conventionally-fractionated radiotherapy [27]. Taken together, not only is it true that many
dosimetric factors must be accounted for when planning SBRT for pancreatic head lesions,
but also that further work is necessary to decrease the inconsistencies between these
previous studies. Duodenal doses are also known to depend on phases of the respiratory
cycle, which could have substantial impacts on gated treatments and improving techniques
to minimize toxicity [28].

There are limitations to our work. We first recognize that there is an overall low sample size,
likely resulting in the inability to find dosimetric correlates to clinical Gl toxicity; though
histopathologic toxicity is not a surrogate for clinical toxicity, it is neither guaranteed nor
proven that cellular/architectural duodenal damage predicts for later consequences in this
specific setting. Next, though it is acknowledged that the magnitude of correlation
coefficients may be small, these were indeed statistically significant. Additionally, our low
incidences of toxicity using a 5-fraction regimen as well as sequential chemotherapy-SBRT
could also contribute. Given that these patients all underwent duodenum removal, we could
not assess duodenal toxicities beyond a few months in this report. Due to the lethality of
pancreatic cancer (especially unresected disease), there is a dearth of longer-term late
toxicities reported in the literature [29]; to generalize, clinically consequential late effects
are relatively rare in radiation oncology. Another factor limiting generalizability is present in
nearly all such studies, regarding particular nuances of treatment planning utilized herein,
which may not be representative of other institutions. It is important to note that previous
dosimetric studies, which have also been less than consistent in terms of most reliable
dosimetric parameters, have either studied dosimetry of SBRT alone or concurrent
chemoradiotherapy; it is possible that sequential chemotherapy and SBRT could have
differing dosimetric profiles due to full-course, dual-agent chemotherapy having been
received prior to SBRT in this series. The addition of nelfinavir also cannot be discounted,
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and a complete account of clinical toxicities (especially in similar settings) has not been
described aside from two reports [30-31]. However, nelfinavir has no known data associated
with radioprotection; though any of the gastrointestinal side effects observed herein are
possible with nelfinavir, they are all quite uncommon [30-31]. Whereas many previous
dosimetric studies have been retrospective in nature, a strength of this work is decreasing
retrospective biases owing to prospectively collecting these data, having prespecified this
secondary analysis when this clinical trial commenced accrual. Regardless, further research,
especially with greater sample size, will be needed to verify these data.

SBRT is an attractive option to treat certain cases of pancreatic cancer. However, dosimetric
correlates for duodenal toxicity need further validation. Other strategies include ascertaining
the impact of treatment technique [32], daily re-planning/optimization [33], and oral fluid
intake to distend the duodenum. Additionally, though proton radiotherapy has shown
encouraging toxicity profiles [34], in the absence of clinical trials between protons and
SBRT, there remain questions of whether dosimetric and clinical differences exist between
the two [35].

Conclusions

As part of a prospective dosimetric analysis of a phase | clinical trial, we demonstrate that
duodenal histologic damage, but not clinical symptoms (albeit the recognized low sample
size), is correlated with duodenal mean dose, V35, V30, V25, V20 and mean/—maximum

PTV dose. Whether patients that are more “dosimetrically at-risk” should be treated with

more aggressive supportive therapies must be studied more directly.
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Fig. 1.
Histologic examples of grade 1 (Panel A), grade 2 (Panel B), and grade 3 (Panel C)
duodenal damage.
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Fit plots with best-fit lines of duodenal histopathologic damage score (y-axis) as a function
of mean duodenal dose (Gy) (Panel A), duodenal V25 (cc) (Panel B), duodenal V30 (cc)

(Panel C), and duodenal V35 (cc) (Panel D).
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Table 1

Clinicopathologic characteristics of the study population.

Characteristic

Number of Patients (Percentage)

Age, years
Median (range)
Gender
Male
Female
Initial resectability status
Borderline resectable
Unresectable
Pathologic T stage
pTO
pTl
pT2
pT3
Pathologic N stage
pNO
pN1

63 (47-76)

7113 (54%)
6/13 (46%)

13/13 (100%)
0/13 (0%)

1/13 (8%)
1/13 (8%)
1/13 (8%)
10/13 (76%)

6/13 (46%)
7113 (54%)

Largest pre-treatment dimension of tumor, cm

Median (range)
SBRT dose per fraction

5 Gy

6 Gy

7Gy

8 Gy

3(2-6.2)

1/13 (8%)
1/13 (8%)
5/13 (38%)
6/13 (46%)

Duodenal histologic damage score

1 (no/minimal damage)
2 (moderate damage)

3 (marked damage)

413 (31%)
8/13 (62%)
1/13 (8%)

SBRT, stereotactic body radiation therapy; Gy, Gray.
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Table 3

Comparison of duodenal damage score and clinical toxicities (per CTCAE) potentially attributable to SBRT
within 3 months of completion.

Duodenal Damage Score  Grade 1 Clinical Toxicity Grade 2 Clinical Toxicity Grade 3 Clinical Toxicity
1 . Nausea (n = 1) - -
. AbD (n=2)
. Anorexia (n = 1)
2 . Nausea (n = 6) . Nausea (n = 1) . Other GI (n=1)
. Diarrhea (n = 3) . Vomiting (n =1)
. Anorexia (n =2) . Anorexia (n = 1)
. AbD (n =4) . HbD (n=1)
. HbD (n =5)
3 . AbD (n=1) - -

CTCAE, Common Terminology Criteria for Adverse Events; SBRT, stereotactic body radiation therapy; AbD, abdominal discomfort; HbD,
hemoglobin decrease; Gl, gastrointestinal.
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Dosimetric parameters analyzed and correlation statistics with pathologic duodenal damage.

Table 4

Parameter Median (range) Spearman correlation coefficient (r)  P-value
Duodenal volume, cc 90 (54-107) -0.53 0.06
Mean duodenal dose, Gy 20 (14-27) 0.75 0.003
Maximum duodenal dose, Gy 37 (28-44) 0.47 0.11
PTV volume, cc 113 (71-249) 0.12 0.69
Mean PTV dose, Gy 37 (27-43) 0.59 0.03
Maximum PTV dose, Gy 39 (28-44) 0.61 0.03
Minimum PTV dose, Gy 33 (24-38) 0.52 0.07
Duodenal V5, cc 64 (45-87) -0.46 0.12
Duodenal V10, cc 62 (42-84) -0.47 0.10
Duodenal V15, cc 52 (40-79) -0.30 0.32
Duodenal V20, cc 39 (26-81) 0.56 0.05
Duodenal V25, cc 27 (10-50) 0.68 0.01
Duodenal V30, cc 14 (0-29) 0.67 0.01
Duodenal V35, cc 5 (0-20) 0.61 0.03
Duodenal V40, cc 0(0-11) 0.28 0.35

Statistically significant p-values are in bold.

Gy, Gray; PTV, planning target volume.

Radiother Oncol. Author manuscript; available in PMC 2018 March 01.

Page 15



	Abstract
	Materials and methods
	Patient selection
	Chemotherapy
	Radiation therapy
	Pathology
	Statistical analysis

	Results
	Discussion
	Conclusions
	Appendix A. Supplementary data
	References
	Fig. 1
	Fig. 2
	Table 1
	Table 2
	Table 3
	Table 4

