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Abstract

Background and purpose: To prospectively evaluate hippocampal radiation dose volume
effects and memory decline following cranial irradiation.

Material and methods: Effects of hippocampal radiation over a wide range of doses were
investigated by combining data from three prospective studies. In one, adults with small cell

lung cancer received hippocampal-avoidance prophylactic cranial irradiation. In the other two,
adults with glioblastoma multiforme received neural progenitor cell sparing radiation or no sparing
with extra dose delivered to subventricular zone. Memory was measured by the Hopkins Verbal
Learning Test-Revised Delayed Recall (HVLT-R DR) at 6 months after radiation. Dose—volume
histograms were generated and dose—response data were fitted to a nonlinear model.

Results: Of 60 patients enrolled, 30 were analyzable based on HVLT-R DR testing completion
status, baseline HVLT-R DR and intracranial metastasis/recurrence or prior hippocampal resection
status. We observed a dose-response of radiation to the hippocampus with regard to decline in
HVLT-R DR. D50% of the bilateral hippocampi of 22.1 Gy is associated with 20% risk of decline.

Conclusions: This prospective study demonstrates an association between hippocampal dose
volume effects and memory decline measured by HVLT-R DR over a wide dose range. These data
support a potential benefit of hippocampal sparing and encourage continued trial enrollment.
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It is well known that decline in neurocognitive function (NCF) is an iatrogenic side effect
of brain irradiation [1]. Preclinical and human studies suggest that bilateral or unilateral
hippocampal radiation injury may be a key mediator of subsequent NCF decline, most
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notably in learning and memory [2,3]. The precise pathophysiology of radiation induced
neurotoxicity remains to be elucidated; nevertheless, radiation induced damage to neural
progenitor cells (NPCs) within the hippocampus may be one of the most compelling

[4]. NPCs are exquisitely sensitive to radiation, since doses as low as 2 Gy delivered

to human NPCs lead to decreased numbers of cells undergoing neuronal differentiation
[5]. Similarly, human studies have demonstrated cognitive deficits after cranial irradiation
[6,7]. In light of this, hippocampal-sparing studies have been attempted, most notably

in the setting of prophylactic brain irradiation (PCI) in patients with small cell lung

cancer [8] and whole-brain radiotherapy (WBRT) for brain metastases [9]. However, these
studies largely determined the hippocampal dose constraint by what is technically feasible
while maintaining coverage of the normal brain, whereas data regarding the dose—response
relationship are still lacking. Gondi et al suggested that a biological equivalent dose in 2-Gy
fractions (EQD2) greater than 7.3 Gy applied to 40% of hippocampus was associated with
worse NCF [10].

The purpose of this study is to evaluate radiation dose volume effects on memory deficits
over a wide range of radiation doses, using data from three prospective trials. These data will
provide a framework for future investigations and recommendations for dose reduction to
the hippocampus in treating brain metastases and primary brain tumors.

Materials and methods

Patient selection

Patients in the current study were pooled from 3 prospective trials: 21 patients from a

phase 1 trial of hippocampal-sparing PCI for limited-stage small cell lung cancer (SCLC)
(HA-PCI group [8]), 30 from a prospective trial of NPC sparing radiation therapy plus
temozolomide for newly diagnosed glioblastoma multiforme (GBM) (NPC-GBM group,
NCT01478854, accrual complete and manuscript in preparation [11]), and 9 from an
ongoing randomized phase Il study of subventricular zone (SVZ) irradiation plus concurrent
and adjuvant temozolomide in newly diagnosed GBM (SVZ-GBM group, NCT02177578).
The study was approved by the Johns Hopkins University Institutional Review Board. The
study was performed in accordance with the Declaration of Helsinki. Informed consent was
obtained from patients involved in the study.

In the SVZ-GBM group, patients were randomized at a 3:1 ratio to the SVZ irradiation
group and NPC sparing group. Eligibility criteria for the HA-PCI group can be found in
[8]. The primary inclusion criteria for patients for the latter two GBM trials had newly
diagnosed, histologically confirmed GBM, age =18 years with KPS >60% and no prior
brain radiation, with start of radiation therapy within 12 weeks of biopsy or surgery. In

all 3 groups, exclusion criteria for the analyses presented here include failure to complete
baseline or follow-up NCF testing (6-month and 12-month), baseline HVLT-R DR (Hopkins
Verbal Learning Test-Revised Delayed Recall) score <3, intracranial metastasis/recurrence
before NCF testing and prior resection of hippocampus at the time of diagnosis. Among the
41 patients who completed baseline and follow-up NCF testing, 1 (5.2%) in the HA-PCI
cohort, 3 (17.6%) in the GBM-NPC cohort and 0 in the GBM-SVZ cohort had intracranial
progression before the time of follow-up NCF testing and were therefore excluded from
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the analysis. None of the patients included in the analysis had progressive disease, received
re-irradiation or Avastin chemotherapy at the time of or prior to follow-up that included
HVLT-R DR testing. Patients with gross tumor involving the hippocampus were excluded.

Radiation simulation, treatment planning, and procedure

Radiation CT simulation and MRI scan were performed as previously described in [8]. The
hippocampus and hippocampus avoidance structure (defined as the hippocampus plus 5-mm
radial expansion) were contoured according to the Radiation Therapy Oncology Group atlas.
An example is shown in Fig. 1. For all included studies, final delineation of the hippocampus
was verified by a single physician (KJR) before the commencement of treatment to ensure
consistency. In the HA-PCI group, patients were treated to a total dose of 25 Gy in 10
fractions, administered 5 days per week. An intensity modulated RT plan was generated in
which the mean dose to the hippocampus was <8 Gy and at least 90% of the whole brain
received 90% of the prescription. In the two GBM groups, patients were initially treated to
46 Gy in 23 fractions, with subsequent cone-down boost in 7 fractions, yielding a total dose
of 60 Gy with a once-daily fractionation schedule of 2 Gy per fraction.

In NPC-GBM and the NPC sparing arm of SVZ-GBM group, a treatment plan was
generated which aimed to limit radiation dose to the NPC-containing niches as much

as possible without compromising coverage of the planning target volume. The NPC-
containing niche was defined as a 5 mm region adjacent to the lateral wall of the lateral
ventricle and the entire hippocampus. In the SVZ irradiation arm of the SVZ-GBM group,
relatively high doses of radiation were delivered to SVZ and resulting in higher doses to the
adjacent hippocampus. In all groups, daily cone-beam CT guidance was used. All patients
who initiated protocol treatment were followed per protocol.

Dose-volume histogram (DVH) analysis of hippocampus

DVHs were generated for the left and right hippocampus individually and for the composite
bilateral hippocampi. Doses were converted to biologically equivalent doses in 2-Gy
fractions (EQD2) assuming an a./p ratio of 2 Gy. EQD2 to deciles (D10% to D100%),

and the maximum EQD2 (Dnax) Of individual and combined hippocampal volumes were
determined and tabulated. The dose-volume data were loaded into the DVH Evaluator
software tool [12] and an exponential form of a logistic model was used to generate the
dose—response curve:

—1
TD50(V)

4yso(V)(__Pv
1+ 750 )(TD50(V) _ 1)

e4750(V)( Dv )
NTCP=

NTCP is normal tissue complication probability, D, is the x-axis dose parameter
corresponding to volume V; TD5q (V) is the 50% tolerance dose for V; and ysq (V) is
the slope parameter at 50% tolerance dose for V.
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Neurocognitive instruments

Participants completed standardized batteries of cognitive tests at baseline and at 6- and
12-month follow up. Test batteries differed slightly across studies. At baseline, estimated
pre-morbid intellect was determined via the Hopkins Adult Reading Test [13] in HA-PCI
and SVZ-GBM participants. Global cognitive functioning was assessed at baseline via the
Mini Mental Status Exam (MMSE) [14] in HA-PCI and NPC-GBM participants. All study
participants completed the HVLT-R, a well-validated test of verbal learning and memory
[15], as well as Trail Making Test (Part A &B) and Controlled Oral Word Association
(COWA) test. However, analysis was restricted to HVLT-R DR as it is the primary end point
of multiple hippocampal-sparing radiation trials ([8,9], NCT02635009 and NCT02360215).
Delayed recall scores range from 0 to 12, with higher scores reflecting better memory
performance.

Statistical methods

Results

The primary endpoint was memory decline, measured by HVLT-R DR at baseline and 6
months after completion of radiation therapy. The Reliable Change Index (RCI) was used
to measure meaningful change between baseline and 6 months for HVLT-R DR. The RCI
is derived from the standard error of measurement (SEM). SEM, The standard error of the
difference (SEdiff) and RCI were calculated as previously described in [8]. For HVLT-R
DR, RCI criteria is met if the raw score change is greater than or equal to 3. Therefore a
reduction in HVLT-R DR score of 3 or more at 6-month follow-up is considered clinically
meaningful memory decline. Multivariate analysis using a linear regression model was
performed on the change in HVLT-R DR to evaluate its relationship with age, baseline
HVLT-R DR scores and dosimetric variables (D100%, D50% and Dmax)- The number of
variables was limited by the sample size and number of events. Statistical significance of a
predictor was based on a two-sided test of the coefficient with p < 0.05.

Between December 2011 and January 2016, 21, 30 and 9 patients (total = 60) were accrued
in the HA-PCI, NPC-GBM and SVZ-GBM studies, respectively. Of 60 patients enrolled, 37
completed both baseline and 6-month HVLT-R DR testing. Four additional patients that did
not complete 6-month testing completed 12-month testing. After excluding 7 patients who
had baseline HVLT-R DR score <3, 4 who had intracranial metastasis/recurrence before the
time of testing, 1 who had gross tumor involvement with resection of the right hippocampus,
30 patients were analyzable. Participant characteristics are summarized in Table 1. There

is a wide range of dose to the hippocampus (D50% range 3.9-60.5 Gy) among 3 groups,
which is summarized in Table 2. In general, patients in the SVZ-GBM group received

the highest dose of radiation to the hippocampus secondary to intentional SVZ irradiation
and the anatomical proximity between SVZ and the hippocampus. Participants in the NPC-
GBM group received the second highest dose to hippocampus due to tumor proximity

to the hippocampus but attempted sparing of the NPC regions (hippocampus and SVZ).
Patients with SCLC receiving HA-PCI consistently had the lowest dose of radiation to the
hippocampus. Examples of simulation CT with prescription isodose lines are shown in Fig.
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2. Two-year OS was 75% (95% CI, 58-97%) for the HA-PCI cohort and OS for the other
two ongoing GBM studies will be reported in future publications.

At the time of follow-up, neuro-psychological evaluation decline in HVLT-R DR was noted
in 6 patients (20%): 2 (12.5%) in the HA-PCI group, 3 (27.3%) in the NPC-GBM group and
1 (33.3%) in the SVZ-GBM group. Among all participants, the mean HVLT-R DR decline
was —0.06 in the HA-PCI group, 0.18 in the NPC-GBM group and 1.67 in the SVZ-GBM
group. Predictive relationships between decline in HVLT-R DR and hippocampal dosimetric
parameters were studied in detail for the left and right hippocampus individually and for the
bilateral hippocampi as a composite structure (Fig. 3).

A dose response was observed for all £, from D100% (Dmin) to DOcc (Dmax), as well as
for all equivalent uniform dose (EUD) [16,17] from n= +0.01 to 7= +100. D100% to the
bilateral hippocampi leading to a 20% probability of HVLT-R DR decline (tolerated dose
at 20% risk, TDyq) was estimated to be 10.9 Gy; dose leading to a 50% probability of
HVLT-R DR decline (TDsg) was 59.3 Gy. The slope parameter (ysg) of the dose—response
curve in the logistic normal-tissue complication probability (NTCP) model without volume
effect was estimated to be 0.42. TDyq and TDgq for D50% to bilateral hippocampi were 22.1
Gy and 62.9 Gy, respectively. TD,q and TDsq for Dnyax to bilateral hippocampi were 37.0
Gy and 101.4 Gy, respectively (Table 3). In addition, in the two GBM cohorts (NPC-GBM
and SVZ-GBM), Dmyax Was significantly associated with change in HVLT-R DR score in a
linear regression model (p=0.032 in a univariate analysis and p= 0.001 in a multivariate
analysis adjusting for age and baseline HVLT-R DR scores). Furthermore, left and right
half hippocampus showed similar dose—response relationship compared to the combined
hippocampi.

Discussion

In recent years, there has been growing interest in hippocampal sparing radiation therapy
with accumulating evidence that radiation induced damage to neural progenitor cells (NPCs)
within the hippocampus may play a key role in the NCF decline after brain irradiation.
Hippocampal sparing radiation has been studied in the setting of PCI in patients with SCLC
[8], WBRT for brain metastases [9], adult glioma [11,18] and pediatric medulloblastoma
[19].

The safety and efficacy of this approach is currently being investigated in the context

of a randomized controlled trial in patients receiving PCI for both limited and extensive
stage SCLC (NRG-CC003, NCT02635009) and in patients receiving WBRT for brain
metastases (NRG-CC001, NCT02360215). These trials will be essential to more fully
illustrate the effect of hippocampal radiation on cognitive function and the potential
benefit in hippocampal avoidance. Although preliminary investigations suggest that it is
likely safe and does not significantly increase the risk of treatment failure [21-23], the
approach remains investigational and should not yet be performed outside of the clinical
trial setting. Specifically in the context of glioblastoma, there have been reports that the
tumor tends to recur near neural stem cell regions including the subgranular zone (SGZ)
of the hippocampus as well as the SVZ [24] and that increased radiation dose to the SVZ
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may improve overall and/or progression free survival [25-27]. Furthermore, preliminary
data from studies of hippocampal avoidance have demonstrated development of metastases
in under-dosed regions of the brain [8,21].

Importantly, the radiation dose constraints utilized in the studies reported to date are not
well characterized, likely because of minimal data available to guide it. As a result, current
studies aim predominantly to meet constraints determined by technical purposes based on
the feasibility of sparing while otherwise maintaining coverage as appropriate for oncologic
purposes. For example, in RTOG 0933 trial, the dose to 100% of the hippocampus was
limited to 9 Gy, and maximal hippocampal dose to 16 Gy [9]. Nonetheless, detailed dose—
volume analyses are vital in guiding the clinician in striking the balance between local
tumor control and NCF preservation. There are only a few related studies published to

date [10,28,29] and in these studies the ranges of dose to the hippocampus were relatively
narrow.

We present one of the first prospective evaluations of the dose—response relationship
utilizing HVLT-R DR over a wide range of radiation doses to the hippocampus. We observed
a dose-response for both unilateral and combined hippocampi, consistent with pre-clinical
evidence suggesting that neurocognitive dysfunction manifests at much lower doses (5-10
Gy) than previously expected [2,30]. Specifically, in our study, D50% of EQD2 = 22.1 Gy
to the bilateral hippocampi leads to a 20% probability of HVLT-R DR decline (TDyg) with a
slope parameter (y5q) of 0.53. Interestingly, the left hippocampus may be more sensitive to
radiation than the right leading to HVLT-R DR decline (Table 3). This is consistent with the
observation that visuo-spatial memory is predominantly associated with the right whereas
verbal or narrative memory with the left [31,32].

Our study has several limitations. First, the number of analyzable patients was limited by
those who completed both baseline and follow-up NCF testing. One challenge was the level
of compliance; although compliance was high at baseline for all 3 groups and maintained
in the HA-PCI group at 6 months (95.0%) and 12 months (73.7%), it dropped to 48.6%
and 47.3% at 6 months and 12 months for the GBM groups. This is consistent with other
studies in this patient population [33,34] where compliance with testing is inherently limited
by the aggressive nature of the disease, poor life expectancy, and the resulting complex
psychosocial situation. The current study is hypothesis-generating rather than definitive
given relatively low number of patients and number of events. Therefore the results should
be interpreted with caution. Nevertheless, the sample size of our study compares favorably
to previous dose—response studies, making this manuscript an important contribution to the
literature [10,28]. Second, the length of follow-up is limited to 6 months in the majority

of patients. While 16 patients completed both 6- and 12-month follow-up, most (7= 12,
75%) were from the HA-PCI study. This is mainly due to the poor median survival in GBM
patients. We did not analyze the 12 month time point due to the possibility of skewing
toward healthier patients. Nevertheless, our follow-up time is comparable to RTOG 0933,
in which data from 4- and 6-month follow-up were analyzed, due to median survival of

6.8 months. Third, our patient population represents a mixture of tumor types, with 16
(53%) patients with SCLC without brain metastasis and 14 (47%) with GBM at the time

of diagnosis. This could be potentially confounding due to the inherently different biology
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of the cancer and chemotherapy regimens. However, it should be noted that even when the
analysis was limited to the two GBM cohorts, Doy correlated significantly with change

in HVLT-R DR score in a multivariate analysis. Therefore the dose-response relationship
remains when tumor type and chemotherapy regimen were fixed, arguing against the
possibility that the dose—response relationship across tumor types was solely a result of
difference in the aggressiveness of the cancer and the types of chemotherapy. The anti-tumor
effect of radiation in GBM patients may also contribute to NCF improvement [35]. However,
this diverse patient population enabled us to study the effect of hippocampal radiation over a
wide range of doses.

Nonetheless, this manuscript is a uniquely important contribution to the literature for several
reasons. First, we are the first study employing a dose—response model over a wide range

of hippocampal radiation doses (D50% range 3.9-60.5 Gy), and all included data are of
high quality collected in a prospective manner. This strategy of modeling, if validated in a
separate cohort, will potentially allow clinicians to evaluate alternative treatment plans based
on acceptable risk levels appropriate for each unique clinical situation to better optimize
radiation treatment. In addition, it will also allow clinicians to become more comfortable

in devising more aggressive regimens when necessary such as for radio-resistant tumors to
improve the effectiveness of treatment. Second, we are the first to use HVLT-R DR as the
endpoint. HVLT-R is a measurement tool widely used in adult radiation oncology trials. It
has good validity and reliability and is well tolerated by elderly people and applicable across
cultures [36,37].

Conclusion

This prospective study demonstrates an association between hippocampal radiation dose
volume effects and memory deficits measured by HVLT-R DR over a wide range of doses
to the hippocampus. 22.1 Gy of D50% to the bilateral hippocampi led to a 20% probability
of memory deficit as measured by HVLT-R DR decline. The exact hippocampal dose
constraints should be tailored to each clinical situation based on the unique patient situation
and a balance between maximizing oncological control and minimizing neurocognitive
impact. The curves presented here may be used for reference to assist with this decision
making. In addition, these data may provide a framework for future investigation of dose
reduction to hippocampus in the management of brain metastases and primary brain tumors.
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Fig. 1.

Regpresentative contours of the hippocampus on an axial (top image), sagittal (bottom
left) and coronal reconstructions (bottom right) of T1-weighted MRI with postgadolinium
contrast. The T1 postgadolinium MRIs were fused to the RT-planning CT scan to allow
calculation of the doses to contoured structures. Hippocampus was outlined.
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Fig. 2.
Representative simulation CT images with prescription isodose lines in HA-PCI (A), NPC-
GBM (B) and SVZ-GBM (C) cohorts. Hippocampus was outlined in red.
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Dose-response relationship between EQD?2 to various volumes of bilateral hippocampi (A—
D), left hippocampus (E-H) and right hippocampus (I-L) and decline of HVLT-R DR at 6
months. Cases with HVLT-R DR decline were plotted as open squares and cases without
HVLT-R DR decline as filled diamonds, the logistic model as the solid line, the 20% risk
levels as dotted lines, and the 68% confidence interval as dashed lines.
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Table 2

Hippocampal dosimetric parameters of three cohorts.

HA-PCI (n=16) NPC-GBM (n=11) SVZ-GBM (n=23)

D100% (Gy)
Mean
Range

Drmax (GY)
Mean
Range

D50% (Gy)
Mean
Range

Dicc (GY)
Mean
Range

Do sec (GY)
Mean

Range

4.2
3.4-48

7.6
5594

5.1
3.9-5.6

55
4.1-6.2

5.8
4.4-6.7

12.0 447
1.0-13.6 43.5-45.8
42.8 61.7
36.8-64.7 60.9-62.2
23.6 54.5
2.1-61.1 50.7-60.5
37.5 58.0
14.7-63.5 56.3-61.0
40.9 60.3
23.2-64.1 59.3-61.6

Page 15

All doses were expressed in EQD2: biologically equivalent doses in 2-Gy fractions assuming an a/p ratio of 2 Gy. Both hippocampi were included

in the analysis.
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