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Abstract

Purpose—We aimed to develop a hippocampal vascular injury surrogate marker for early
prediction of late neurocognitive dysfunction in patients receiving brain radiotherapy (RT).

Methods and Materials—27 patients (17 males and 10 females, age 31-80 years) were
enrolled in an IRB-approved prospective longitudinal study. Patients were diagnosed with a low-
grade glioma or benign tumor and treated by 3-D conformal or intensity-modulated RT with a
median dose of 54 Gy (50.4-59.4 Gy in 1.8-Gy fractions). Six dynamic-contrast enhanced MRI
scans were performed from pre-RT to 18-month post-RT, and quantified for vascular parameters
related to blood-brain barrier permeability, K", and the fraction of blood plasma volume, Vp,.
The temporal changes in the means of hippocampal K" and V, after starting RT were modeled
by integrating the dose effects with age, sex, hippocampal laterality and presence of tumor/edema
near a hippocampus. Finally, the early vascular dose-response in hippocampi was correlated with
neurocognitive dysfunction 6 and 18-months post-RT.

Results—The Ka"S mean increased significantly from pre-RT to 1-month post-RT (p<0.0004),
which significantly depended on sex (p<0.0007) and age (p<0.00004), with the dose-response
more pronounced in older females. Also, the vascular dose-response in the left hippocampus of
females correlated significantly with changes in memory function at 6 (= —0.95, p<0.0006) and
18-months (r=-0.88, p<0.02) post-RT.
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Conclusions—The early hippocampal vascular dose-response could be a predictor of late
neurocognitive dysfunction. A personalized hippocampus sparing strategy may be considered in

the future.

Keywords

Hippocampal Sparing; Radiation-Induced Neurocognitive Dysfunction; And Multivariate
Interaction Model

Introduction

Radiation-induced injury to the central nervous system and neurocognitive dysfunction are
severe complications in long-term brain tumor survivors receiving radiotherapy (RT).
Clinical complications of RT include acute, delayed and late-delayed injury?. Acute injury,
occurring hours to weeks after irradiation, may result from radiation-induced cerebral
edema? 3, while delayed injury, happening 1-6 months after irradiation, is thought partially
due to transient interruption of myelin synthesis secondary to oligodendrocyte injury. Both
acute and delayed injuries may be reversible and recover spontaneously®: 8. In contrast, the
late-delayed effects, observed more than 6 months after irradiation, are thought to be
irreversible and progressive. The most severe symptoms are formation of radiation-induced
necrosis and progressive cognitive deterioration® 7. The latter can occur without tissue
necrosis or anatomic abnormality.

The exact mechanism of radiation-induced learning and memory declines in brain tumor
survivors is unclear. However, it could relate to limbic system as well as hippocampus
malfunctioning®. The hippocampus is believed to be responsible for the formation of verbal
memory, so its dysfunction could decrease patient ability to consolidate short-term memory
to long-term memory®. Radiation can induce vascular injuryl? that may lead to hippocampus
impairment. Considering limited treatment options for cognitive dysfunction, strategies for
preventing detrimental cognitive effects after brain RT have been explored in RTOG clinical
trials (0933 and 0614) of whole brain RT (WBRT) for brain metastases. One trial explores
the hypothesis that sparing the hippocampus during WBRT preserves memory function?,
and another tests a vascular dementia drug (memantine) for preventing cognitive declines
after RT12, However, insufficient attention is given to the patients who are long-term
survivors and received partial brain RT. Studying the hippocampal vascular response to
radiation in this patient population and relating it to late-delayed memory function changes
could provide critical dosimetric evidence to guide organ-at-risk sparing and/or drug
intervention for preserving memory function in the patients. Also, the hippocampal dose-
variation in the population provides an opportunity to evaluate dose effects, which is
impossible in the patients receiving WBRT.

In this study, we investigated radiation-induced alterations in hippocampal vascular
properties as a hippocampal injury surrogate marker for the delayed and late-delayed
neurocognitive declines in patients treated by partial brain RT. We assessed radiation-
induced longitudinal changes in hippocampal vasculature from pre-RT to 18 months post-
RT, and the influence of clinical factors of sex, age, and edema on dose effects. To this end,
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we used the dynamic contrast enhanced (DCE)-MRI to characterize changes in vascular
permeability and microvessel dilation or shrinkage as an indicator of vascular injury, and
correlated their changes with delayed and late-delayed neurocognitive declines.

Materials and Methods

Patients

Between August 2004 and January 2012, 27 patients (17 men and 10 women, and the age
range of 31-80 years) were enrolled in an institutional review board (IRB)-approved
prospective longitudinal study (Table 1). The patients were treated by three-dimensional
conformal or intensity-modulated RT, with a median dose of 54 Gy (range of 50.4-59.4 Gy
in 1.8-Gy fractions), for low-grade glioma, grade 3 anaplastic ependymoma, meningioma,
craniopharyngioma, or pituitary adenoma. None of these patients received chemotherapy
during RT. Patients underwent MRI scans prior to RT (Pre-RT), 3 weeks after starting RT
(Mid-RT), at the end of RT (End-RT), and 1 month (1M), 6 months (6M) and 18 months
(18M) after completion of RT. Also, patients underwent a battery of standardized
neurocognitive tests Pre-RT, and at 1M, 6M, and 18M post-RT. One patient (#13)
continuously received hydrocortisone from Pre-RT up to 6M post-RT, and one other (#17)
received dexamethasone during and until the end of RT. Of the 27 patients, one patient did
not have the DCE-MRI data Mid-RT, 1 at End-RT, 4 at 1M post-RT, and 3 at 6M post-RT.
Also, five patients did not have neurocognitive tests at 18M follow-up. So, the missing data
were not available for analysis.

MRI acquisition

MRI scans at each time included pre- and post-Gd-DTPA volumetric T1-weighted, T2-
weighted fluid-attenuated inversion recovery (FLAIR), and 3-D volumetric DCE T1-
weighted images. To eliminate the time-of-flight effect from in-flow blood proton spins, all
DCE images were acquired in the sagittal plane and covered the whole brain. For the first 12
patients who were scanned on a 1.5-T system (General Electric HealthCare), the DCE
images were acquired using a 3-D gradient echo sequence with a flip angle of 20°, TE/TR of
1.08/3.4 ms, a voxel size of 0.86 x 0.86 x 6 mm?3 and a temporal resolution of approximately
6 seconds. Due to the system upgrade, the remaining 15 patients had scans on a 3-T scanner
(Philips Healthcare), and had the DCE images acquired with TE/TR of 1.05/5.14 ms, a voxel
size of 2 x 2 x 2 mm3. All patients had a single dose (0.1 mL/kg) of Gd-DTPA, injected at a
rate of 2 mL/s. No patient was scanned on different scanners.

Neurocognitive tests

The neurocognitive tests included the Controlled Oral Word Association (COWA) test13, the
revised Hopkins Verbal Learning Test (HVLT-R)!4, and Trail Making Tests (TMT) A and
B15, HVLT-R assesses verbal memory (recall and delayed recall) and learning component.
The TMTA assesses attention and information processing efficiency. TMTB is used for
mental flexibility and executive function. COWA assesses word fluency and executive
function. These tests are well established in patients receiving RT6 and have been used in
several RTOG trials, e.g., RTOG 0212, RTOG 0614 and RTOG 0933. The standardized Z-
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scores from all test scores were calculated to adjust age, sex, and education effects on raw
scores accordinglyl4: 17. 18,

Image registration

All images, including anatomic MRI, DCE-MRI and treatment planning CT, were co-
registered using a mutual information and simplex optimization algorithm from an in-house
software package (FIAT) 19-20, |nitially, the DCE images were co-registered within the
series to correct any possible misalignment prior to kinetic variable estimation. At each time
point, the high-resolution post-Gd T1-weighted images were registered to the DCE images,
and other images were registered to the registered post-Gd T1-weighted images. Finally, the
planned 3-D dose distribution maps were registered to the post-Gd T1-weighted images Pre-
RT.

Hippocampus contouring

All hippocampi were manually contoured on the post-Gd-DTPA T1-weighted images
according to the hippocampus contouring guidance developed for RTOG 0933. Both
hippocampi of a patient were visually examined on T1-weighted and FLAIR MRI to make
sure they are not adjacent to or affected by the tumor or edema. Nineteen of 27 patients
(either benign or low-grade Glioma) had both intact hippocampi visually (Table 1), and were
selected for assessment of radiation-induced neurocognitive dysfunction.

Estimation of kinetic variables from DCE-MRI

The modified Toft model?! was used to estimate the kinetic parameters including the
transfer constant (K'a"S) of gadolinium influx from the intravascular space into the
extravascular extracellular space and the fractional plasma volume (1p) in tissue. An
increase in KU js an indicator of vascular leakiness (blood-brain barrier (BBB)
permeability to gadolinium-DTPA), and changes in V|, could be related to vaso-constriction
or dilation. The arterial input function was obtained from carotid arteries. Note that V,
obtained by this model was corrected for vascular leakage. For each hippocampal structure,
we computed the mean (M) and standard deviation (STD) of V, and Kra",

Statistical analysis

We focused on the dose-dependent changes in V, and Krans of the hippocampal structures
from pre-RT (baseline) to 1 month post-RT for prediction of the delayed (6M) and late-
delayed (18M) neurocognitive dysfunction.

Dose effect on the temporal changes of vascular properties—The dose-effects on
the mean V, or K@ of a hippocampus were modeled by a linear regression. In the model,
we considered dose interactions with co-variables, such as age, sex, left vs. right
hippocampus, and edema as the disease effect as:

Ap(V, orK ') =Yo+Dosex [y, x Sex+yo x Age+vy3 x LRHA+y4x Edema] (1)

pre— RT—T

where zrepresents the time after starting RT, Sex indicates male vs. female, Ageis a
continuous variable in year, L~RH denotes left vs. right hippocampus, and £dema marks as 1
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if a hippocampus is near edema and O otherwise. Also, Dose is the mean radiation dose in
each hippocampus, in which the fraction-size variation was corrected to 2-Gy equivalent by
the linear-quadratic equation with /B = 2.5 Gy22. To control the false discovery rate in
multiple regressions, a Bonfferoni-type sequential procedure3 was performed, in which a
regression was considered statistically significant when p; < a; where g is the A1 smallest p-
value from m regressions and a; = 0.05 * i/m. In our study, we had 2 kinetic variables (V,
and Kans) and 3 time points (Pre-RT to Mid-RT, End-RT, and 1 month post-RT), resulting
in m = 6. We also tested whether the scanner type affected the results by including a
regressor in Eq. [1], and then found the scanner type was not significant.

Correlation with delayed and late-delayed neurocognitive changes—We
assessed whether the radiation-induced changes in vascular properties of either left or right
hippocampus could predict the delayed and late-delayed neurocognitive decline. Hence,
correlations between the early changes in the hippocampal means of Kans or Vpuptol
month after RT and the delayed and late-delayed changes (6M and 18M after RT) in the
standardized age- and education-adjusted Z-scores of neurocognitive functions were tested
by Pearson correlation. To avoid the confounding effect of tumor/edema on analysis, we
only considered the patients who had both hippocampi intact. Also, the patient with grade 3
Ependymoma was also excluded from the analysis and only benign tumors were considered.

Post-hoc analysis—TFor the significant clinical variables in Eq (1), we further
investigated if there were any significant differences of the temporal changes in the mean
hippocampal V,, or K'"a"s between the subgroups using the paired #test. Also, we performed
the non-parametric Mann-Whitney U Test to investigate whether delayed and late-delayed
neurocognitive declines were significantly different between males and females. The p
values < 0.05 were considered significant.

Results

Clinical and radiological findings

Up to 18 months after the completion of RT, none of the patients showed tumor progression
and radiation-induced lesions on T2-weighted FLAIR and post-Gd T1-weighted images. In
all glioma patients, increased signal intensities on FLAIR images in the tumor and its
vicinity prior to RT were stable or decreased during the 18-month follow-up. Also, no
additional areas of radiation-induced abnormalities on the conventional MRI were present
during follow-up. In patients with pituitary adenomas and craniopharyngioma, no signal
abnormality outside the tumor was present pre-treatment and no interval change was seen
during the 18-month follow-up. In the patient with meningioma, no changes on FLAIR
signals beyond the surgical cavity were seen over follow-ups.

Dose effect on the temporal changes of vascular properties

The multivariate linear regression model revealed that changes in the hippocampal Ktrans
from pre-RT to 1M post-RT was significantly predicted (p < 0.0004) by the interactions of
Dose and Sex (y; = 1.11 x 1073, p=0.0007), Dose and Age (y2 = 0.005 x 1073, p=
0.00004), and Dose and Edema near the hippocampus (y4 = -1.1 x 1073, p=0.014). Post-
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hoc analysis further illustrated these effects, as (1) a higher radiation dose (> 19 Gy, the
median hippocampal dose for all patients included in this study) induced a greater Ktrans
change in female hippocampi (AKYa"S = 0.007 + 0.0038 min~1, p= 0.04) than in male
hippocampi (Fig 1(A)); (2) a high dose affects older patients (>50 years, the median age of
patients) (AKIS = 0,004 + 0.0024 min~2, p = 0.04) greater than younger patients (Fig
1(B)); and (3) the K"a"s change was more pronounced in old females (AKX = 0.005
+0.003 min~1, p=0.05). Furthermore, the edema interaction with dose indicated that the
edema-affected hippocampus had a lesser extent change in the Ka"S than the normal
hippocampus receiving the same dose. However, there were no significant differences in
radiation dose to the left and right hippocampi (p = 0.54) and the dose effect on the Ktrans
changes between left and right hippocampi (o= 0.5).

The time profile changes in the mean K" of females and males are shown in Fig 2. Fig.
2(A) shows that the mean K" jn female hippocampi reached a maximum 1M post-RT and
then were subsided 6M and 18M post-RT. In contrast, Fig 2(B) reveals that the mean Krans
changes in male hippocampi are significantly less than in female, even though male
hippocampi received significantly higher doses (27.3 + 16.7 Gy) than female hippocampi
(18.5 + 16.3 Gy), p= 0.04.

Finally, Fig. 3 shows an example of the K"aS maps within the hippocampal contours
(YYellow) pre-RT and 1M post-RT, and related planning isodose curves. Pre-RT, only a few
voxels had a K3 value greater than zero (colored voxels). However, more voxels had non-
zero KU"ans valye 1M post-RT, indicating an increase in BBB permeability. Finally, we
observed no significant dose effect on temporal changes in fractional plasma volume, V.

Correlation with delayed and late-delayed neurocognitive changes

The analysis of the neurocognitive test scores in patients with intact hippocampi (as
described above) showed delayed-recall Z-scores of the HVLT-R test in females gradually
decreased from Z=0.31 £ 0.23 (SEM) pre-RT to Z=-0.66 + 0.27 18M post-RT, which was
significant with p < 0.05 (Fig 4). Previous datal# 17 have shown the average test-retest
variability of Z-scores of the neurocognitive tests approximately +0.25, and indicated a
decline of >0.5 clinically significant. Hence, a Z-score decline of —0.97 (from 0.31 to —0.66)
in the delayed-recall test of females indicated a clinically significant decline in memory
function. No such trends were observed for men or other neurocognitive test scores.

Most importantly, the changes in the mean K of the female left hippocampi from Pre-RT
to 1M Post-RT were significantly correlated with changes in the delayed recall Z-scores of
the HVLT-R 6M (r=-0.95, p=0.0006) and 18M (r=—-0.88, p = 0.019) post-RT. However,
such correlations between the early K3 changes in the female right hippocampi and
changes in the delayed-recall Z-scores 6M (r=-0.76, p=0.04) and 18M (r=-0.37, p=
0.46) post-RT were much weaker and only significant at 6 month. However, we observed no
such trend in males.
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Discussion

In this paper, we developed a multivariate regression model to evaluate the hippocampal
vascular dose-response as a potential surrogate marker for hippocampal dysfunction in the
patients treated by partial brain RT. We investigated the dose effect on the blood-brain
barrier permeability as well as the dose interactions with clinical factors, such as sex, age
and edema. We observed that radiation induced BBB opening in hippocampi one month
after completion of radiotherapy depending on the patient age and sex, with the dose-
response more pronounced in older females. Most importantly, the early BBB opening in the
female hippocampus was correlated with the delayed and late-delayed memory function
declines. The greater sensitivity to radiation-induced neurocognitive declines in the elderly
females is supported by the biological findings of radiation-caused aging-like pathology?S.

Quantitative imaging allows us to study individual radiation sensitivity and analyze dose-
responses in various subgroups systematically. In this study, we found that the radiation-
induced hippocampal vascular injury and the subsequent neurocognitive decline are age- and
sex- dependent. Although the exact mechanism of the age-dependent radiosensitivity
remained unknown, previous studies?4 25 have shown that RT has more adverse effects on
older patients. Moreover, the radiation-induced aging-like pathology in cerebrocortical cells
has been suggested?8, including shrinkage of cortical thickness, activation of cell-cycle
arrest pathway and inhibition of DNA double strand break repair. Also, it has been shown
that exposing cerebral cortex to radiation increases chronic oxidative stress, oxidant DNA
damage, lipid peroxidation, and apoptosis?%. In terms of sex-dependent radiation sensitivity,
higher mortality and morbidity rates from radiation-induced injury in females have been
reported?’; also, it has been shown that girls could be more sensitive than boys in learning
and memory decline following conformal radiotherapy?8. However, the sex-dependency of
the radiation-induced neurocognitive impairments has not been extensively studied, and
needs to be interpreted cautiously. As noted, the patient number in this study is small. Most
females underwent MR scans on the Philips scanner in our study. Whether the sex-
dependency of the Ka"S change is due to variations in image acquisitions and magnet field
strength was tested and found to be not significant. Also, no patient showed radiation-
induced anatomic abnormality or tumor progression, the latter is unlikely a factor affecting
our findings. Nonetheless, further verification of the results is needed using a larger dataset
and standard imaging protocol. Also, to figure out why females are more sensitive to
radiation than males could be the subject of radiobiology studies.

The findings of this study support personalized hippocampal sparing in patients receiving
brain radiotherapy?® in a way that the patient’s sex and age may need to be considered in the
treatment plan for preventing memory function. Indeed, due to short survival time,
hippocampal sparing, although helpful, may be less significant in patients with brain
metastases in contrast to mitigation of the disease symptoms. However, it would be
extremely important in the patients who have low-grade glioma or benign brain tumor and
are long-term survivors. In this study, we found that exposing hippocampus to a mean dose
of 19-Gy (2-Gy equivalent) or less seemed to result in little or no memory function decline
or vascular injury, which could be considered in the dosimetry guidance in a future study.
Nonetheless, neurogenesis in the hippocampal subgranular zone has very high sensitivity to
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radiation doses39-32 where even a low dose at 2-Gy can decrease the production of new
neurons and proliferating cells dramatically. Also, changes in neurogenesis have been
associated with a significant inflammatory response as indicated by activation of
microglia3%-32, Based upon animal studies, it has been hypothesized that hippocampal
neurogenesis damage is responsible for neurocognitive declines33. Hence, more studies are
needed to further gain our understanding in the relationship between hippocampal
dosimetry, neurogenesis, and neurocognitive dysfunction.

In this study, we focused on radiosensitivity of the hippocampal vasculature and its
association with hippocampus dysfunction. Vasculatures of the hippocampus, an important
structure for memory and learning function, are sensitive to radiation, and seem to be more
for older females. Earlier vascular alterations are translated into late neurocognitive function
declines. Considering brain functioning as a network, a future study that incorporates
radiation effects on hippocampus with interconnecting white matter tracts, frontal lobe
components, and clinical factors3*-37 could lead to an even better prediction for late
cognitive dysfunction.
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Summary

We studied the hippocampal vascular dose-response as an early indicator of
neurocognitive dysfunction in patients receiving partial brain radiotherapy. Radiation-
induced hippocampal vascular changes were pronounced one month after completion of
radiotherapy and were significantly correlated with memory function decline. Clinical
factors of sex, age and edema impacted on the hippocampal vascular dose-response,
resulting in a large effect on the older females.
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Fig. 1.

Illustrations of dose effects interacting with Sex and Age on the mean Ka"S changes one
month post-RT. The mean K" changes are compared between males and females
receiving greater or less than 19 Gy (A), between old and young (> or <50 years) patients
receiving doses > and < 19 Gy (B), and between male and female and old and young
patients receiving high and low doses (C). The dose effect was more pronounced in older
females. The error bars represent Standard Error of Mean.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2016 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Farjam et al.

Page 13
1.2
==All Females > 19 Gy
=0ld Females A
= ===All Females W/0 Edema = B
§ ~=All Females & i
— 7, 3 2.
g Young Females g =
é ==All Females < 19 Gy 5 g
>
H
£
= =
el 2 2 z
= = = g
= & =
=
0.6 e
1.2
=All Males > 19 Gy
=0ld Males B
=All Males W/0 Edema :
-'T” =All Males f e E
L o X
§ =—Young Males g re z
iy ~=All Males < 19 Gy z g ;
= = 83
Aol el
=
g
= =
[ fa =
= = =
0.6 =

Fig 2.

Ti?e radiation-induced time profile changes in the mean Ka"s of female (A) and male (B)
hippocampi. The horizontal axes represent the time points: Pre-RT, week 3 during (Mid)-RT,
End-RT, 1-month post-RT, 6-month post-RT and 18-month post-RT. The error bar represents
the standard error of mean.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2016 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Farjam et al. Page 14

Fig. 3.
Hippocampi (yellow color) and zoomed and color-coded K'a"S maps overlaid on T1-

weighted images pre-RT (A) and 1-month post-RT (B). The planned isodose curves, 5 (red),
10 (green), 20 (blue), 30 (cyan) and 40Gy (dark pink), are overlaid on the pre-RT image.
Only a few voxels have K" values greater than zero pre-RT (colored voxels pointed by
yellow arrows) (A). The BBB permeability increased 1-month post-radiation (colored voxels
pointed by yellow arrows) (B).
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B Females B Males

}FFT

1 Month Post-RT 6 Months Post-RT 18 Months Post-
RT

The temporal changes in the delayed recall Z-scores of the revised Hopkins Verbal Learning
Test from pre-RT to post-RT in males and females. The negative Z-score mean a negative
deviation from the age- and education-matched standard Z-score of the normal population.
Each bar represents standard error of mean.
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