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Background: Whole brain radiation therapy (WBRT) can cause cognitive dysfunctions in lung cancer
patients with brain metastasis (BM). Diffusion kurtosis imaging (DKI) can detect brain microstructural
alterations sensitivly. We aimed to identify the potential of DKI parameters for early radiation-induced brain
injury and investigate the association between microstructure changes and neurocognitive function (NCF)
decline.

Methods: Lung cancer patients with BM (n=35) who underwent WBRT in a single center in Zhejiang,
China, were consecutively and prospectively enrolled between June 24th, 2020 and December 22nd, 2021,
and the median follow-up time was 6.0 months (3.6-6.6 months). DKI and T1-weighted (T1W) MRI
scans were acquired prior to and following WBRT. Diffusivity-based (mean diffusivity, MD; fractional
anisotropy, FA) and kurtosis-based (mean kurtosis, MK; axial kurtosis, AK) parameters were calculated
within the automated anatomical labeling (AAL) atlas-based regions. Reliable change indices practice effects
(RCI-PE) scores of the Mini-Mental State Examination (MMSE) were calculated to determine significant
neurocognitive decline by a one-sample z-test from baseline to 2—6 months post-WBRT. To assess the
subacute induced effects within the whole brain, percentage changes of DKI parameters were evaluated
at 170 atlas-based regions by a one-sample #-test. Linear regression analyses were used to evaluate the
association between DKI parameter changes and RCI-PE scores.

Results: Finally, the study included 19 patients in the longitudinal follow-up. RCI-PE scores declined
at 2-6 months post-WBRT (mean RCI-PE =-0.842, 95% CI, -0.376 to -1.310; P=0.002). With the atlas-
based analysis of subacute effects after post-WBRT, a total of 28 regions changed in at least one diffusion

parameter, revealing region-wise microstructural alterations in the brain. Significant correlations of at least
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one diffusion parameters with RCI-PEs were observed in 9 regions, such as the right orbital part of the
inferior frontal gyrus [right IFGorb, r(AK) =0.47, P=0.03] and left middle temporal gyrus [left MTG, r(MK)

=-0.49, P=0.03].

Conclusions: DKI parameters can be used to detect early microstructure changes and represent important

imaging predictors for cognitive decline. The reported 9 regions are more particularly vulnerable to

neurocognitive radiation-induced impairment for lung cancer patients with BM, representing potential dose-

avoidance targets for cognitive function preservation.
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(DKI); brain microstructure
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Introduction

Lung cancer is one of the most common malignant tumors
worldwide, with an incidence rate of 20-40% for brain
metastasis (BM), and the median survival time of untreated
patients is often less than 3 months (1). The current
mainstream treatments for BM include whole-brain
radiation therapy (WBRT) and stereotactic radiosurgery
(SRS), with unavoidable radiation doses spilling into the
normal brain (2). Radiation-induced side effects may
cause long-term cognitive impairment, such as memory
loss, intelligence retardation, reaction bluntness, language
and executive dysfunction (3,4), which deteriorates
patients’ quality of life (QOL). Until the emergence
of more advanced targeted therapy or immunotherapy
for prolonged survival and reduced brain injury (5,6),
patients with BM will still suffer from brain injury post-
radiotherapy. A personalized radiotherapy strategy for
brain metastases that can protect cognitive function as
much as possible under the premise of ensuring curative
effects, deserves attention.

According to recent research, radiation-induced
brain injury is characterized by vascular abnormalities,
demyelination, neuroinflammation, and ultimately white
and gray matter necrosis (7). This involves multiple regions
of the brain rather than the hippocampus alone. Non-
hippocampus regions, such as the medial temporal lobe (8),
left-sided perisylvian white matter (9), and bilateral cingulate
angular bundle (CAB) fibers (10), have been found to be
associated with neurocognitive function (NCF) decline in
patients with primary brain tumors and nasopharyngeal
carcinoma receiving radiotherapy (RT). The present
anatomical avoidance strategies of radiotherapy for brain
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metastases are mostly related to the hippocampus (11,12).
NRG CCO001, a phase III trial of WBRT + memantine
(WBRT + M) with or without hippocampal avoidance
(HA), reported a lower standardized NCF failure rate in the
HA-WBRT group than in the WBRT without HA group
(58% wvs. 69.1%). In this study, more than half of patients
still had NCF failure despite avoiding the hippocampus.
Thus, leading us to wonder if other cognitively related
areas outside the hippocampus have not been adequately
protected. SRS represents an important strategy to
improve local control and to reduce cognitive decline (13).
However, most studies on SRS focus on the number and
volume of tumors and have not paid much attention to the
setting of organs at risk (OAR) and threshold doses. Brain
microstructures (14), with their unique cell types, anatomical
structures, and immune environment, may provide new ways
to protect cognitive function.

"Two main challenges exist in current detection methods
in terms of clinically observed correlations between whole
brain microstructure changes and cognitive function.
First, due to the special neural function and anatomical
structure of the brain, it is difficult to observe these
changes by pathological tissue biopsy or peripheral blood
tests. Diffusion weighted (DW) magnetic resonance
imaging (MRI) is a widely used and powerful technique
for evaluating microstructural integrity and alterations by
its model-driven parameters (15). Specifically, diffusion
tensor imaging (DTI) assumes a Gaussian distribution
for water molecule displacement and has been found to
be a viable biomarker for identifying RT-associated white
matter microstructural injury (16). However, the brain
microstructural components in the brain, such as cell
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membranes and intracellular and extracellular spaces, make
the water distribution behave in a non-Gaussian manner.
Diffusion kurtosis imaging (DKI) is more sensitive to
evaluate such microstructural pathological changes in non-
Gaussian water distribution (17). Application has shown
that DKI can detect RT-induced changes in the temporal
lobe (18,19). Second, the brain parenchyma contains many
cell types, such as astrocytes, microglia, oligodendrocytes,
and neurons, so radiosensitivity varies greatly across
different regions (14). There is usually a large radiation
dose difference when using SRS for BM and primary brain
tumors, introducing dose-dependent variations, which
makes WBRT a better observation model due to its higher
homogeneity in dose distributions.

This prospective study of patients with brain metastases
receiving WBRT was designed to investigate the association
between structural and microstructural changes in the
whole brain and post-RT decline in the Mini-Mental State
Examination (MMSE) using DKI. We aim to identify
regions that may be associated with NCF tests for dose-
avoidance to protect cognitive functions, while not
reducing the prescribed radiation dose of brain metastases.
We present this article in accordance with the STROBE
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-22-1376/rc).

Methods
Study design and participants

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the ethics committee of Sir Run Run
Shaw Hospital (No. 20200416001) and informed consent
was taken from all individual participants. This study
prospectively enrolled 35 patients with BM from lung
cancer, who received WBRT at our institution from June
24th, 2020, to December 22nd, 2021. Specifically, T1
weighted (T1W) and DW scans were obtained within
0-7 days before and after radiotherapy for each patient.
The association between early changes in DKI and
MMSE scores was evaluated both before and after WBRT.
Telephone contact and visits were undertaken to record the
patients” information, and the follow-up procedures were
the same for all participants. The follow-up period was
defined as the time from the first date of WBRT to April
13th, 2022.

The inclusion criteria were as follows: completed

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

neurocognitive assessments, age >18 years, Karnofsky
performance status (KPS) >70 and expected survival time
>6 months [Gustave Roussy Immune (GRIm) Score <1 (20)].
The exclusion criteria were patients who received prior
WBRT or had meningeal metastasis.

Radiotherapy protocol

Radiation therapy planning computed tomography (CT)
with 2-mm slice thickness was performed with the patient
in thermoplastic mask immobilization. Whole brain
planning target volume (PTV) was defined as the whole-
brain parenchyma with a 3-mm margin. The eyes, lenses,
optic nerves, optic chiasm, inner ears and brainstem were
additionally defined as OAR. Contouring and treatment
planning were developed using a three-dimensional
radiation therapy planning system (Eclipse V11.0; Varian
Medical Systems, Palo Alto, CA, USA). The prescribed
dose was 25 Gy for prophylactic cranial irradiation (PCI),
and 30 Gy for patients with BM, all of which were delivered
in 10 fractions.

Neurocognitive assessment

MMSE was used to assess NCF prior to radiotherapy,
1 month to radiotherapy and every 3 months after
radiotherapy in patients, including five cognitive domains:
orientation, memory, the capability of attention and
calculation, delayed recall and language. The evaluation time
is approximately 10 minutes, administered by professional
psychologists. Because repeated tests may produce errors
due to practice effects, this article uses reliable change
indices (RCI-PE) scores instead of MMSE scores (21).

Imaging acquisition and processing

MRI images were acquired in a Siemens 3T scanner
(MAGNETOM Skyra, Siemens Healthcare, Erlangen,
Germany) equipped with a 64-channel RF head coil.
The sequences obtained included a 3-dimensional T1W
magnetization-prepared rapid acquisition with gradient echo
(MPRAGE) sequence [repetition time (TR) =2,200 ms; echo
time (TE) =2.48 ms; inversion time =900 ms; flip angel =8
degrees; field of view (FOV) =230 mm; matrix =256x256;
resolution =0.9 mm x 0.9 mm; slice thickness =1 mm; 176
slices] and diffusion-weighted imaging (DWI) using a single-
shot diffusion echo-planar imaging (EPI) sequence (TR
=10,400 ms; TE =96 ms, FOV =220 mm; matrix =110x110;
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resolution =2 mm x 2 mmy; slice thickness =2.0 mm; 70 slices),
with b=0, 1,000, 2,000 s/mm’ applied in 1, 30, and 30 unique
gradient encoding directions for each b-value, respectively.
Three additional b=0 volumes with reversed-phase encoded
polarity were acquired for nonlinear B0 distortion correction.

The preprocessing steps were implemented in the
FMRIB Software Library (FSL, University of Oxford, UK).
All TIW images were first sublected to bias correction
and skull extraction using the FSL_ANAT function and
parcellated into 170 regions of interest (ROIs) based on the
automated anatomical labeling (AAL) atlas (22), a widely
used cortical parcellation map, after nonlinear registration
from standard space to each subject’s T1W space. For
each DWI scan, we corrected eddy current distortion,
head motion, and EPI distortion correction using the
EDDYCORRECT function. Non-brain tissue from the
average b0 images was removed using the Brain Extraction
Toolbox (BET). A b0 signal correction (23) and constrained
weighted linear least square fitting (24) were employed
to derive both tensor-based parameters mean diffusivity
(MD) and fractional anisotropy (FA) and kurtosis-based
parameters mean kurtosis (MK) and axial kurtosis (AK).
Next, these diffusion parameters were coregistered to
individual high-resolution baseline T1W images and
segmented into corresponding ROIs through the registered
AAL atlas.

Images were meticulously inspected for registration
or segmentation errors. We manually created a censoring
mask, drawn slice-by-slice, comprising the tumor, surgical
bed, edema, and other radiographic abnormalities separately
for each patient and verified by two imaging experts. All
voxels in the censoring mask were eliminated from the
analysis to avoid confounding from tumor and edema-
related effects.

Study size

Use PASS 15 software (Power Analysis and Sample Size)
to estimate the sample size, group K=1, according to the
significance level of the bilateral test 0=0.05, Power =0.9. In
this study, through preliminary experiments, the calculated
standard deviation was 1.65, and the calculated sample size
was 32, with a statistical difference. Based on a 20% dropout
rate, 32 x (1+0.2)=38 cases are required for each group, and
the sample size for this study is estimated to be 38 cases.
However, due to the slow progress of enrollment, the study
was terminated early in 35 cases.
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Statistical analysis

Statistics were performed in SPSS v26 (IBM Corp.,
Chicago, USA). A one-sample #-test was used to determine
significant group changes in RCI-PEs from baseline to 2—
6 months post-WBRT (H, =0). Associations between 2-
6 months RCI-PEs and patient characteristics (i.e., gender,
age, education level, basic MMSE performance, MMSE
time from WBRT, tumor volume percentage, pathology,
systemic treatment, prednisone and total dose) were
evaluated by Pearson correlations, the independent sample
t-test and one-way analysis of variance.

Percentage changes in diffusion parameters (MD, FA,
MK and AK) were calculated as the difference between pre-
WBRT and post-WBRT in a percentage unit. To assess the
subacute WBRT effects within the whole brain, the region-
specific diffusion parameter changes were evaluated by a
one-sample 7-test (H,=0).

Mpost - M, pre

pre

AM = x100% (1]
where M is the diffusion metrics measured pre- and post-
WBRT. To control for multiple comparisons, a false
discovery rate (FDR) of 0.05 was performed using the
Benjamini-Hochberg method. Linear regression analyses
were used to evaluate the association between diffusion
changes (AM) and RCI-PE scores, while controlling for age,
gender and any significant univariate predictors.

Results

Patient characteristics and their associations with RCI-PE
scores

Upon completion of the prospective trial, 19 patients
(13 males and 6 females, median age 62 years) with
complete imaging and cognitive data were selected for
further data analysis, with the selection process shown
in Figure 1. The pathology type had a slight majority of
small cell carcinoma (58%). Nearly half of the patients had
received education above junior high school. The primary
tumor was stable in 11 cases and unstable in 7 cases, and the
remaining tumor was untreated due to the discovery of BM
at the same time as the primary tumor. Three out of 19 did
not use prednisone during radiotherapy. The majority of
patients had undergone systemic therapy after WBRT, and
six patients did not receive subsequent systematic therapy
due to unnecessary treatment, chemotherapy intolerance,
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Patients received WBRT from June
24th, 2020, to December 22nd,
2021 (N=35)

Patients removed from study (N=11)

e KPS <70 (N=3)

e Estimated life expectancy <6 months (N=2)
* Received prior RT (N=1)

e With meningeal metastasis (N=3)

* Refuse participation (N=2)

Y

\

Patients with longitudinal data
(N=24)

Patients without required time points (N=5)
e Lack of baseline (N=1)
e Lack of 2-6 months (N=4)

Y

\

Patients complete the study
(N=19)

Figure 1 A workflow diagram for cases selection. WBRT, whole
brain radiation therapy; KPS, Karnofsky performance status; RT,
radiotherapy.

financial reasons, or a shortage of effective treatment at that
time. The tumor area was delineated by an experienced
radiologist and the volume was automatically calculated
by the radiotherapy planning system, ranging from 0.23 to
77.91 cm’.

A significant group decline from baseline was observed
at 2-6 months post-WBRT in RCI-PE scores (mean RCI-
PE =-0.842, 95% CI, -0.376 to -1.310; P=0.002). No
significant correlations were observed between clinical
covariates and RCI-PE scores for MMSE tests (all P>0.05).

The patients’ clinical characteristics and analyses of the
associations between patient characteristics and RCI-PE
scores are shown in Table 1.

Subacute WBRT effects: diffusion parameter changes after
WBRT

With the atlas-based analysis of subacute effects post-
WBRT, a total of 28 ROIs demonstrated significant changes
in at least one diffusion parameter from the baseline,
revealing region-wise microstructural alterations in the
brain. The main clusters of these regions were in the
left frontal gyrus (middle, and inferior portions), the left
temporal gyrus (superior, middle, and inferior portions). In
addition, individual regions that included the fusiform gyrus
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Table 1 Clinical characteristics of 19 patients who were finally
included in this study and their associations with RCI score

Characteristic Patients, n [%] P value

Gender 0.81
Male 13 [68]

Female 6 [32]

Age (years), median [range] 62 [50-77] 0.24

Education 0.75
Primary school or lower 9 [47]

Junior high school or higher 10 [53]

Pathology 0.29
Small cell carcinoma 11 [58]

Non-small cell carcinoma 8[42]

Primary disease control 0.28
Stable 11 [58]

Progress 7[37]
Not yet treated 119]

Other metastases 0.19
Yes 9 [47]

No 10 [53]

Systemic treatment 0.44
Chemotherapy 9 [47]
Target-treatment 6 [32]
Immunotherapy 5 [26]

None 6 [32]

Tumor volume (cm®), median [range]  0.23 [0-77.91] 0.35

Prednisone 0.16
Yes 16 [84]
No 3[16]

RClI, reliable change indices.

(FFQG), the caudate nucleus had significant changes from
baseline post-WBRT. The details regarding the subregions
with significant changes and their diffusion responses are
summarized in Table S1. MD, FA, MK and AK could detect
microstructure alterations in 12, 2, 23 and 23 atlas-based
regions respectively. BM patients had significantly decreased
DKI-derived kurtosis-based parameters (MK, AK) in 13
atlas-based regions (P<0.05, FDR-BH corrected) while
no significant observation was found in the tensor-based
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Table 2 Region of interest analysis of subacute WBRT effect on each parameter: mean percentage change and P values by one-sample #-test

MD FA

MK AK

Region of interest

Percentage change P value Percentage change P value Percentage change P value Percentage change P value

Frontal gyrus

Left IFGoperc 1.48 (3.55) 0.12 -0.75 (6.37)

Left IFGtriang 2.36 (4. 09) 0.02* -1.51 (3.76)

Right IFGorb 4.66 (5.25) 0.004* -2.47 (5.34)

Right SFGmedial 1.46 (6.01) 0.31 -1.87 (7.10)
Parahippocampal gyrus

Right PHG 5.10 (9.65) 0.06 -1.63 (6.25)
Fusiform gyrus

Right FFG 4.31(7.04) 0.02* 0.29 (6.86)
Paracentral lobule

Left PCL 3.81(11.07) 0.16 -4.06 (6.83)
Temporal gyrus

Left MTG 2.57 (4.54) 0.04* -1.08 (5.84)

Left ITG 2.41 (3.56) 0.01* 0.25(6.09)

0.62 -1.36 (2.12) 0.02* -1.58 (2.14) 0.02*
0.10 -1.67(1.96)  0.004* -216(2.26)  0.004*
0.06 -1.39 (2.78) 0.05* -1.67 (2.50) 0.02*
0.37 -2.24 (3.13) 0.03* ~2.22(3.18) 0.01*
0.28 -1.21 (1.86) 0.04* -1.16 (2.96) 0.14

0.86 -1.25 (1.58) 0.01* ~0.99 (3.54) 0.33

0.04* -2.55 (4.94) 0.05* ~2.50 (3.20) 0.01*
0.58 -1.82(1.99)  0.004* -1.90 (2.05)  0.004*
0.86 -1.78(2.15)  0.006* —212(2.28)  0.004*

Data are shown as mean (SD). *, P values indicate statistical significance (P<0.05) after corrections for multiple comparisons. WBRT, whole
brain radiation therapy; MD, mean diffusivity; FA, fractional anisotropy; MK, mean kurtosis; AK, axial kurtosis; IFGoperc, opercular part
of inferior frontal gyrus; IFGtriang, triangular part of inferior frontal gyrus; IFGorb, orbital part of inferior frontal gyrus; SFGmedial, medial
orbital part of superior frontal gyrus; PHG, parahippocampal gyrus; FFG, fusiform gyrus; PCL, paracentral lobule; MTG, middle temporal

gyrus; ITG, inferior temporal gyrus; SD, standard deviation.

parameters, MD and FA, which suggest that MK and AK
might have higher sensitivity than MD and FA in detecting
subacute brain microstructural changes after WBRT.
Table 2 lists each parameter’s average changes in the 9
identified regions detected from the subsequent atlas-based
regions analysis which had a significant association with
cognitive function. These representative atlas-based regions
in the brain are shown and labeled in Figure 2.

Early diffusion parameter changes associated with
cognitive-related microstructural injury

Clinical characteristics and cognitive test performance
were not significantly correlated (P>0.05). Therefore, only
age and gender were included as covariates in the linear
regression model. MD, FA, MK and AK within those atlas-
based regions with significant changes were investigated
as predictors of MMSE changes post-WBRT. Significant
correlation of predictors with RCI-PEs were observed in 9
regions, distributed in frontal, parahippocampal, fusiform,
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temporal gyrus and paracentral lobule (PCL) (1#ble 2 and
Figure 2).

For the frontal gyrus, the following regions significantly
associated with RCI-PE scores: the left triangular part of
the inferior frontal gyrus [left IFGtriang, r(MD) =0.48,
P=0.03], the left opercular part of the inferior frontal gyrus
[left IFGoperc, r(MK) =-0.49, P=0.03], the right orbital
part of the inferior frontal gyrus [right IFGorb, r(AK)
=0.47, P=0.03], and the right medial orbital part of the
superior frontal gyrus [right medial orbital part of superior
frontal gyrus (SFGmedial), r(MK) =-0.47, P=0.04]. The
RCI-PE scores showed a positive correlation with MD
percentage changes in the left inferior temporal gyrus [left
inferior temporal gyrus ITG), r(MD) =0.51, P=0.02] and
a negative correlation with MK percentage changes in the
left middle temporal gyrus [left middle temporal gyrus
(MTG), r(MK) =-0.49, P=0.03]. Last, the right FFG [r(MD)
=0.57, P=0.01], the left PCL [r(FA) =-0.47, P=0.04] and
the right parahippocampal gyrus [right parahippocampal
gyrus (PHG), r(MK) =-0.45, P=0.04] were also found to
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IFGtriang o

IFGoperc

SFGmedial

IFGorb

Figure 2 Representative segmentation of 9 regions where significant microstructure changes after WBRT and associated with RCI-PE
scores are overlaid on a left and right brain surface from the AAL atlas. The ROIs include left PCL (yellow), left IFGtriang (red), left
IFGoperc (dark purple), left MTG (magenta), left ITG (green); right SFGmedial (cyan), right PHG (dark green), right FFG (blue), and
right IFGorb (orange). L, left; PCL, paracentral lobule; IFGtriang, triangular part of inferior frontal gyrus; IFGoperc, opercular part of

inferior frontal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; R, right; SFGmedial, medial orbital part of superior

frontal gyrus; PHG, parahippocampal gyrus; FFG, fusiform gyrus; IFGorb, orbital part of inferior frontal gyrus; WBRT, whole brain

radiation therapy; RCI-PE, reliable change indices practice effects; AAL, automated anatomical labeling; ROI, regions of interest.

be associated with poorer performance on the MMSE
test. Figure 3 shows the above mentioned corresponding
correlations with RCI-PE scores. The diffusion parameters
of the remaining atlas-based regions did not show
significant correlations with the RCI-PE scores.

Discussion

In this prospective longitudinal investigation of lung
cancer patients with BM who underwent WBRT, we found
that radiation injury to brain microstructural markers in
several regions across the brain was significantly correlated
with cognitive decline. DKI-derived kurtosis parameters
(MK, AK) and diffusion parameters (MD, FA) were able
to describe changes in these areas, including 4 atlas-based
regions within the frontal gyrus (IFGoperc, IFGtriang,
IFGorb, and SFGmedial), 2 atlas-based regions within
the temporal gyrus (ITG and left MTG), and the PHG,
FFG and PCL. These findings were expected given that
cognitive function is a complex array of functions affected
by multiple brain microstructures, fiber bundles, and

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

microenvironments. In addition, we found that radiation
damage varies between different regions in the brain even
when irradiated with the same dose level.

Approximately 90% of patients who receive WBRT
suffer a certain degree of radiation-induced cognitive
impairment (2). The human brain has been thought to be
radioresistant in the past, and white matter necrosis was
recognized as a late side-effect 6 months after irradiation.
Recent studies have reported earlier brain injury after
radiotherapy, which may be more meaningful than severe
cognitive impairment after 6 to 12 months. Three months
after WBRT, Rola et al. reported impairments in spatial
learning and memory associated with neuronal maturation
deficits (25). Among 41 patients with supratentorial tumors,
cognitive impairment was observed 1.5 months after brain
RT and recovery 4.5 months after brain RT (26). Our
research detected a significant group decline from baseline
to 2-6 months post-WBRT in RCI-PE scores. However,
the follow-up of neurological function after 6 to 12 months
of this study has not been completed; there are insufficient
data to verify whether the injury can be recovered yet.
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Figure 3 Scatter plots demonstrating correlation between the RCI-PE scores and the percentage changes of diffusion parameter in each

region. The regression lines indicate the association between diffusion percentage changes and RCI-PE scores. Age and gender were treated

as co-variates for RCI-PE scores feature in the regression models. Only significant correlations between any of the diffusion parameters
and RCI-PE scores were marked with the Pearson’s correlation coefficient and P value. (A) The RCI-PE scores and the percentage
change in MD in left IFGtriang. (B) The RCI-PE scores and the percentage change in MD in left ITG. (C) The RCI-PE scores and the
percentage change in MD in right FFG. (D) The RCI-PE scores and the percentage change in FA in left PCL. (E) The RCI-PE scores and
the percentage change in AK in right IFGorb. (F) The RCI-PE scores and the percentage change in MK in left IFGoperc. (G) The RCI-
PE scores and the percentage change in MK in left MTG. (H) The RCI-PE scores and the percentage change in MK in right PHG. (I)
The RCI-PE scores and the percentage change in MK in right SFGmedial. *, significant results (P<0.05). RCI-PE, reliable change indices
practice effects; IFGtriang, triangular part of inferior frontal gyrus; MD, mean diffusivity; ITG, inferior temporal gyrus; FFG, fusiform

gyrus; PCL, paracentral lobule; FA, fractional anisotropy; IFGorb, orbital part of inferior frontal gyrus; AK, axial kurtosis; IFGoperc,

opercular part of inferior frontal gyrus; MK, mean kurtosis; MTG, middle temporal gyrus; PHG, parahippocampal gyrus; SFGmedial,

medial orbital part of superior frontal gyrus.

Prior to the 1990s, the pathogenesis of radiation-induced
injury was often considered a decrease in the number and
volume of neurons and is now believed to be a complex
and dynamic interactions and process occurring in multiple

cell types within brain microstructures, including neuronal
demyelination (27), a chronic inflammatory state (28),
abnormal hyperplasia and necrosis of blood vessels (29).
These changes in brain microstructural organization are

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2023;13(8):5321-5332 | https://dx.doi.org/10.21037/qims-22-1376



Quantitative Imaging in Medicine and Surgery, Vol 13, No 8 August 2023 5329

difficult to observe in time because of the constrains to
performing brain tissue biopsy and the existence of the
blood brain barrier. The literature reports extensive studies
of DTT (30) and DKI (31-33) parameters for brain sub-
function regions. Similar to DTI-based biomarkers, these
DKI parameters reflect the heterogeneity of the intravoxel
diffusion environment and are therefore indicators of
microstructural complexity in many diseases (15). To date,
there has been no report on the correlation between the
performance of DKI parameters and cognitive decline post
radiotherapy for brain metastases; thus, the present study
starts to satisfy this dire need.

Remarkably, changes in cognitive function after brain
radiotherapy are associated with the interplay of multiple
structures and thus cannot be simply attributed to single
structure or volume changes. In our study, the increase in
MK changes in the right SFGmedial, right PHG, right
FFG and left MTG had a significant correlation with the
decrease in the MMSE RCI-PE. Consistent with previous
knowledge, cognitive functions are performed by specialized
brain regions, while interneural connections cooperate and
coordinate their action. For example, the language center
is composed of the IFG, MTG, and superior temporal
gyrus (STG), which perform semantic processing (34),
syntactic combining (35), and reading skills, respectively.
Note that only the middle part of the SFG was associated
with the decline in RCI-PE scores in our study, instead of
the whole region of the SFG. The same results had also
reported that the IFGoperc lies in the motor speech center
and that the DL-SFG is related to Parkinson’s disease (36)
but not the whole region. This leads to the hypothesis that
more accurate protection can be achieved by identifying
sub-regions of atlas-based regions for brain radiotherapy.
Likewise, sub-region changes correlated with more
advanced cognitive impairment remain unclear and need to
be verified in a study with a longer follow-up.

The prolonged survival time for patients with brain
metastases emphasized the importance of preserving
cognitive function. We observed statistically significant
correlation between the changes in diffusion parameters
and cognitive impairment after radiotherapy in the PHG,
but not in other parts of the hippocampus. This may be due
to the different radio-sensitivity in brain structures. As an
important part of the hippocampal circuit, PHG is related
to high-level neurological and cognitive activities such as
emotion, learning and memory. Hippocampus avoidance
has been a main focus of most clinical trials. A glioma RT
study showed that regions of adult neurogenesis primarily

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

predict cognition at %v40 (percent of ROI receiving
40 Gy) and %v10 (percent of ROI receiving 10 Gy) for
the right hippocampus (37). The existing hippocampal
protection strategies limit the maximum dose at 17 Gy
(11,12). In our study, however, the entire brain was exposed
to more than 25 Gy of radiation, which may affect the
assessment of hippocampal changes. It will be necessary
to conduct studies with a larger number of patients in the
future using more dosing methods.

However, hippocampal-sparing alone may be insufficient
to spare cognitive function after brain RT. Schindler
et al. showed that older rats with cognitive dysfunction
after WBRT fail to show a radiation-induced decrease in
neurogenesis in the hippocampus (38). DKI metrics of the
clinical psychometric hepatic encephalopathy score (PHES)
are correlated with the average AK and MK values in the
lateral frontoorbital gyrus, caudate and thalamus rather
than individual brain microstructures (39). Twelve non
hippocampal regions discovered in our study, such as the
left IFGoperc, right SFGmedial, right PHG, right FFG and
left M'TG, that are associated with cognitive changes after
radiotherapy should be delineated as dose-avoidance ROIs for
cognitive function protection. Alternatively, the brain RT field
has gradually moved toward more personalized treatment for
BM, with a trend of increased utility of SRS or stereotactic
radiotherapy (SRT) and a decrease in WBRT (40).
"This allows better dose sparing to the normal brain and thus
better protection to those functional areas (41). However,
delineating those cognitive functional subregions is still
necessary to further understand the dose/volume thresholds
regardless of which brain RT techniques are used for
treatment.

Note that our study has a few limitations. First, the
sample size collected was relatively small considering
the consistency of DKI parameters, which is due to the
difficulty of data collection and patient compliance.
However, the positive findings in our study warrant a larger
sample size study to further confirm our hypothesis. In
addition, most patients with brain tumors are older than
60 years and Junior high school, resulting in difficulties
in patient compliance when asked to complete complex
questionnaires. A longitudinal study with a longer follow-up
is necessary to further explore the pathogenic mechanisms
and neuroimaging features described here.

Conclusions

In conclusion, radiation brain injury can damage the
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cognitive function of patients with brain metastases after
brain radiotherapy. This cognitive impairment may be
caused by the interaction of multiple microstructural
indices and processes within different brain regions, not
only the hippocampus. DTT and DKI can identify these
microstructural changes early on. Future studies may solve
the determination of threshold doses/volumes admissible
for these regions. Understanding these brain substructures
with a radiation dose limitation may lead to a new cognitive
function protection model for radiotherapy in patients with
of brain metastases.
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Supplementary

Table S1 Region of interest analysis of subacute WBRT effect on each DKI parameter: mean percentage change and P values by one-sample #-test

MD FA MK AK
Region of interest
Percentage P value Percentage P value Percentage P value Percentage P value
change change change change
Left precentral gyrus 3.81(11.07) 0.16 -4.06(6.83) 0.04* -2.55(4.94) 0.05* -2.50(3.20) 0.01*
Left middle frontal gyrus 1.84 (5.1) 0.18 -0.71(4.89) 0.54 -1.55(2.54) 0.04* -1.51(2.67) 0.04*

Left opercular part of inferior frontal gyrus  1.48 (3.55)  0.12 -0.75 (6.37) 0.62 -1.36 (2.12) 0.02* -1.58 (2.14)  0.02*
Left triangular part of inferior frontal gyrus  2.36 (4.09) 0.02* -1.51(3.76) 0.10 -1.67 (1.96) 0.004* -2.16(2.26) 0.004*
Left orbital part of inferior frontal gyrus 259(.72) 0.09 -1.38(5.04) 0.26 -1.68 (2.63) 0.02* -2.1(2.87) 0.02¢
Right orbital part of inferior frontal gyrus 4.66 (5.25) 0.004* -2.47(5.34) 0.06 -1.39 (2.78)  0.05* -1.67 (2.5) 0.02*
Left rolandic operculum 2.33(3.99) 0.02* -0.55(4.86) 0.639 -1.19(1.81) 0.02* -1.42(1.7)  0.008*
Left olfactory cortex 7.27 (10.43) 0.03* -1.42(9.38) 0.52 -1.17 (3.55) 0.34 -1.25(5.76)  0.48

Right medial orbital part of superior frontal 1.46 (6.01)  0.31 -1.87 (7.10) 0.37 -2.24 (3.13) 0.03* -2.22(3.18) 0.01*
gyrus

Left insula 2.83(5.12) 0.06 -0.3(5.79) 0.82 -1.35(2.19) 0.04* -1.34(1.97)  0.04*
Right middle cingulate & paracingulate gyri 2.93 (4.42) 0.01* -3.1(8.97) 0.15 -1.72 (2.42) 0.01* -1.53 (1.96) 0.02*

Right parahippocampal gyrus 5.10(9.65) 0.06 -1.63 (6.25) 0.28 -1.21(1.86) 0.04* -1.16 (2.96) 0.14
Left calcarine fissure and surrounding 1.98 (4.75) 0.12 1.1 (56.25) 0.38 -1.41(1.88) 0.01* -1.2(1.24) 0.004*
cortex

Right lingual gyrus 2.33(6.05) 0.16 -0.59(3.48) 0.48 -1.89 (1.76) <0.001* -1.19(1.62) 0.01*
Left fusiform gyrus 2.38(3.56) 0.04* 0.85 (6.6) 0.59 -1.55(.57) 0.04* -1.63(3.56) 0.08
Right fusiform gyrus 4.31(7.04) 0.02* 0.29 (6.86) 0.86 -1.25(1.58) 0.01* -0.99 (3.54) 0.33
Left postcentral gyrus 2.82(4.96) 0.02* -1.81(4.54) 0.108 -1.87(2.34) 0.006* -1.82(1.58) <0.001*
Left inferior parietal gyrus, excluding 1.63(4.14) 0.14  -0.76 (4.39) 0.47 -1.17(1.6) 0.02* -1.12(1.88) 0.04*
supramarginal and angular gyri

Left supramarginal gyrus 1.58 (2.8) 0.02* -1.05(4.97) 0.381 -1.3(1.74) 0.01* -1.14(1.88) 0.02*
Right angular gyrus 2.04 (6.2) 0.36 -1.49 (5.11) 0.233 -0.84(2.73) 0.26 -0.99 (1.77)  0.04*
Left paracentral lobule 3.81(11.07) 0.162 -4.06(6.83) 0.04* -2.55(4.94) 0.05* -2.5(3.2) 0.01*
Right caudate nucleus 7.47 (9.21) 0.01* -4.65(14.94) 0.203 -3.69(7.74) 0.06 -3.66 (5.56)  0.02*
Left superior temporal gyrus 1.62 (4.61) 0.20 -0.44 (5.8) 0.75 -1.23(2.43) 0.08 -1.67 (2.05) 0.01*
Left temporal pole: superior temporal gyrus 0.23 (7.91) 0.902 -1.53(9.15) 0.64 -1.09 (3.7) 0.44 -1.8 (2.63) 0.03*
Left middle temporal gyrus 2.57 (4.54) 0.04* -1.08(5.84) 0.58 -1.82(1.99) 0.004* -1.9(2.05) 0.004*

Left temporal pole: middle temporal gyrus 3.06 (9.95) 0.26 -2.09 (11.89) 0.466 -1.92(2.43) 0.01* -2.55(3.57) 0.01*
Left inferior temporal gyrus 2.41(3.56) 0.01* 0.25(6.09) 0.86 -1.78 (2.15) 0.006* -2.12(2.28) 0.004*
Right inferior temporal gyrus 2.61(3.89) 0.04* -0.15(7.73) >0.99 -1.63(2.44) 0.04* -1.53.17) 0.12

*, P values indicate statistical significance (P<0.05) after corrections for multiple comparisons. BM, brain metastasis; MMSE, Mini-Mental
Status Examination; SD, standard deviation; MD, mean diffusivity; FA, fractional anisotropy; MK, mean kurtosis; AK, axial kurtosis.
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