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Background: White matter hyperintensity (WMH) is prevalent in elderly populations. Ischemia is
characterized by a decline in cerebral blood flow (CBF) and may play a key role in the pathogenesis of
WMH. However, the association between CBF reduction and WMH progression remains controversial.
This study aimed to investigate the association between CBF and the progression of WMH at a 2-year
follow-up of community-based, asymptomatic adults in a longitudinal cohort study across the lifespan.
Methods: Asymptomatic adults who participated in a community-based study were recruited and
underwent brain structural and perfusion magnetic resonance imaging (MRI) at baseline and at a 2-year
follow-up visit. The CBF was measured on pseudo-continuous arterial spin-labeling (pCASL) MRI. The
WMH was evaluated on T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) images. Tissue
segmentation was conducted on T1-weighted (T'1W) images to derive binary masks of gray matter and
normal-appearing white matter. Linear mixed effect models were conducted to analyze the cross-sectional
and longitudinal associations between CBF and WMH.

Results: A total of 229 adults (imean age 57.3+12.6 years; 94 males) were enrolled at baseline, among whom
84 participants (mean age 54.1x11.9 years; 41 males) completed a follow-up visit with a mean time interval
of 2.77£0.44 years. At baseline, there was a decreasing trend in gray matter (GM) CBF with an increase
of WMH burden (P=0.063), but this association was attenuated after adjusting for age (P=0.362). In the
longitudinal analysis, baseline WMH volume was significantly associated with the reduction of perfusion
in GM [coefficient =-1.96, 95% confidence interval (CI): -3.25 to -0.67; P=0.004] and normal appearing
white matter (coefficient =-0.99, 95% CI: -1.66 to -0.31; P=0.005) during follow-up. On the contrary,
neither baseline CBF in GM (P=0.888) nor normal appearing white matter (P=0.850) was associated with
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WMH progression. In addition, CBF changes within WMH were significantly associated with both baseline
(coefficient =-0.014, 95% CI: -0.025 to -0.003; P=0.017) and progression (coefficient =-1.01, 95% CI: -1.81

to -0.20; P=0.015) of WMH volume.

Conclusions: A WMH burden was not found to be directly associated with cortex perfusion at baseline
due to the effects of age on both CBF and WMH. However, baseline WMH volume could predict the

reduction of perfusion.
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Introduction

White matter hyperintensity (WMH), as a subtype
of cerebral small vessel disease (CSVD), is prevalent
in elderly individuals (1). Pathologically, WMHs are
mainly characterized by demyelination, pale myelin,
oligodendrocyte apoptosis, and vacuolization (2,3). It has
been shown that WMHs are related to various geriatric
disorders, such as cerebrovascular diseases, dementia,
cardiovascular diseases, cognitive impairment, psychiatric
disorders, and systemic immunological diseases (4,5).
Investigators have found that WMHs in different locations
have different functional, histopathological, and etiological
features with respect to lateral ventricles (6,7). A better
understanding of the pathophysiological mechanism of
WMHs is important for the prevention of WMH-related
adverse clinical outcomes.

Several studies have demonstrated that ischemia may
play a key role in the pathogenesis of WMH (8,9). Cerebral
ischemia is characterized by a decline in cerebral blood
flow (CBF), and ischemic lesions will occur after the
CBF decreases to a threshold for a certain period of time.
However, whether CBF reduction precedes or follows
WMH progression remains controversial. Previous cross-
sectional studies have reported that a higher WMH load
is associated with a lower CBF of the gray matter (GM)
or cortex (10,11). However, a meta-analysis showed that
this association was dampened after removing non-age
matched cases and those with dementia (9,12). Increasing
evidence has shown that CBF dynamically changes
with age, even in normal individuals (13,14), which may
confound the relationship between CBF and WMH.
Although some studies have evaluated the longitudinal
association between CBF and WMH, their findings varied,
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and baseline global CBF has not been associated with the
progression of WMH in older participants (15). However,
other studies have reported that after differentiating the
locations of WMHs, regional associations of lower CBF
with periventricular WMH (PVWMH) progression but not
deep WMH (DWMH) progression were found in elderly
patients (16,17). Such associations between CBF reduction
and WMH progression across the adult lifespan have not
been studied. Several studies have found that CBF within
WMH is lower than that in normal appearing white matter
(NAWM) (18,19), while the differences between CBF
changes with age and WMH progression are still unclear.

Traditionally, CBF is usually measured by positron
emission tomography (PET), CT perfusion (CTP), and
dynamic susceptibility-contrast (DSC) magnetic resonance
imaging (MRI). However, these imaging modalities either
include exposure to ionizing radiation or require intravenous
administration of tracer or contrast agent, which limits their
application to individuals with special conditions, such as
renal dysfunction (20,21). Pseudo-continuous arterial spin-
labeling (pCASL) MRI with optimized parameters is capable
of noninvasively measuring CBF using labeled arterial blood
as an endogenous tracer (22,23).

In this study, we aimed to investigate the association
between CBF and the progression of WMH using pCASL
imaging in community-based, asymptomatic adults across
the lifespan. We also evaluated the rate of longitudinal
change in CBF of GM, NAWM, and WMH as well as
the progression of WMH after 2 years of follow-up to
determine their causal relationships. We present the
following article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-141/rc).
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Figure 1 The flowchart of participants inclusion throughout the study.

Methods
Study sample

The participants were recruited from an ongoing,
community-based, longitudinal and observational
cohort study of Cerebrovascular Accident Monitoring,
Epidemiology and caRe quAlity system (CAMERA) (24).
The primary objective of the CAMERA study was to
determine the risk factors for the progression of subclinical
neurovascular diseases and future ischemic cerebrovascular
events in asymptomatic adults. The inclusion criteria were
as follows: (I) over 30 years old, and (II) no cerebrovascular
symptoms within the previous 6 months. Participants who
had contraindications to MR examination were excluded.
All included participants underwent brain anatomical
MRI at baseline. As a substudy, participants who enrolled
in the CAMERA study from April 2016 to July 2019 also
underwent pCASL perfusion imaging of the brain at
baseline. Brain anatomical and perfusion MR scans were
also conducted in the 24th month of the follow-up study.

A total of 237 participants completed both brain
anatomical and perfusion MR scans at baseline. Of
237 participants, only 88 finished the two-year follow-up
MR scan, and nearly two-thirds of participants were lost to
follow-up from 2020 due to the coronavirus disease of 2019
(COVID-19) epidemic. Of the 237 included participants,
8 were excluded because of poor image quality at baseline
(n=7) and in follow-up (n=1) MR examinations. Finally,
a total of 229 participants (mean age 57.32+12.63 years,
range 31 to 87 years; 94 males) were included in the final
statistical analysis. Of the 229 participants, 84 (mean age
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54.06+11.92 years, range 31 to 81 years; 41 males)
completed both baseline and follow-up visits with a mean
time interval of 2.77+0.44 years (range: 1.75 to 3.33 years).
The flowchart of participants is shown in Figure 1.

Baseline demographic and clinical characteristics,
including age, gender, systolic blood pressure (SBP),
diastolic blood pressure (DBP), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), total cholesterol (T'C), triglycerides (T'G), body
mass index (BMI), and history of cardiovascular disease
(CVD), were collected from clinical records. The vascular
risk score (VRS; 0 = none, 5 = worst) of each individual was
calculated by summing 5 dichotomous variables reflecting
obesity (BMI >30), smoking, history of hypertension,
hypercholesterolemia, and diabetes (25).

The baseline demographic and clinical characteristics of
this study population are summarized in 7able 1. Participants
who were lost to follow-up were found to have older age
(59.21£12.68 vs. 54.06£11.92 years; P=0.003), lower DBP
(75.82+9.77 vs. 78.68+9.31 mmHg; P=0.031), and higher
LDL-C [3.20, interquartile range (IQR): 2.57-3.78 mmol/L
vs. 2.97, IQR: 2.42 to 3.34 mmol/L; P=0.022] than those
who completed the follow-up study. No significant
differences were found in other clinical characteristics or
WMH measurements between participants who completed
the follow-up study and those who were lost to follow-up
(all P>0.05).

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
protocol was approved by the institutional review board
of Beijing Tiantan hospital, and written consent form was
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Table 1 Baseline characteristics of the study population
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Participants with or without follow-up

Characteristics All participants (n=229)

Baseline and follow-up (n=84) Baseline only (n=145) P value
Age, years 57.32+12.63 54.06+11.92 59.21+12.68 0.003
Gender, male 94 (41%) 41 (48.8%) 53 (36.6%) 0.070
BMI, kg/m’ 24.2 (22.2-26.0) 24.2 (22.1-25.8) 24.2 (22.2-26.1) 0.733
Hypertension 71 (31%) 27 (32.1%) 44 (30.3%) 0.769
SBP, mmHg 127.15£17.37 127.01+£16.49 127.24£17.92 0.923
DBP, mmHg 76.87+9.68 78.68+9.31 75.82+9.77 0.031
Hyperlipidemia 89 (38.9%) 27 (32.1%) 62 (42.8%) 0.123
HDL-C, mmol/L 1.39 (1.14-1.67) 1.33 (1.09-1.67) 1.41 (1.16-1.68) 0.188
LDL-C, mmol/L 3.13 (2.50-3.62) 2.97 (2.42-3.34) 3.20 (2.57-3.78) 0.022
TC, mmol/L 4.983 (4.30-5.50) 4.74 (4.28-5.39) 5.03 (4.37-5.58) 0.061
TG, mmol/L 1.24 (0.95-1.78) 1.21 (0.91-1.80) 1.24 (0.98-1.74) 0.923
Smoking 25 (10.9%) 13 (15.5%) 22 (15.2%) 0.999
Diabetes 30 (13.1%) 12 (14.3%) 18 (12.4%) 0.689
History of CVD 86 (37.6%) 4 (4.8%) 12 (8.3%) 0.423
Vascular risk score 1.03+0.88 0.96+0.86 1.06+0.90 0.970
Fazekas scale 1.65+1.27 1.56+1.24 1.70+1.29 0.928
WMH volume, mL 0.83 (0.05-2.43) 0.52 (0.01-2.04) 1.03 (0.07-2.6) 0.132
PVWMH volume, mL 0.48 (0-1.36) 0.38 (0-1.06) 0.54 (0-1.52) 0.315
DWMH volume, mL 0.18 (0-1.14) 0.11 (0-0.74) 0.21 (0-1.18) 0.181

Values are provided as mean + standard deviation, median (interquartile range) or numbers (%) for each variable. BMI, body mass
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; CVD, cardiovascular disease; WMH, white matter hyperintensity; PVWMH,
periventricular white matter hyperintensity; DWMH, deep white matter hyperintensity.

provided by all participants at each visit.

MRI protocol

Brain MRI was performed on a 3.0 T' MR scanner (Ingenia
CX; Philips Healthcare, Best, The Netherlands) equipped
with a 32-channel head coil. The brain was imaged by T1-
weighted (T1W), T2-weighted fluid attenuated inversion
recovery (T2-FLAIR), and pCASL sequences. The
parameters used for T1W were repeat time (TR)/echo
time (TE) 24/5 ms, field of view (FOV) 256x192x128 mm’,
spatial resolution 0.6x0.6 mm’, sensitivity encoding
acceleration (SENSE) factor 2, and scan time 4 min
8 s. The parameters used for T2-FLAIR were TR/
inversion time (TT) 7,000/2,200 ms, TE 140 ms, FOV
230x230x133 mm’, spatial resolution 0.9x0.9 mm®,
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SENSE factor 2.1, and scan time 2 min 48 s. The
parameters used for pCASL were single shot echo planar
imaging, TR/TE 4,016/12 ms, FOV 240x240x132 mm’,
spatial resolution 3x3 mm’, SENSE factor 3, label
duration 1,800 ms, post labeling delay 1,800 ms, number
of repetitions 30, background suppression pulse 1,820
and 3,155 ms, and scan time 4 min 31 s. After pCASL
imaging, a proton density-weighted reference scan (MO)
was performed with identical imaging parameters except
for no arterial spin labeling (ASL) and TR 6,000 ms. The
slice thicknesses for T1W, T2-FLAIR, and pCASL were
2 mm, 5.5 mm, and 6 mm, respectively. All participants
were reminded not to drink coffee/tea on the day before
the MR examination. The participants were trained to
remain still, were scanned in a calm state, and avoided
swallowing during the MR scan to reduce motion artifacts.
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Quality control was based on visual assessment. Poor image
quality included the following conditions: (I) contrast-
based: unclear or invisible contrast in GM and WM; and (IT)
artifact-based: severe head motion, signal drop, geometric
distortion, or macrovascular bright spots. A repeat scan was
performed when the image quality was poor.

Follow-up brain MR imaging was conducted with the
identical imaging protocol on the same MR scanner at the
24th month after the baseline study.

Image analysis

The perfusion data acquired by pCASL were analyzed
utilizing established procedures (22) with customized
MATrix LABoratory (MATLAB) scripts (Mathworks Inc.,
Natick, MA, USA). Briefly, the differences between the
averaged label and control images were calculated, and the
delay times in different imaging slices were corrected. The
CBF (unit: mL./100 g/min) was calculated using the above
difference maps and proton density-weighted images (MO)
after motion correction.

Tissue segmentation was conducted on T1W images
to derive binary GM and WM masks using the Oxford
Centre for Functional Magnetic Resonance Imaging of
the Brain (FMRIB) Software Library v. 6.0 (FSL; Oxford,
UK), including a brain extraction tool (BET) for skull
strips and FMRIB's Automated Segmentation Tool (FAST)
for probabilistic and partial volume tissue segmentation
(26,27). GM and WM masks were then generated with a
probabilistic threshold of 0.9 (28).

The lesions of WMH on T2-FLAIR images were
independently scored by two experienced raters (>3 years of
experience in neuroimaging) blinded to the clinical data, and
disagreements were resolved through discussion. By judging
the different types of WMHs, PVWMH and DWMH were
both graded from 0 to 3, based on the Fazekas criteria of
“continuity to ventricle” (2). The WMH score was defined
as the sum of PVWMH and DWMH scores. Quantitative
evaluation of WMHs was conducted by manually
segmenting WMH regions using the Computer-Aided
System for CArdiovascular Disease Evaluation software v.
1.9 (CASCADE; University of Washington, Seattle, WA,
USA). The PVWMH was defined as lesions adjacent to
or within 1 cm of the lateral ventricles. The DWMH was
defined as lesions located in deep WM tracts that may have
adjoined periventricular lesions (29). The volumes of WMH
were log transformed, explicitly, log(WMH), to address the
nonnormal distribution. Coregistrations of perfusion maps,
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probabilistic maps, and binary masks of GM and WM to the
T2-FLAIR images were performed in Statistical Parametric
Software v. 12 (SPM12; Wellcome Trust Centre for
Neuroimaging, Institute of Neurology, University College
London, London, UK). We then generated NAWM masks
by excluding WMH masks from the WM masks. The
workflow for image processing is illustrated in Figure 2.

Statistical analysis

Continuous variables with a normal distribution were
described as the mean and standard deviation (SD), variables
with a nonnormal distribution were described as the median
and IQR, and categorical variables were described as counts
and percentages. Statistical analysis was performed using
the software SPSS26.0 software (IBM Corp., Armonk, NY,
USA). Two-tailed P-values less than 0.05 were considered
statistically significant.

At baseline, linear regression was used to estimate the
associations between CBF and age. Regional dependence of
WMH CBF was analyzed using repeated-measure Analysis
of Variance (ANOVA) testing with post hoc Bonferroni
correction, which included the CBF of NAWM, PVWMH,
and DWMH as within-participant variables. In addition, the
CBF was also compared among different clinical risk factors
for the VRS using one-way ANOVA. An independent
t-test was used to compare the age distributions between
participants with none-to-mild WMH (Fazekas scale <2)
and those with moderate-to-severe WMH (Fazekas scale
>2). Analyses of linear regression with age and one-way
ANOVA on VRS were also conducted on log-transformed
volume of WMH, explicitly, log(WMH), because of its
non-normal distribution.

"To investigate the associations between CBF and WMH
at baseline, binary logistic regression was firstly utilized
to determine the association of CBF with the presence of
WMH as well as the severity of WMH. Age and gender
were additionally adjusted in the logistic regression models.
Among participants with WMH, linear regression was
implemented to investigate the associations between CBF
and log(WMH) at baseline (model 1). Analyses were
adjusted for age and gender (model 2) and additionally
adjusted for VRS and history of CVD (model 3). Analyses
were also conducted on PVWMH and DWMH separately.

During follow-up, a linear mixed effect (LME) model
was used to assess the longitudinal changes in CBF of GM
or NAWM with random intercepts at the subject level. Age
at baseline scan, gender, and follow-up interval entered as
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Figure 2 Illustration of the image-processing procedure. Binary masks of GM and WM were segmented from T1W images and co-

registered to corresponding FLAIR images. WMH masks were manually edited on FLAIR images and used to generated PVWMH and
DWMH masks separately. NAWM masks were extracting by excluding WMH from WM masks. The CBF values of each brain tissue were
calculated after co-registrations of perfusion maps to the above binary masks. pCASL, pseudocontinuous arterial spin labeling; T1W, T'1-

weighted; FLAIR, fluid-attenuated inversion recovery; CBE, cerebral blood flow; GM, gray matter; WM, white matter; WMH, white matter

hyperintensity; NAWM, normal-appearing white matter; PVWMH, periventricular white matter hyperintensity; DWMH, deep white

matter hyperintensity.

fixed-effect independent variables. To examine whether
the longitudinal change was age-dependent, an age-by-
time interaction term was additionally added to the LME
models. For participants with WMH at baseline, the same
LME models were also conducted on the volume of WMH
and CBF within WM lesions to evaluate their age-related
changes.

We evaluated the longitudinal associations between annual
changes in CBF and WMH. ACBF was defined as [(CBF,
- CBF))/time interval], and Alog(WMH) was defined as
{[log(WMH,) - log(WMH,)]/time interval}. First, whether
ACBEF differed from the progression of WMH was evaluated
using LME models where the progress of the Fazekas scale
was added as a fixed effect together with age at baseline,
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gender, and time from the baseline scan. To quantitatively
investigate the relationship between the annual changes
in CBF and log(WMH), associations between ACBF and
Alog(WMH) were assessed using linear regression-adjusted
baseline values of both CBF and log(WMH). Baseline values
of both CBF and log(WMH) were adjusted on the linear
regression analysis. Prospective associations of baseline
CBF with the progression of WMH volume during follow-
up were estimated with linear regression, and analyses were
adjusted for log(WMH) at baseline. Meanwhile, prospective
associations of the baseline volume of WMH with changes
in CBF during follow-up were also estimated and adjusted
for CBF at baseline. To determine whether the above
associations were independent of potential confounding
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Figure 3 Scatter plots between CBF and age at baseline. Each dot represents data from one participant. The solid line is a linear fitting of

the experimental data. Regression analysis showed that age has a significant effect on GM (A), but not on normal appearing WM (B) and
WM hyperintensity (C). CBE, cerebral blood flow; GM, gray matter; WM, white matter.

factors, the aforementioned linear regression analyses were
adjusted for age and gender (model 2) and additionally
adjusted for VRS and history of CVD (model 3).

To eliminate any residual partial volume effects, the
above models also included GM probability and WM
probability as covariates, so that the observed effects on the
CBF were not due to the reduced GM or WM fraction.

Results
Age-specific characteristics of CBF and WMH at baseline

At baseline, the mean value of GM CBF was
40.71£7.94 mL/100 g/min. Lower GM CBF was found to
be significantly associated with increasing age (coefficient
=-0.18, 95% CI: -0.26 to -0.11; P<0.001) (Figure 34). Of all
229 participants, 174 (76.0%) were found to have PVWMH
or DWMH at baseline. The mean values of NAWM
CBF and WMH CBF were 26.83+5.29 mL/100 g/min
and 17.65+5.37 mL/100 g/min at baseline, respectively.
Neither NAWM CBF (P=0.776) nor WMH CBF (P=0.917)
was significantly associated with age (Figure 3B,3C).
Specifically, repeated ANOVA analysis showed that there
was a strong main effect {F[2,238] = 420.82; P<0.001}
for the locations of WM on CBF among NAWM,
PVWMH (14.24+3.90 mL/100 g/min), and DWMH
(20.82+6.03 mL/100 g/min). Multiple comparisons with
Bonferroni correction revealed that NAWM CBF was
significantly greater than PVWMH CBF (P<0.001)
and DWMH CBF (P<0.001), and DWMH CBF was
significantly greater than PVWMH CBF (P<0.001). Among
the VRS groups, a significant difference was found in GM
CBF (P=0.004) but not in NAWM CBF (P=0.233) or

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

WMH CBF (P=0.953).

The distribution of the Fazekas scales of this study
population is presented in Figure S1. Comparison of none-
to-mild WMH (i.e., Fazekas scale <2; n=173) and moderate-
to-severe WMH (i.e., Fazekas scale >2; n=56) showed a
significant difference between the two levels of severity
according to age (54.40£11.77 vs. 66.32+10.88 years,
respectively; P<0.001). Among participants with WMH,
a greater log(WMH) was significantly associated with
increasing age (coefficient =0.024, 95% CI: 0.018 to 0.030;
Figure 44). Such associations were also found between
PVWMH and age (coefficient =0.026, 95% CI: 0.012
to 0.041; P<0.001; Figure 4B) and between DWMH and
age (coefficient =0.043, 95% CI: 0.031 to 0.056; P<0.001;
Figure 4C). One-way ANOVA analyses showed no significant
difference in total WMH volume among the VRS groups
(P=0.134). However, patients with a higher VRS showed
significantly greater DWMH volume (P=0.011).

Association between cerebral perfusion and WMH at
baseline

Logistic regression analysis showed that GM CBF was
negatively associated with the presence of WMH [odds
ratio (OR): 0.95; 95% CI: 0.91 to 0.99; P=0.016] at baseline.
However, this association was no longer statistically
significant after adjusting for age and gender (P=0.284). In
the comparison analysis, no significant difference in GM
CBF was found between participants with none-to-mild
WMH and those with moderate-to-severe WMH (P=0.216).
No significant associations were found between NAWM
CBF and the presence and severity of WMH (all P>0.05).
In the linear regression for analyzing the associations

Quant Imaging Med Surg 2022;12(8):4151-4165 | https://dx.doi.org/10.21037/qims-22-141


https://cdn.amegroups.cn/static/public/QIMS-22-141-Supplementary.pdf

4158 Han et al. Longitudinal associations of CBF and WMH

A Volume of white matter B Volume of periventricular C Volume of deep
hyperintensity white matter hyperintensity white matter hyperintensity
20 20 P<0.001 20 P<0.001
10 = 10 ) _ 10 .
= z L
g s - g
S 00 S oo 2 00
> a =
o 2 g
-1.0 = _1.0 =10
-2.0 -2.0 -2.0
30 40 50 60 70 80 90 30 40 50 60 70 80 90 30 40 50 60 70 80 90

Age, years Age, years Age, years

Figure 4 Scatter plots between WMH volume with log-transformation and age at baseline. Each dot represents data from one participant.
The solid line is a linear fitting of the experimental data. Regression analysis showed that age has significant effects on WMH (A), PVWMH
(B) and DWMH (C). WMH, white matter hyperintensity; PVWMH, periventricular white matter hyperintensity; DWMH, deep white

matter hyperintensity.

Table 2 Linear regressions between CBF and volume of WMH with log transformation at baseline after partial volume correction

Model 11 Model 2 Model 3°
Qutcome Predictor
B 95% ClI P value B 95% Cl P value B 95% Cl P value
log(WMH) GM CBF -0.010 -0.020,0.001 0.063 -0.005 -0.015,0.006 0.362 -0.006 -0.016,0.005 0.271
log(WMH) NAWM CBF  0.004 -0.012,0.021 0.598 0.004 -0.012.0.020 0.610 0.003 -0.012,0.019 0.677
log(WMH) WMH CBF -0.016 -0.031,-0.001 0.032 -0.017 -0.031,-0.003 0.016 -0.019 -0.033,-0.005 0.009

log(PVWMH) PVWMH CBF 0.023 0.004,0.042 0.015  0.024 0.006, 0.042  0.009 0.023 0.005, 0.041 0.012

log(OWMH)  DWMH CBF -0.015 -0.031,0.001 0.059 -0.009 -0.024,0.006 0.221 -0.010 -0.025,0.004 0.172

', Model 1 only added baseline CBF as independent variables. GM probability and WM probability was additional adjusted for partial
volume correction. ¥, Model 2 was additional adjusted for age and gender. 5, Model 3 was further additional adjusted for vascular risk
factors (i.e., obesity, smoking, history of hypertension, hypercholesterolemia and diabetes) and history of cardiovascular diseases. Cl,
confidence interval; CBF, cerebral blood flow; GM, gray matter; NAWM, normal appearing white matter; WMH, white matter hyperintensity;

PVWMH, periventricular white matter hyperintensity; DWMH, deep white matter hyperintensity.

between CBF and log(WMH) (Table 2), there was a
decreasing trend of GM CBE, and the increase in WMH
volume did not reach statistical significance (Model 1:
B=-0.010, 95% CI: -0.020 to 0.001; P=0.063) after partial
volume correction. The associations were not statistically
significant after adjusting for age and gender (Model 2:
P=0.362) and further adjusting for VRS and history of
cardiovascular diseases as covariates (Model 3: P=0.271).
There were no significant associations between NAWM
CBF and WMH volume (P=0.598).

Within the WMH lesions, there was a significant
association between CBF and WMH volume (Model 1:
coefficient =-0.016, 95% CI: -0.031 to -0.001; P=0.017),
and this association remained statistically significant after
adjusting for confounding factors (Model 2: coefficient

=-0.017, 95% CI: -0.031 to -0.003; P=0.016; Model 3:
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coefficient =-0.019, 95% CI: -0.033 to -0.005; P=0.009).
Notably, the volumes of PVWMH and DWMH showed
opposite effects on the CBF of the corresponding lesions.
There was a significantly positive association between the
volume of PVWMH and CBF within the lesions (coefficient
=0.023, 95% CI: 0.004 to 0.042; P=0.015), and a decreasing
trend was observed in CBF within lesions with the increase
in the volume of DWMH (coefficient =-0.015, 95% CI:
-0.031 to 0.001; P=0.059).

Longitudinal changes of cerebral perfusion and WMH

Of the 84 participants who completed both baseline and
follow-up MR examinations, there was a significant decline
in GM CBF (3.24 mL/100 g/min per year, 95% CI: -3.88
to -2.61; P<0.001) and NAWM CBF (1.76 mL/100 g/min

Quant Imaging Med Surg 2022;12(8):4151-4165 | https://dx.doi.org/10.21037/qims-22-141



Quantitative Imaging in Medicine and Surgery, Vol 12, No 8 August 2022 4159

A Gray matter B Normal appearing white matter C White matter hyperintensity
70 50 50
60

< £ 40 £ 40

E 50 € E

> S 30 S 30

g g g

3 3 |

g 0 E 20 E 20

& 20 & if

© © 10 © 10
10

0 0 0

Baseline Follow-up Baseline Follow-up Baseline Follow-up

Figure 5 Violin plots of CBF between baseline and follow-up. Each dot represents data from one participant. CBE, cerebral blood flow.

Table 3 Linear regressions between ACBF and Alog(WMH) after partial volume correction

Model 11 Model 2* Model 3°

Qutcome Predictor

B 95% ClI P value B 95% ClI P value B 95% ClI P value
Alog(WMH) AGM CBF -0.005 -0.012,0.002 0.136 -0.004 -0.011,0.002 0.197 -0.005 -0.012,0.002 0.139
Alog(WMH) ANAWM CBF -0.007 -0.017,0.004 0.217 -0.006 -0.016,0.005 0.275 -0.008 -0.019,0.003 0.164
Alog(WMH) AWMH CBF  -0.014 -0.025,-0.003 0.017 -0.015 -0.026,-0.004 0.009 -0.019 -0.031,-0.007 0.002
Alog(PVWMH) APVWMH CBF -0.026 -0.049, -0.003 0.029 -0.024 -0.046,-0.002 0.032 -0.023 -0.047,0.002 0.074
Alog(DWMH) ADWMH CBF -0.004 -0.020,0.013 0.664 -0.005 -0.022,0.012 0.542 -0.012 -0.030,0.006 0.190

. Model 1 only added baseline CBF as independent variables and was adjusted for baseline CBF, baseline log(WMH), GM probability and
WM probability. ¥, Model 2 was additional adjusted for age and gender. §, Model 3 was further additional adjusted for vascular risk factors
(i.e., obesity, smoking, history of hypertension, hypercholesterolemia and diabetes) and history of cardiovascular diseases. Cl, confidence
interval; CBF, cerebral blood flow; GM, gray matter; NAWM, normal appearing white matter; WMH, white matter hyperintensity; PVWMH,

periventricular white matter hyperintensity; DWMH, deep white matter hyperintensity.

per year, 95% CI: -2.22 to -1.30; P<0.001) during follow-
up (Figure 5). The annual decline rate in CBF did not differ
by baseline age (i.e., age-by-time interaction) in either GM
(P=0.998) or NAWM (P=0.086). There was no significant
difference in the annual change in CBF on the increase of
the Fazekas scale (GM: P=0.632; NAWM: P=0.557).

Of 84 participants with both baseline and follow-up MR
examinations, 74 (88.1%) had WMH at follow-up and 25
(29.8%) were found to have progression of WMH during
follow-up (Figure S1). Of the 25 participants with WMH
progression, 10 (40%) had PVWMH progression, 10 (40%)
had DWMH progression, and 5 (20%) had progression in
both types of WMH. However, there was no significant
difference in age (P=0.627) between participants with and
without WMH progression. For participants with WMH
at baseline, a linear mixed effect model showed that WMH
volume, namely, log(WMH), significantly increased with
age (coefficient =0.06, 95% CI: 0.04 to 0.07; P<0.001), but
no age-by-time interaction effect was found (P=0.108).
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Similar findings were also found in PVWMH (age effect:
coefficient =0.05, 95% CI: 0.03 to 0.07; P<0.001; age-by-
time interaction effect: P=0.746) and DWMH (age effect:
coefficient =0.06, 95% CI: 0.04 to 0.08; P<0.001; age-by-
time interaction effect: P=0.341). Moreover, within the
WMH lesions, a significant decline was found in WMH
CBF (0.89 mL/100 g/min per year, 95% CI: -1.40 to -0.38;
P=0.001) during follow-up. The age-by-time interaction
of WMH CBF had a significantly negative effect on age
(coefficient =-0.044, 95% CI: -0.084 to -0.003; P=0.034),
indicating a greater rate of WMH CBF decline at older
baseline ages.

The quantitative analysis results of Alog(WMH) and
ACBF with linear regression are shown in 7able 3. There
were no associations between annual changes in WMH
volume and CBF of GM and NAWM (all P>0.05). Within
the WMH lesions, significant associations between
Alog(WMH) and AWMH CBF were found before (Model
1: coefficient =-0.014, 95% CI: -0.025 to -0.003; P=0.017)
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Table 4 Linear regressions between baseline log(WMH) and ACBF after partial volume correction

Model 17 Model 2* Model 3%

Outcome Predictor

B 95% ClI P value B 95% ClI P value B 95% Cl P value
AGM CBF log(WMH) -1.96 -3.25,-0.67 0.004 -1.90 -3.32,-0.47 0.010 -2.14 -3.60,-0.67 0.005
ANAWM CBF log(WMH) -099 -1.66,-0.31 0.005 -1.20 -2.08,-0.31 0.009 -1.31 -2.18,-0.45 0.004
AWMH CBF log(WMH) -1.01 -1.81,-0.20 0.015 -1.22 -2.14,-0.30 0.010 -1.19 -2.07,-0.32 0.008
APVWMH CBF  log(PVWMH) -0.48 -1.13,0.16 0.140 -0.43 -1.13,0.27 0.219  -0.51 -1.20, 0.18 0.142
ADWMH CBF log(DWMH)  -0.80 -1.74,0.14 0.093 -0.40 -1.49, 0.69 0.464 -0.14 -1.21,0.93 0.795

. Model 1 added baseline log(WMH) as independent variables and was adjusted for baseline CBF, GM probability and WM probability.
*, Model 2 was additional adjusted for age and gender. $, Model 3 was further additional adjusted for vascular risk factors (i.e., obesity,
smoking, history of hypertension, hypercholesterolemia and diabetes) and history of cardiovascular diseases. Cl, confidence interval; CBF,
cerebral blood flow; GM, gray matter; NAWM, normal appearing white matter; WMH, white matter hyperintensity; PVYWMH, periventricular

white matter hyperintensity; DWMH, deep white matter hyperintensity.

and after (Model 2: coefficient =-0.015, 95% CI: -0.026
to -0.004; P=0.009; Model 3: B =-0.019, 95% CI: -0.031
to -0.007; P=0.002) adjusting for clinical characteristics.
When separating the total volume of WMH into PVWMH
and DWMH, for the annual decrease in CBE, there was an
increasing trend in PVWMH volume (Model 1: coefficient
=-0.26, 95% CI: -0.049 to ~0.003; P=0.029; Model 2:
coefficient =-0.24, 95% CI: -0.046 to -0.002; P=0.032;
Model 3: coefficient =-0.23, 95% CI: -0.047 to 0.002;
P=0.074), whereas this increasing trend was not found in
DWMH volume (all P>0.05).

Baseline perfusion of GM, NAWM, and WMH was not
significantly associated with the progression of WMHs,
before and after adjusting for confounding factors (all
P>0.05) (Table S1, supplementary appendix online).

Table 4 presents the association between baseline WMH
volume and changes in perfusion of brain tissues. The
per unit increase in log-WMH volume corresponded to
1.96 mL./100 g/min/year (95% CI: -3.25 to -0.67; P=0.004)
of decline in GM CBF and 0.99 mL/100 g/min/year
(95% CI: -1.66 to -0.31; P=0.005) of decline in NAWM,
respectively. Further adjusting for clinical characteristics did
not attenuate the estimates of the above effects. Moreover,
baseline WMH volume was also significantly associated
with changes in perfusion within WMHs (B=-1.01, 95%
CI: -1.81 to -0.20; P=0.015), as shown in Tuble 4, even
though the effects vanished when specifically separated into
PVWMH and DWMH.

Discussion

This study investigated the cross-sectional and longitudinal
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associations between CBF and WMH in community-based,
asymptomatic adults. We found that WMH burden was
not directly associated with cortex perfusion at baseline due
to the effects of age on both CBF and WMH. In contrast,
baseline WMH volume could predict the reduction of
perfusion during follow-up. We also found that blood flow
changes within WMH were potential indicators for baseline
and progression of WMH volume.

Associations between CBF and WMH

In the present study, we found that there was a decreasing
trend of GM CBF with the increase of WMH burden.
However, this association was attenuated after adjusting
for age, gender, and vascular risk factors. It is believed that
the pathogenesis or etiology of WMH is multifactorial (1).
Previous studies have demonstrated a reduced CBF in
patients with moderate-to-severe WMH compared to
those with none-to-mild WMH (11,12,30). It has been
shown that WMH is commonly seen in cognitively normal,
older individuals (31). Consistent with previous studies,
in the present study, greater WMH expansion with age
was found. Meanwhile, we also found that CBF in GM
and NAWM decreased with age at longitudinal rates of
3.24 mL/100 g/min per year and 1.76 mL/100 g/min
per year, respectively. Such findings were in accord with
previous reports that CBF decreases with aging (13,32,33).
A systematic review and meta-analysis of WMH and CBF
reported that negative associations between CBF and
WMH were weakened after excluding dementia patients
or non-age matched participants (12). Our findings of
weakened association between GM CBF and WMH further

Quant Imaging Med Surg 2022;12(8):4151-4165 | https://dx.doi.org/10.21037/qims-22-141



Quantitative Imaging in Medicine and Surgery, Vol 12, No 8 August 2022 4161

impelled us to consider that the underlying associations
might mostly depend on age or age-related risk factors,
rather than a direct effect.

Our longitudinal data analyses showed no direct
associations between WMH progression and CBF
reductions, regardless of GM or WM. However, these
longitudinal relationships have brought more controversy.
ten Dam et /. found that a decline in CBF measured by
phase-contrast imaging during 33 months of follow-up was
significantly associated with an increase in the volume of
PVWMH in 390 elderly participants with high vascular
risk (16). Staffaroni et al. reported that longitudinal
reductions in global CBF were associated with increasing
WMH burden, adjusting for age, gender, and education in
136 older adults with 2.3-year follow-up (32). In contrast,
our findings of the present study were consistent with the
report of van der Veen et 4/., where changes in WMH
during follow-up were not associated with parenchymal
CBF in 575 patients with manifest arterial disease and a
mean age of 57£10 years (34). Nylander ez 4/. also reported
that there were no significant associations between
supratentorial CBF and changes in WMH volume in
252 participants between the ages of 75 and 80 years.
However, their study only provided relative CBF values
rather than absolute CBF values (15). Kraut et 4/. evaluated
the regional CBF changes using resting H,""O-PET
between 38 patients with progressive WM abnormalities
and 36 patients with stable WM ratings with an average of
7.7-year follow-up (35). In cases with progressive WMH,
the CBF increased in the right inferior temporal gyrus,
right anterior cingulate, and left superior temporal gyrus,
whereas the CBF reduced in posterior regions, including
the right inferior parietal lobule and right occipital pole,
but the changes of CBF was not specifically associated
with WMH changes. A potential reason for the above
inconsistent findings might be due to the differences in
study populations, such as age distribution. Apparently,
previous studies have mostly focused on older participants,
and WMH occurred frequently in such populations,
whereas our study enrolled participants across the adult
lifespan. Our findings may indicate that the progression of
WMH burden and reduction in blood flow over time are
not coupled, especially in the earlier pathological stages.

WMH burdens predict changes of CBF

In this study, we found that with more severe WMH at
baseline, there was a faster decline in the CBF of GM
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and NAWM. Our findings are consistent with previous
reports (34). In contrast, the values of CBF at baseline
were not significantly associated with subsequent changes
in WMH volume. There was a debate on the after-effects
of hypoperfusion. Two studies reported that baseline
global CBF was not associated with worse WMH during
follow-up (15,34). In contrast, one study reported that low
CBF in NAWM at baseline preceded the development of
WMH (36). Another important concern was that none of
the above longitudinal studies adjusted for cardiovascular
risk factors. Aging and other risk factors for WMH
were thought to not only reduce the capillary density
in the affected fiber tracts but also subsequently cause
hypometabolism and impaired neural transmission (37,38).
Disturbed long connection fibers and commissural fibers
in WM might reduce the connections between lobes
and hemispheres, resulting in a decrease in metabolic
requirements. This reduced glucose metabolism and
neuronal activity might further lower the supply need
of normal WM and cerebral cortex. However, their
microstructures remained relatively intact (39). As such,
we would assume that the dysfunction of WM may lead to
reductions in blood supply to normal brain tissue (i.e., GM
and NAWM), but not the reverse.

Differences between the pathophysiology of PVWMH and
DWMH

In the present study, periventricular WMH and deep WMH
appeared to have different associations with hypoperfusion,
in terms of their progressions. Within the PVWMH
coverages, a reduction in blood supply was independently
associated with the expansion of hyperintensities on
FLAIR images over time. The PVWMH was thought
to be more hemodynamically determined, and chronic
hypoperfusion may contribute to the expansion of lesions
in return (6). The periventricular areas are located at the
watershed region of cerebral prefusion. These areas are
mostly supplied by ventriculofugal vessels originating
from the choroidal arteries and striate rami, but these
vessels lack anastomose. Thus, periventricular WM was
susceptible to decreased CBF (40,41). Unlike PVWMH, no
such CBF interactions were found in DWMH. The deep
WM areas are mostly supplied by medullary arteries from
middle cerebral arteries (6,42). A previous study reported
that disrupted microstructure integrity was a sensitive
predictor for DWMH growth but not for CBF (17).

Demyelinating injury may play a more significant role in
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DWMH progression rather than hypoperfusion. Increased
DWMH was reported to be associated with high plasma
homocysteine level, which was a risk factor for small vessel
disease (SVD) (43). We also found that participants with
higher vascular risk scores corresponded to severe DWMH
burden. Thus, DWMH might be more attributed to SVD
and its related risk factors. For example, hypertension is
one of the common risk factors for SVD and could lead to
fibro hyalinosis on small penetrating arteries and arterioles
of WM, and further reduction of the blood supply and
localized ischemia (6,42,44,45). These findings may further
illustrate that these two subtypes of WMH have different
pathogeneses.

Associations between CBF of NAWM and WMH

In this study, we distinguished NAWM from WMH.
The CBF in NAWM was found to be higher than that
within WMH, but it was not significantly associated with
the severity of WMH. However, the severity of WMH
was reported to reflect the deterioration of NAWM
microstructural integrity (46), which might occur prior
to the ischemia-related dysfunctions. Compensatory
mechanisms may explain the subsequent hypoperfusion of
NAWM but still need to be further investigated (47).

CBF measurements by ASL technique

Although measuring WM perfusion was slightly challenging
using ASL MRI, our WM CBF results showed reliable
estimates and good agreement with that reported in the
literature (48,49). Several studies have shown the feasibility
of ASL in measuring WM perfusion within a scanning
time of <5 min (49-52). In these studies, the WM perfusion
signal could be measured using WM masks to eliminate
the contamination of GM in elderly patients and provide
reliable estimates of WM perfusion (28). In addition,
prolonged transit time, especially in older individuals,
might result in the underestimation of CBF in dysfunctional
WM structures. On the other hand, this underestimation
might correspond to a failure of the microstructure so that
when the blood was spun, it could not easily penetrate into
the capillaries. However, there was a lack of pathological
evidence to support this hypothesis.

Limitations

Several limitations of this study should be noted. First,
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since the participants were recruited from a community-
based study, only a few cases had severe WMH. Thus,
we had a limited dataset to analyze the perfusion changes
in participants with advanced WMH. Second, more flow
information, such as arterial transit time, is warranted
for a more precise assessment of blood supply in a wider
group of people, especially for older populations in future
studies. Third, due to the lack of isotropic, high-resolution,
anatomical images, we did not evaluate the brain volumetric
changes. To eliminate the potential effects of brain atrophy,
we finally chose a sufficiently high probabilistic threshold
for segmenting the GM and WM masks and adjusted them
as covariates in quantitative analyses for partial volume
correction. Finally, around two thirds of participants were lost
to follow-up visits due to the restrictions of the COVID-19
pandemic. We compared the clinical characteristics between
participants who completed the follow-up study and those
who were lost to follow-up. We found that most of the
baseline clinical characteristics did not differ significantly
between the groups, except for age, DBP and LDL-C.
Particularly, there were no significant differences in WMH
measurements between the two groups.

Conclusions

The WMH burden is not directly associated with cerebral
perfusion at baseline due to the effects of age on both
WMH and CBF. Baseline WMH burden could predict
future reduction of cerebral perfusion. Additionally, blood
flow changes within WMH are potential indicators for the
occurrence and progression of WMH volume. Periventricular
WMH and deep WMH have different associations with
hypoperfusion in terms of their progression.
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Figure S1 Stacked column graphs on distributions of the Fazekas scale between baseline and follow-up. The colored stripes represent the
counts of participants with each score on the total Fazekas scale (A, 0-6), PVWMH scale (B, 0-3), and DWMH scale (C, 0-3). PVWMH,
periventricular white matter hyperintensity; DWMH, deep white matter hyperintensity.

Table S1 Linear regressions between baseline CBF and Alog(WMH) after partial volume correction

Model 1" Model 2* Model 3°
Outcome Predictor
B 95% Cl P value B 95% Cl P value B 95% Cl P value
Alog(WMH) GM CBF 0.001  -0.003,0.003 0.888 -0.001 -0.004,0.002 0.467 -0.002 -0.005,0.002 0.339
Alog(WMH) NAWM CBF  0.001 -0.004,0.004 0.850 -0.001 -0.005,0.004 0.804 -0.001 -0.005,0.004 0.758
Alog(WMH) WMH CBF 0.002 -0.002,0.005 0.317 0.002 -0.002,0.005 0.349 0.002 -0.002,0.006 0.271

Alog(PVWMH)  PVWMH CBF 0.004 -0.002,0.010 0.178 0.002 -0.004,0.009 0.436 0.003 -0.004,0.009 0.433
Alog(DWMH) DWMH CBF -0.003 -0.008,0.001 0.143 -0004 -0.008,0.001 0.096 -0.003 -0.008,0.001 0.158

T, Model 1 added baseline CBF as independent variables and was adjusted for baseline log(WMH), GM probability and WM probability. t,
Model 2 was additional adjusted for age and sex. §, Model 3 was further additional adjusted for vascular risk factors (i.e., obesity, smoking,
history of hypertension, hypercholesterolemia and diabetes) and history of cardiovascular diseases. Cl: confidence interval; CBF, cerebral
blood flow; GM, gray matter; NAWM, normal appearing white matter; WMH, white matter hyperintensity; PVWMH, periventricular white
matter hyperintensity; DWMH, deep white matter hyperintensity.
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