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Abstract

The association andunderlyingmechanisms between iron deposition andwhitematter

hyperintensity (WMH) remain unclear. In this study, quantitative susceptibility map-

ping (QSM) was used to quantify deep gray matters iron deposition and to explore

the association from both global and regional perspectives. A total of 84 patients with

hypertensionand26healthy controls underwent a strategically acquiredgradient echo

(STAGE) protocol, and the multi-echo data were used to reconstruct QSM images.

The susceptibilities were used to describe iron content. Global region (RI) susceptibil-

ities were measured in regions of interest, and age-related thresholds were used to

determine high-iron content region (RII) susceptibilities. Compared with healthy con-

trols, hypertension had higher totalWMH scores and regional scores (all p= .001) and

higher susceptibilities using the RI or RII analysis (all p< .05). In healthy controls, there

was no significant association between susceptibilities andWMH scores. In hyperten-

sion, the susceptibilities of deep gray matters were positively correlated with WMH

scores (RI analysis: right putamen; RII analysis: bilateral caudate nucleus head, puta-

men, red nucleus, substantia nigra, and dentate nucleus; age and education corrected

p< .05). These findings suggest that irondeposition in deep graymatterswas positively

associated withWMH in hypertension, especially using the RII analysis.
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1 INTRODUCTION

Hypertension is a common chronic disease worldwide. It signifi-

cantly affects the individual’s health and increases the social eco-

nomic burden. Hypertension currently affects about a quarter of

Chinese, and the prevalence of grade 3 hypertension in older adults

exceeds 5%.1,2 Hypertension can damage the microvessels and lead

to cerebral small vessel disease (cSVD).3 White matter hyperinten-

sity (WMH) tends to be the earliest manifestation and typical rep-

resentative of cSVD, which is found in about 90% of the elderly

over 60 years old.4 Fluid-attenuated inversion recovery (FLAIR) or

T2WI shows periventricular or deep WMH according to their loca-

tion, and the histological changes include myelin loss, oligodendro-

cyte apoptosis, axonal injury, and/or astrogliosis.5 Clinically, WMH-

related cSVD is the common cause of neurodegeneration and vascular

dementia.6

Cerebral non-heme iron including ferritin and hemosiderin ismainly

stored in deep gray matters, and iron homeostasis is essential for the

maintenance of physiological function. Excessive iron can damage neu-

rons by promoting oxidative stress or ferroptosis,7,8 and increased iron

deposition has been detected in neurodegenerative diseases such as

Alzheimer’s and Parkinson’s diseases.9 Therefore, it is necessary to

detect and quantify iron in the brain. Quantitative susceptibility map-

ping (QSM)hasbeenproven tobea reliable andwidely usedmethod for

brain iron quantification.10 Several studies based on QSM have shown

that hypertension is associated with iron deposition.11,12 Meanwhile,

previous studies found that iron deposition in gray matters was pos-

itively correlated with WMH,13–15 but the specific mechanisms are

still not understood completely. There was evidence that activation of

endothelial cells anddisruptionof theblood-brainbarrier (BBB)maybe

a common pathological basis for iron deposition andWMH.16 Of note,

a recent study in hemodialysis patients has identified WMH as a risk

factor for iron deposition.17 A hypertensive population based study

may give new insight to the relationship between iron deposition and

WMHs.

Most previous studies14,15 on the relationship between iron depo-

sition and WMH used a global region (RI) method to measure the

susceptibilities, which cannot avoid the influence of diamagnetic sub-

stances to reduce the overall susceptibilities. Using a high-iron content

region (RII) analysis can eliminate the impact of diamagnetic sub-

stances such as calcifications and sphingomyelins on iron assessment.

In addition, RI analysis calculates the average susceptibilities of the

brain region and cannot reveal the uneven distribution of iron.18 Stud-

ies in healthy volunteers have demonstrated that the RII analysis is

more robust and sensitive to reveal the linear relationship between

iron and age.19,20 Therefore, we hypothesize that a RII analysis would

help us understand the association between iron deposition andWMH

in amore precise way.

In this study, FLAIR and QSM were used to demarcate WMH and

iron deposition, respectively. The aim was to explore the association

between iron deposition and WMH using both the RI and RII analysis.

This study provides a basis for further research on iron deposition and

WMH-related neurodegenerative diseases.

2 DATA AND METHODS

2.1 Subjects

A cross-sectional approach was used in this study. The study proto-

col was approved by the Ethics Committee of our hospital. All subjects

were willing to participate in this study and signed approved con-

sent forms. From September 2019 to January 2022, a total of 117

patients with primary hypertension who were treated in our hos-

pital were recruited. The diagnostic criteria for hypertension were

defined as systolic blood pressure (SBP) ≥140 mmHg and/or dias-

tolic blood pressure (DBP) ≥90 mmHg at rest or those who were

taking antihypertensive drugs.2 Exclusion criteria included: (1) sec-

ondary hypertension, such as renal hypertension or increased blood

pressure due to endocrine disorders; (2) massive cerebral infarction,

massive cerebral hemorrhage, brain tumor, and other obvious intracra-

nial lesions or history of head surgery or trauma; (3) Alzheimer’s

disease, hepatolenticular degeneration, multiple sclerosis, Parkinson’s

disease, and other metabolic encephalopathies; (4) failed to com-

plete the MRI examination or images with obvious artifacts; and (5)

contraindications for an MRI examination. Finally, 34 patients were

excluded by reference to the above criteria, and MRI data were avail-

able for a total of 84 patients, including 48 males and 36 females.

All patients had hypertension for more than 1 year and were tak-

ing antihypertensive drugs regularly. Twenty-six healthy controls were

matched by age and sex, and the clinical data of subjects were

recorded.

2.2 MRI data acquisition

All subjects underwent brain imaging on a 3.0 T magnetic resonance

scanner (Siemens Healthcare, Skyra, Erlangen, Germany). Magnetic

resonance images were acquired using a cranial 32-channel coil.

Routine axial T1WI, FLAIR, and strategically acquired gradient echo

(STAGE) sequences were performed. The specific parameters were: (1)

Axial T1WI: TR/TE = 3570/165 ms, field-of-view (FOV) = 220 mm

× 220 mm, matrix = 320 × 256, slice thickness = 6 mm, number of

slices = 19; (2) Axial FLAIR: TR/TE = 9000/95 ms, FOV = 220 mm

× 220 mm, matrix = 256 × 256, slice thickness = 6 mm, number

of slices = 19. STAGE consisted of two double-echo gradient echoes

with full flow compensation, and the parameters were as follows21:

(1) Axial spin density weighted (PDW): TR = 25 ms, TE = 7.5/17.5 ms,

FOV = 256 mm × 256 mm, flip angle = 6◦, matrix = 384 × 144,

voxel size = 0.67 × 1.33 × 2.0 mm3, slice thickness = 2 mm, num-

ber of slices = 64; (2) Axial T1W: TR = 25 ms, TE = 8.75/18.75 ms,

FOV = 256 mm × 256 mm, flip angle = 24◦, matrix = 384 × 144,
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F IGURE 1 Upper row: Quantitative susceptibility mapping (QSM) of a 62-year-old male. Lower row: Region of, interest (ROI) was delineated

on theQSM, including 1= frontal white matter (FWM), 2= caudate nucleus, head (CN), 3= globus pallidus (GP), 4= putamen (PU), 5= thalamus

(TH), 6= substantia nigra (SN), 7= rednucleus (RN), 8= dentate nucleus (DN).

voxel size = 0.67 × 1.33 × 2.0 mm3, slice thickness = 2 mm, number

of slices= 64. The total acquisition time of STAGEwas 5min 36 s.

2.3 MRI post-processing and measurement

The scanned PDW and T1W original images were transferred to the

post-processing software of STAGE (version 2.1.4), and the phase

imageswere used to reconstructQSM. The processing steps22,23 were:

(1) application of the brain extraction tool (BET) for skull removal

and phase unwrapping; (2) Removing the background field gener-

ated by the interface of air and tissue; (3) iterative susceptibilities

weighted imaging and mapping (iSWIM) for QSM reconstruction from

the pre-processed phase images.

Two trained neuroradiologists (W.W. with 6 years’ experience and

J.K. with 3 years’ experience) delineated the regions of interest (ROI)

according to the anatomy using the signal processing in nuclear mag-

netic resonance (SPIN) software (SpinTech MRI, Bingham Farms, MI).

When delineating ROI, blood vessels and cerebrospinal fluid were

avoided. Susceptibilities are given in ppb (parts per billion) and are rel-

ative to white matter. The ROI included bilateral caudate nucleus head

(CN), putamen (PU), globus pallidus (GP), thalamus (TH), red nucleus

(RN), substantia nigra (SN) and dentate nucleus (DN), and frontal white

matter (FWM) (Figure 1). The average of the two neuroradiologists’

measurements for each ROI was taken as the final RI susceptibilities.

RII susceptibilities were automatically calculated based on the mean

susceptibilities for a given age plus two standard deviations about the

mean (Figure 2).19,20

2.4 WMH scoring and grouping

WMH was scored by two neuroradiologists (W.W. with 6 years’ expe-

rience and C.L. with 10 years’ experience) according to the Fazekas

scale.24 Inconsistent results were determined by a third senior neu-

roradiologist (L.W. with 15 years’ experience) after re-scoring. The

periventricular WMH and deep WMH were scored separately, and

the total scores were calculated by summation. The score criteria

for periventricular WMHs were: 0: no lesions; 1: cap-like or line-

like hyperintensity around the lateral ventricles; 2: the lesions of the

anterior or posterior horn of the lateral ventricle showing smooth

halo or paraventricular ribbon hyperintensity; and 3: diffuse par-

aventricular hyperintensity extending into deep white matter areas.

The score criteria for deep WMH were: 0: no lesions; 1: punc-

tate lesions; 2: patchy lesions or lesions beginning to confluence;

and 3: extensive fusion of the lesions. According to the sever-

ity of WMH, hypertensive patients were divided into two groups:

hypertensive with no WMH or mild WMH (n-m WMH, 0−2 scores)

and hypertensive with moderate or severe WMH (m-s WMH, 3−6

scores).25
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F IGURE 2 Diagram of the RI and RII region. The region inside the

red line represents the RI of the right GP and, the purple region

represents the distribution of the RII.

2.5 Statistical analysis

All clinical data and susceptibilities were statistically analyzed using

SPSS 25.0 (IBM, Chicago, IL, USA). The Shapiro–Wilk (S–W) method

was used to test the normality of the quantitative data. According to

the distribution characteristics of the data, the quantitative data were

expressedasmean± standarddeviation (SD) ormedianwith interquar-

tile range separately. Frequency (%) was used to describe the categori-

cal variables. The independent sample t-test, chi-square, or Wilcoxon

Mann–Whitney test was used to compare the clinical data between

healthy controls and hypertensive patients. The intra-class correlation

coefficient (ICC) was used to test the consistency between the two

neuroradiologists’ measurements of susceptibilities. The paired t-test

or independent sample t-test was separately used to compare the sus-

ceptibilities of bilateral hemispheres or the differences of the suscep-

tibilities between the two groups. A covariance analysis with age as a

covariate was calculated. To quantify the differences of susceptibilities

between two groups, Cohen’s d values were calculated as effect sizes.

Age and education were selected as covariates, and partial correlation

was used for the association between the susceptibilities and WMH

scores. The hypertensiive patients were divided into two groups based

on themean age, the older (>61 years old) and the younger (≤61 years

old) groups, and the association between susceptibilities and WMH

scores was analyzed separately. The p value < .05 was considered

significant.

TABLE 1 Clinical data of the two groups of subjects.

Variable

Healthy

controls

(n= 26)

Hypertension

(n= 84) p value

Age (years) 58.58± 6.16 61.27± 10.06 .103

Male (n, %)a 13 (50.0) 48 (57.1) .522

BMI (kg/m2) 24.53± 2.39 24.12± 3.34 .559

SBP (mmHg) 127.65± 18.67 139.50±17.71 .004*

DBP (mmHg) 83.23± 11.17 83.47± 10.91 .923

Smoking (n, %)a 10 (38.5) 24 (28.6) .340

Diabetes (n, %)a 1 (3.8) 16 (19.0) .118

Education (years)b 9.0 (9.0, 12.0) 9.0 (6.0, 12.0) .182

Hypertension duration

(years)

– 8.5 (1.0, 13.0) –

Classification of

Hypertension (n, %)

–

1 – 14 (16.7)

2 – 24 (28.6)

3 – 46 (54.8)

WMH scores 1.23± 0.99 2.54± 1.01 .001*

periventricularWMH

scores

0.65± 0.69 1.45± 0.63 .001*

deepWMH scores 0.58± 0.50 1.08± 0.50 .001*

aThe p value was obtained using the chi-square test.
bThe p value was obtained using theWilcoxonMann-Whitney test.

*p value< .05.

3 RESULTS

3.1 Clinical data of subjects

There was no significant difference in age, gender, DBP, body mass

index (BMI), smoking, diabetes, or education between the two groups.

The SBP of hypertensive patients was significantly higher than healthy

controls (p = .004). Compared with healthy controls, hypertensive

patients had higher WMH scores, periventricular WMH scores, and

deepWMH scores (all p= .001) (Table 1).

3.2 Comparison of susceptibilities

The ICCs of RI susceptibilities between the two neuroradiologists

were all >0.85 (right CN = 0.86, left CN = 0.93; right GP = 0.87,

left GP = 0.92; right PU = 0.95, left PU = 0.94; right TH = 0.88, left

TH = 0.88; right RN = 0.90, left RN = 0.90; right SN = 0.91, left

SN = 0.89; right DN = 0.88, left DN = 0.92; right FWM = 0.91, left

FWM= 0.86).

In hypertension, the susceptibilities of bilateral PU, and right DN

increased comparedwith healthy controls in the RI analysis (all p< .05,

Cohen’s d values: .52–.98), and the RII analysis showed significant

increase in bilateral PU, SN, DN, and left GP (all p < .05, Cohen’s
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TABLE 2 Comparison of RI and RII susceptibilities (ppb) in each brain region between the two groups.

RI analysis RII analysis

Groups

Healthy Controls

(n= 26)

Hypertension

(n= 84) p value

Effect

sizea
Healthy Controls

(n= 26)

Hypertension

(n= 84) p value

Effect

sizea

Right CN 47.86 ± 9.16 48.98 ± 17.81 .673 0.08 86.05 ± 15.61 87.46 ± 15.75 .692 0.09

Left CN 42.73 ± 7.75 47.92 ± 20.96 .062 0.33 86.79 ± 9.98 87.56 ± 18.10 .784 0.05

Right GP 138.36 ± 26.21 153.11 ± 50.03 .153 0.37 195.57 ± 19.87 207.82 ± 37.48 .114 0.41

Left GP 140.76 ± 27.83 151.39 ± 48.96 .294 0.27 197.96 ± 18.57 209.84 ± 35.88 .029* 0.42

Right PU 52.77 ± 10.79 66.31 ± 27.76 .001* 0.64 102.87 ± 15.85 145.18 ± 34.45 .001* 1.58

Left PU 50.44 ± 13.28 68.68 ± 22.77 .001* 0.98 107.87 ± 13.65 138.60 ± 29.14 .001* 1.35

Right TH −4.26 ± 6.80 −9.08 ± 8.82 .014* −0.61 20.63 ± 5.24 18.78 ± 9.03 .198 −0.25

Left TH −4.26 ± 6.80 −10.71 ± 9.31 .001* −0.79 20.73 ± 4.04 18.22 ± 8.83 .164 −0.37

Right RN 133.83 ± 31.46 138.45 ± 35.98 .558 0.14 186.30 ± 14.79 194.29 ± 28.26 .063 0.35

Left RN 130.38 ± 29.79 134.18 ± 36.77 .631 0.11 183.24 ± 14.22 190.20 ± 27.22 .214 0.32

Right SN 146.59 ± 22.54 156.37 ± 34.69 .098 0.33 182.90 ± 14.04 207.17 ± 24.44 .001* 1.22

Left SN 149.32 ± 24.08 151.87 ± 33.99 .723 0.09 187.82 ± 12.31 204.31 ± 24.68 .001* 0.85

Right DN 114.49 ± 34.27 132.74 ± 35.63 .023* 0.52 165.87 ± 11.47 191.47 ± 22.56 .001* 1.43

Left DN 120.27 ± 30.75 131.67 ± 33.83 .128 0.35 166.19 ± 9.79 189.36 ± 22.24 .001* 1.35

Right FWM −9.36 ± 3.57 −7.97 ± 6.46 .165 0.27 4.00 ± 8.55 2.53 ± 3.47 .399 −0.23

Left FWM −9.40 ± 4.66 −7.99 ± 7.58 .257 0.22 3.48 ± 7.18 3.12 ± 3.82 .805 −0.06

*p value< .05.
aCohen’s d value.

d values: .42–1.35). Compared with healthy controls, the bilateral TH

of hypertensive patients showed significantly lower susceptibilities in

theRI analysis (all p< .05, Cohen’s d values:−.61 and−.79), while there

was no significant difference in the RII analysis (Table 2).

In n-mWMH, the susceptibilities of the left PU were slightly higher

than that of the right (p = .011; Cohen’s d value = −.19), and the sus-

ceptibilities of right RN were slightly higher than that of the left using

RI analysis (p = .038; Cohen’s d value = .14). In m-s WMH, there was

no significant interhemispheric difference (Table 3). The RI analysis

showed that the susceptibilities of each ROI in m-s WMHwere higher

than those of n-m WMH except for the bilateral TH and FWM, with

significant differences in the bilateral GP, RN, and right SN (age cor-

rected p< .05, Cohen’s d values: .53–.73). The RII analysis showed that

the susceptibilities of the bilateral GP, PU, RN, SN, and DNwere signif-

icantly higher than those of n-mWMH (age corrected p < .05, Cohen’s

d values: .8-1.28) (Table 4).

3.3 Correlation between susceptibilities and

WMH scores

Age and years of education were controlled as covariates. There was

no significant association between susceptibilities andWMH scores in

healthy controls. In hypertension, the susceptibilities of the right PU

werepositively correlatedwithWMHscores in theRI analysis (r= .264,

p = .017), and the susceptibilities of the bilateral CN, PU, RN, SN, and

DNwerepositively correlatedwithWMHscores in theRII analysis(CN:

left: r= .376,p< .001, right: r= .239,p= .030;PU: left: r= .287,p= .009,

right: r = .281, p = .010; RN: left: r = .255, p = .021, right: r = .277,

p = .040; SN: left: r = .305, p = .005, right: r = .299, p = .006; DN: left:

r= .314, p= .004, right: r= .324, p= .003) (Figure 3).

The susceptibilities of the bilateral GP, PU, RN, SN, DN, and left CN

were positively correlated with periventricular WMH scores, and the

susceptibilities of the bilateral CN and PU were positively correlated

with deepWMH scores in the RI or RII analysis (all p< .05) (Figure 4).

In the older group, the susceptibilities of the bilateral CN, PU, SN,

DN, and left RN were positively correlated with WMH scores in the

RI or RII analysis (all p < .05), and there was no significant correlation

between the susceptibilities and WMH scores in the younger group

(Figure 5).

4 DISCUSSION

At present, the relationship between brain iron deposition and WMH

is still controversial, and the mechanism remains not understood

completely.16 Our results showed that the susceptibilities of bilat-

eral hemispheres’ GP, PU, RN, SN, and DN were higher in m-s WMH

compared to n-m WMH from global or regional perspectives, and

the differences showed larger effect sizes using the RII analysis com-

pared to RI analysis. Compared to previous studies,13,14 this study

usedQSMcombinedwith theRII iron quantificationmethod and found

iron deposition in more deep gray matters linking to WMH than RI

analysis. Given the relationship between iron deposition and WMH,
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TABLE 3 Comparison of RI susceptibilities (ppb) between the left and right hemispheres.

ROI Left Right p value Effect sizea

n-mWMH

CN 44.51 ± 13.19 47.17 ± 13.34 .124 0.20

GP 139.21 ± 40.98 138.70 ± 41.02 .851 −0.01

PU 64.53 ± 20.27 60.50 ± 22.31 .011* −0.19

TH −9.09 ± 8.32 −7.57 ± 6.71 .057 0.20

RN 125.55 ± 33.67 130.48 ± 35.67 .038* 0.14

SN 146.04 ± 36.59 149.27 ± 37.60 .315 0.09

DN 128.29 ± 29.58 130.76 ± 31.19 .283 0.08

FWM −9.26 ± 8.02 −8.66 ± 6.39 .640 0.08

m-sWMH

CN 52.93 ± 28.34 51.64 ± 22.83 .687 −0.05

GP 169.31 ± 54.60 174.30 ± 54.95 .150 0.09

PU 74.79 ± 25.10 74.86 ± 32.76 .981 0.01

TH −13.11 ± 10.27 −11.29 ± 10.97 .197 0.17

RN 146.88 ± 37.93 150.16 ± 33.61 .341 0.09

SN 160.43 ± 28.12 166.81 ± 27.18 .078 0.23

DN 136.63 ± 39.20 135.65 ± 41.65 .759 −0.02

FWM −7.12 ± 7.22 −7.51 ± 6.53 .687 0.06

p value was obtained using the paired t-test.

*p value<.05.
aCohen’s d value.

TABLE 4 Comparison of RI and RII susceptibilities (ppb) in each brain region between the two groups of hypertension.

RI analysis RII analysis

Groups

n-mWMH

(n= 50)

m-sWMH

(n= 34) p value P1 value

Effect

sizea
n-mWMH

(n= 50)

m-sWMH

(n= 34) p value P1 value

Effect

sizea

Right CN 47.17 ± 13.34 51.64 ± 22.83 .675 .797 0.24 83.34 ± 12.47 93.51 ± 18.15 .006* .330 0.65

Left CN 44.51 ± 13.19 52.93 ± 28.34 .312 .695 0.38 80.58 ± 11.76 97.82 ± 20.89 .001* .067 1.02

Right GP 138.70 ± 41.02 174.30 ± 54.95 .002* .010* 0.73 195.70 ± 23.05 225.64 ± 46.84 .001* .033* 0.81

Left GP 139.21 ± 40.98 169.31 ± 54.60 .006* .017* 0.62 197.31 ± 22.19 228.28 ± 43.79 .001* .006* 0.89

Right PU 60.50 ± 22.31 74.86 ± 32.76 .019* .427 0.51 131.31 ± 19.60 165.56 ± 41.17 .001* .001* 1.06

Left PU 64.50 ± 20.27 74.79 ± 25.10 .042* .697 0.45 126.74 ± 17.04 156.03 ± 34.34 .001* .001* 1.08

Right TH −7.57 ± 6.71 −11.29 ± 10.97 .083 .759 −0.41 19.35 ± 9.19 17.95 ± 8.86 .487 .240 −0.16

Left TH −9.09 ± 8.32 −13.11 ± 10.27 .052 .925 −0.43 18.66 ± 8.91 17.57 ± 8.80 .580 .222 −0.12

Right RN 130.48 ± 35.67 150.16 ± 33.61 .013* .027* 0.67 184.21 ± 17.62 209.11 ± 34.17 .001* .003* 0.92

Left RN 125.55 ± 33.67 146.88 ± 37.93 .008* .013* 0.59 184.21 ± 17.62 205.46 ± 33.39 .001* .001* 0.80

Right SN 149.20 ± 37.60 166.80 ± 27.18 .022* .045* 0.53 197.91 ± 13.41 220.80 ± 30.23 .001* .001* 0.98

Left SN 146.04 ± 36.59 160.40 ± 28.12 .056 .083 0.44 194.94 ± 12.34 218.10 ± 31.26 .001* .001* 0.97

Right DN 130.76 ± 31.19 135.65 ± 41.65 .540 .600 0.13 181.11 ± 12.38 206.71 ± 25.50 .001* .001* 1.28

Left DN 128.29 ± 29.58 136.63 ± 39.20 .270 .931 0.24 179.15 ± 12.12 204.37 ± 25.22 .001* .001* 1.27

Right

FWM

−7.51 ± 6.53 −8.86 ± 6.39 .426 .565 −0.21 2.93 ± 3.35 1.93 ± 3.61 .198 .185 −0.29

Left FWM −7.12 ± 7.22 −9.26 ± 8.02 .206 .361 −0.28 3.14 ± 3.32 3.08 ± 4.51 .941 .502 −0.02

P1 value: Analysis of covariancewith age as a covariate.

*p value<.05.
aCohen’s d value.
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774 SU ET AL.

F IGURE 3 Diagram showing the partial correlation analysis between deep graymatters susceptibilities andWMH, scores. (A) Correlation

between RI susceptibilities (right PU) andWMH scores. (B–F) correlation between RII, susceptibilities (bilateral CN, PU, RN, SN, and DN) and

WMH scores.

F IGURE 4 Diagram showing the partial correlation analysis between deep graymatters susceptibilities and, periventricular or deepWMH

scores. (A–F) correlation between susceptibilities (bilateral GP, PU, RN, SN, DN, and left CN) and periventricularWMH scores. (G–H) correlation

between susceptibilities (bilateral CN and PU), and deepWMH scores in the RI or RII analysis.
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SU ET AL. 775

F IGURE 5 Diagram showing the partial correlation analysis between deep graymatters susceptibilities andWMH, scores in the older (>61

years old) group. (A–C) Correlation between RI susceptibilities (right PU, left RN, and, bilateral SN) andWMH scores. (D–H) Correlation between

RII susceptibilities (bilateral CN, PU, SN, DN, and, left RN) andWMH scores.

they may share a common pathological basis or interact with each

other.

Hypertension links to WMH and brain iron deposition, our results

support this view. On the one hand, hypertension can cause and aggra-

vate WMH through a variety of mechanisms such as ischemic injury

and disruption of the BBB.3,26 Also, hypertension-induced oxidative

stress destroys thewalls ofmicrovessels and leads to increased perme-

ability of the BBB and thereby promotes local tissue inflammation.3,27

The secretion of inflammatory mediators such as hepcidin and NO

affects iron transport and metabolism28 and may result in a redistri-

bution of iron in deep graymatters. Therefore, we speculate that cSVD

caused by hypertension may be one of the potential causes of the cor-

relation betweenWMHwith iron deposition. Further analysis showed

that irondeposition inmoredeepgraymatters linked toperiventricular

WMH scores compared with deep WMH. Given the different sources

of blood supply for different parts of the white matter, periventricular

white matter is supplied by terminal arteries without collateral circu-

lation and is more prone to ischemic injury.5 In addition to the effects

of hypertension, iron deposition andWMHalso progress with aging.4,9

Therefore, the correlationbetween themweremorepronounced in the

older group. Interestingly, we found that iron deposition of bilateral TH

were lower in hypertension in the RI analysis, but no significant differ-

ences were found between hypertensive patients and healthy controls

in the RII analysis, which may be attributed to the uneven distribution

of iron in the TH.

Our results showed significant associations between WMH and

iron deposition in CN, PU, RN, SN, and DN. A quantitative MRI study

found that iron content in the basal ganglia (PU, GP, and CN) was posi-

tively correlated with the amount of anatomically linked white matter

myelin in macaques, suggesting that iron may be involved in myelin

synthesis.29 Hill et al.30 hypothesized that iron transported to neurons

by transferrin could be transported along axons to terminal regions

andbe released or stored in oligodendrocytes. Therefore,we speculate

that irondeposition in thedeepgraymattersmaybepartially causedby

the disruption of iron transport by hypertension-relatedWMH. More-

over, the demyelination of white matter may decrease the demand for

iron from the deep graymatters.31 Iron accumulateswith age and if not

in a protective form such as ferritin or hemosiderin, can lead to the pro-

duction of oxygen free radicals causing oxidative damage to neurons

and other cells,9 which may be the prodromal stage of WMH. In addi-

tion to myelin damage, Bauer et al.15 thought that iron deposition of

the basal gangliamay lead to theWallerian degeneration of deepwhite

matter tracts. Therefore, we speculate that iron deposition andWMH

promote each other.

We found that the susceptibilities measured by RII analysis dif-

fered inmoredeep graymatters thanRI analysis betweenhypertensive

patients and healthy controls or m-s WMH and n-m WMH, suggest-

ing that RII analysis may be an appropriate method to detect changes

in iron content. Previous studies on Parkinson’s disease and type 2

diabetes mellitus (T2DM)18,32 have also shown that RII analysis is
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776 SU ET AL.

more sensitive for distinguishing patients from healthy volunteers.

Therefore, we speculate that RII analysis can reveal the correlation

between iron deposition and WMH more sensitively, mainly due to:

(1) removing interference from diamagnetic substances; and (2) better

reflecting small-scale iron accumulation within the ROI or the uneven

distribution of iron.18

There were relatively few studies on the relationship between iron

deposition and WMH, and the results were inconsistent. One group

used an R2* technology and found a positive correlation between iron

deposition in GP and WMH volume of healthy adults.13 However,

Gattringer et al.33 also used the R2* technology to analyze patients

with transient neurological attacks and concluded that there was no

correlation between iron deposition and the WMH volume. Another

study14 reported that iron deposition in the GP, PU, TH, and amyg-

dala was positively correlated with WMH volume, but the relevant

deep gray matters were not completely consistent with our results.

Weattribute the inconsistent results to different quantitativemethods

of iron deposition (QSM vs. R2*-MRI, RI vs. RII analysis) and different

target subjects. Therefore, further studies are needed to clarify how

WMH links to iron deposition in specific deep gray matters in spe-

cific populations. In addition, we found that the distribution of iron

deposition in the PU and RN of the left and right hemispheres was

asymmetric. The asymmetric distribution of iron may be related to

human motor lateralization and motor control.34 However, the effect

sizes of the hemisphere’s differences were small, and large hyper-

tensive population based studies are needed to exclude sampling

errors.

This study has several limitations. Firstly, this was not a longitudinal

follow-up study to reveal a causal relationship between iron deposi-

tion andWMH. Secondly, the sample size for hypertension included in

this studywas relatively small, and only two age based subgroupswere

analyzed. Age-based stratified analysis may give further insight into

underlying mechanism.19 Thirdly, visual scoring, rather than quantita-

tive measurements, was used for white matter assessment, which was

more practical but less accurate. Therefore, further prospective cohort

studies with larger sample sizes and broader quantitative assessments

areneeded for understanding the relationship between irondeposition

andWMH.

5 CONCLUSIONS

Both iron deposition in deep gray matters andWMHwere aggravated

in hypertension, and iron deposition increased with WMH. RII analy-

sis revealed iron deposition inmore deep graymatters linking toWMH

than RI analysis. The positive association between iron deposition and

WMH in hypertension may be based on common mechanisms of small

vessel disease or underlying interaction.
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