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Abstract
Background
The purpose of this study was to verify the pathological heterogeneity of white matter hyperintensities
(WMHs). We compared diffusion tensor imaging (DTI) metrics within different brain regions using identical grading
protocols, and subsequently investigated the microstructural changes in these areas as the WMH progressed.
Methods
Seventy-three patients with WMH and 18 healthy controls who received DTI were included in this study. We measured
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (DA), and radial diffusivity (DR) of periventricular and
deep WMH in six brain regions and grouped these measures according to the Fazekas scale. We then compared the DTI
metrics of different regions with the same Fazekas scale grade.
Results
Significantly lower FA values (all p<0.001), and
higher MD (all p<0.001) and DR values (all p<0.001) were associated with WMH observed within the periventricular
white matter around the frontal horn (pFH) and the frontal lateral ventricle (pFLV) compared to other regions with the
same Fazekas grades. However, in the normal white matter of the pFH and pFLV, FA was not significantly lower than all
other regions. Furthermore, in these areas, MD, DA, and DR were not significantly higher than in all other regions.
Conclusion
Distinct pathological processes occurred within frontal periventricular WMH and other regions; these
processes may represent the effects of severe demyelination within the frontal periventricular white matter.

Background
White matter hyperintensities (WMHs), which appear as hyperintense areas on T2-weighted imaging (T2WI) or fluid-
attenuated inversion recovery (FLAIR) images, are common findings on magnetic resonance imaging (MRI). Existing
evidence shows WMH severity is associated with the risk of dementia in the general population [1]. The two most
commonly-used methods for evaluating WMH severity are qualitative grading scales and quantitative WMH volumetric
measurements [2, 3]. However, correlations between WMH volume and cognitive performance are modest, and many
clinical variations cannot be explained by volumetric measures [4].

Recent research showed that lesion location might be another important factor affecting cognition [5]. In the frontal
lobe, parieto-occipital lobe, and other parts of the brain, periventricular WMHs are involved in cognitive function [4-7].
Carnevale et al. [5] found that alterations in specific white matter fiber-tracts were related to impaired cognition.
Abnormal anterior thalamic radiation appears related to impaired memory, and the forceps minor seems to be involved
in processing speed. Cremers et al. [8] suggested that the identification of tract-specific microstructural changes was
helpful for understanding the mechanisms of cognitive impairment. Some studies have found that periventricular
WMHs were significantly associated with various cognitive functions, while other studies showed that subcortical
WMHs were involved; and a few other studies found no associations [9, 10]. Despite similar findings obtained using
conventional MRI, WMHs exhibited heterogeneous pathologies. This might explain why some clinical variations cannot
be determined by volumetric measures of WMH [11-13].

Habes et al. [14] supported the hypothesis that different underlying pathophysiologic mechanisms influenced regional
patterns of WMH distribution; they found that frontal WMHs were more strongly associated with blood pressure and
cortical atrophy, while only dorsal WMHs were associated with genetic risk factors for Alzheimer s disease. However,
little is known about the pathological bases of these WMHs.

Diffusion tensor imaging (DTI) is a unique tool for identifying microstructural white matter changes and may be able to
characterize pathological substrates of WMH since this technology can detect variations in microstructural integrity
[15]. Studies using DTI and magnetization transfer imaging found a difference between frontal and parieto-occipital
periventricular WMHs [16, 17].
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We therefore hypothesized that WMHs that arose from different pathological processes would undergo different
microstructural changes that could be detected by DTI. This study aimed to verify the pathological heterogeneity of
WMHs by comparing DTI metrics, obtained from different brain regions, using the same grading scale. We additionally
investigated microstructural changes in these brain regions.

Methods
Participants

Our institutional review board approved this study and written informed consent was acquired from each patient. We
recruited males and females with WMHs, as confirmed by FLAIR or T2WI results. The Fazekas scale was adopted to
classify periventricular and deep WMHs as grades 1, 2, or 3. All grades were calculated separately from areas within the
frontal and parietal-occipital lobes. Two neuro-radiologists assessed each patient, and conflicting results were
discussed until an agreement was reached. We additionally recruited adult males and females with normal white
matter to serve as a control group.

DTI and Post-Processing

All patients and controls underwent DTI using a 3.0-T MR scanner (Philips Achieva, Best, the Netherlands) equipped
with a 16-channel head-neck phased array coil. The imaging parameters were as follows: repetition time of 8000 ms,
echo time of 87 ms, 32 directions, b-values of 0 and 1000 s/mm2, a matrix of 112 × 112 interpolated to an image
matrix of 224 × 224, and a slice thickness of 2 mm with no gaps. A total of 60 consecutive slices were acquired over 6
minutes. The raw data were exported to DTIStudio (Johns Hopkins University; https://www.mristudio.org/). Images
were observed in "Original View” and excluded if there were motion artifacts. Using the Automated Image Registration
(AIR) tool, we used an offine warp model to correct image distortions due to eddy currents and misregistration errors
due to head motion. After data correction, fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (DA), and
radial diffusivity (DR) maps were calculated.

Measurements

DTI metrics of periventricular and deep WMH were measured in six areas using one or two regions of interest (ROIs)
consisting of approximately 12 voxels. These included the frontal, parietal, and occipital lobes. We determined that four
periventricular ROIs were the most common locations of WHMs. These included areas around the frontal horn, occipital
horn, frontal lobe, and parietal lobe of the lateral ventricle. The other two deep white matter lesion ROIs were located
within the frontal and parietal centrum ovales. The six ROIs were as follows: periventricular white matter around the
frontal horn (pFH), periventricular white matter around the frontal lateral ventricle (pFLV), periventricular white matter
around the occipital horn (pOH), periventricular white matter around the parietal lateral ventricle (pPLV), deep white
matter of the frontal centrum ovale (dFCO), and deep white matter of the parietal centrum ovale (dPCO). We used
colored FA maps to confine the ROIs within identical white matter tract locations (Figure 1). Mean diffusion-weighted
imaging maps were used to keep the cerebral spinal fluid outside the ROI. The average FA, DA, and DR values of
periventricular WMHs and normal white matter were measured in the frontal, parietal and occipital lobes.

Statistical analysis

All statistical analyses were performed using SPSS software (version 22, IBM, Armonk, NY, USA), and two-sided p
values <0.05 indicated a significant difference. Spearman correlation analysis was used to explore the relationship
between DTI parameters and Fazekas scale scores. One-way analysis of variance (ANOVA) was used to identify
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differences in FA, MD, DA, and RD values among different regions with the same Fazekas grade. The Tukey’s test was
used for comparing values.

Results
A total of 73 patients were recruited. All exhibited WMHs, as confirmed by FLAIR or T2WI results. There were 42 male
and 31 female patients, with an average age of 72.6 years. Eighteen older people with normal white matter were
recruited as a control group. Healthy controls included ten males and eight females with an average age of 65.4 years.

With increasing Fazekas grades, the DTI metrics of WMHs in different regions showed similar changes. FA values
decreased, and MD, DA and DR values increased as the Fazekas grade increased (Figures 2–5). Spearman correlation
analysis showed that FA, MD, DA, and DR values in all regions were significantly correlated (p<0.001) with Fazekas
grades, with the exception of the WMH FA value in the pPLV (p<0.05) (Table 1).

One-way ANOVA showed significant between-group differences in the DTI metrics of WMH or normal white matter in six
regions (p<0.001). FA, MD, and DR values of WMH in the pFH and pFLV showed no significant between-group
differences; however, their observed values differed greatly from those of other regions. In WMHs with a Fazekas grade
of 1, the FA values of the WMHs in the pFH (0.24 ± 0.05) and pFLV (0.21 ± 0.04) were significantly lower than those
observed within the pOH (0.46 ± 0.09) (both p<0.001), pPLV (0.49 ± 0.06) (both p<0.001), dFCO (0.47 ± 0.10) (both
p<0.001), and dPCO (0.43 ± 0.07) (both p<0.001).

Meanwhile, the MD values of WMHs in the pFH (10.10 ± 0.81) and the pFLV (9.65 ± 0.80) were significantly higher
those that of the pOH (8.03 ± 0.84) (both p<0.001), pPLV (6.59 ± 0.55) (both p<0.001), dFCO (7.07 ± 0.77) (both
p<0.001), and dPCO (6.84 ± 0.60) (both p<0.001). The DR values of WMHs in the pFH (8.84 ± 0.88) and pFLV (8.62 ±
0.89) were also significantly higher than those of the pOH (5.86 ± 1.05) (both p<0.001), pPLV (4.66 ± 0.50) (both
p<0.001), dFCO (5.19 ± 0.94) (both p<0.001), and dPCO (5.21 ± 0.74) (both p<0.001) . The DA values of WMHs in the
pFH (12.6 ± 0.92) and pFLV (11.68 ± 0.75) were significantly higher than those of the pPLV (10.44 ± 1.19) (p<0.001 and
p<0.05, respectively), dFCO (10.85 ± 1.20) (p<0.001 and p<0.05, respectively), and dPCO (10.11 ± 0.79) (both p<0.001) .

We observed similar differences in DTI metrics within the pFH, pFLV, and other regions that were Fazekas grades 2 and
3. However, differences between pFH, pFLV, and other regions were not so obvious in normal white matter. The FA
values of normal pFH (0.61 ± 0.13) were significantly lower than those of pOH (0.75 ± 0.04) (p<0.001) and dFCO (0.78
± 0.04) (p<0.001). The FA of normal pFLV (0.51 ± 0.10) was significantly lower than that of pOH (p<0.001), dFCO
(p<0.001) and dPCO (0.67 ± 0.06) (p<0.001). Meanwhile, the MD values of normal pFH (5.13 ± 0.63) were significantly
lower than those of dFCO (4.50 ± 0.28) (p<0.05). The MD of normal pFLV (5.83 ± 0.71) was significantly higher than
that of pPLV (5.11 ± 0.40) (p<0.05), dFCO (4.50 ± 0.28) (p<0.001), and dPCO (4.89 ± 0.47) (p<0.001). The DA values of
normal pFH (9.05 ± 0.90) were significantly lower than those of pOH (11.70 ± 1.15) (p<0.001), the DA value of the
normal pFLV was significantly lower than that of pOH (p<0.001). The DR values of normal pFH (3.17 ± 0.95) were
significantly higher than those of dFCO (1.96 ± 0.34) (p<0.001). The DR values of normal pFLV (4.08 ± 0.92) were
significantly higher than those of pOH (2.59 ± 0.41) (p<0.001), pPLV (3.35 ± 0.53) (p<0.05), dFCO (1.96 ± 0.34)
(p<0.001) and dPCO (2.98 ± 0.92) (p<0.001) (Tables 2–5).

Another interesting finding was that FA, MD, and DR values of WMHs from the pFH and pFLV changed dramatically
from Fazekas grade 0 to 1, but not significantly from Fazekas grade 1 to 3. The WMHs of other regions changed
gradually from Fazekas grades 0 to 3 (Figures 2–5).

Discussion
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Pathological studies have revealed the histological heterogeneity and severities of WMH. These include myelin pallor,
enlargement of perivascular spaces, discontinuity of ependyma, infarctions, gliosis, and axonal loss [13, 18-20].
Nevertheless, these pathologic changes induce similar signals via FLAIR or T2WI and are difficult to distinguish. Some
studies have suggested that pathological differences exist between periventricular WMHs and deep WMHs [21-24]. Our
results demonstrated that microstructural changes around the frontal periventricular WMHs were significantly different
from those in other regions, Meanwhile, the structural changes within parietal-occipital periventricular WMHs resembled
those of deep white matter.

There were significantly lower FA values, but higher DA, DR, and MD values in frontal periventricular WMHs compared
to other regions. These results underscore the pathological heterogeneity of WMHs in different regions. Studies with
magnetization transfer imaging also showed a lower magnetization transfer ratio in frontal periventricular WMHs
compared to parieto-occipital periventricular WMHs [16, 17]. As there were no such differences in DTI metrics among
different brain regions that featured normal white matter. Therefore, these heterogeneities were likely not due to
anatomical heterogeneities.

Frontal periventricular WMHs might correspond with more severe pathological processes than other regions. Frontal
WMHs appeared at an earlier age and demonstrated less age-related progression than WMHs in other regions [14]. This
may lead to inconsistencies between the extent of WMHs and their respective pathological severities. The underlying
pathological changes may be aggravated, even with little volumetric expansion. These findings suggest that future
studies should consider, not only the volume of WMH, but also their pathological severities.

Previous studies have mostly assessed the relationship between volumetric measures of WMH and functional decline.
Fazekas et al. [2] categorized periventricular WMHs into three grades. Moderate and severe (grades 2 and 3)
periventricular WMHs were believed to be related to ischemia, whereas mild (grade 1) periventricular WMHs were
considered non-ischemic, mainly due to a partial loss of the ependymal lining [3]. However, correlations between the
volume of WMHs and cognitive performance were modest. Therefore, many clinical variations cannot be explained by
volumetric measurements.

Some studies [4-6] have elucidated links between cognitive decline and periventricular WMHs in the frontal lobe,
parieto-occipital lobe, and other parts of the brain. However, the underlying pathological mechanisms of WMHs in
different regions that might explain cognitive decline (other than anatomical locations) remain scarcely studied [4].

Some pathological studies suggested that periventricular WMHs occurred because of fluid accumulation within the
extracellular space that was related to the loss of ventricular ependyma [25-27]. Although increases in interstitial water
content might have led to significant increases in MD, these changes could not explain the more immediate changes in
DR values, compared to DA values. Thus, demyelination may have contributed to these pathological changes. Further,
these changes may have led to rapid increases in DR and relatively mild changes in DA [28].

Immunohistochemical findings revealed that periventricular WMHs demonstrated more severe demyelination than deep
WMHs [25]. A past neuropathological study found a stronger relationship between the extent of WMHs on MRI and the
extent of myelin rarefaction in the frontal lobe, compared to the parietal lobe [29]. These findings suggested that even
Fazekas grade 1 WMHs may correspond to clinically significant pathological changes around the frontal lateral
ventricle. Frontal white matter microstructural changes began before the appearance of hyperintensities that could be
found using conventional MRI.

A recent DTI study [5] showed that, in patients with hypertension, anterior thalamic radiations, the superior longitudinal
fasciculus, and the forceps minor had significantly lower FA and significantly higher MD, AD, and RD values; these
changes corresponded with measures of cognitive impairment. In Duering's study [7] of cerebral autosomal dominant
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arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), anterior thalamic radiations and frontal
forceps were also considered key sites of cognitive impairment. These results suggested that frontal WMHs may
contribute to functional impairments.

There were some limitations to our study. First, normal white matter FA values decreased with age, while MD values
increased with age. Our control group was significantly younger, on average, than our patient group. However, the
differences between WMHs and standard DTI metrics were greater than the normal variation observed with age [30].
Second, to minimize the influence of DTI parameters caused by anatomical variations, we selected ROIs within
identical white matter tracts, according to the color maps; however, variations may still exist. Third, since the structural
changes reflected by DTI parameters were non-specific and may have been affected by many factors, relevant
pathological changes remain poorly elucidated.

Conclusions
Our results showed that pathological processes differed among frontal periventricular WMHs, parietal-occipital
periventricular WMHs, and deep WMHs. These differences may be due to more severe demyelination in the frontal
white matter tracts. Future studies should consider pathological heterogeneity as a factor to better explore the
relationships between WMHs and cognitive impairment.
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Tables

Table 1

Correlation coefficient between DTI metrics and Fazekas scale in different regions

             

  pFH pFLV pOH pPLV dFCO dPCO

FA -0.508 -0.513 -0.648 -0.417* -0.781 -0.825

MD 0.777 0.819 0.823 0.861 0.835 0.899

DA 0.806 0.840 0.749 0.831 0.545 0.675

DR 0.733 0.781 0.768 0.756 0.844 0.897

*P<0.05, The other P-values were all < 0.001. pFH: periventricular white matter around the frontal horn; pFLV: periventricular

white matter around the frontal lateral ventricle; pOH: periventricular white matter around the occipital horn; pPLV:

periventricular white matter around the parietal lateral ventricle; dFCO: deep white matter of the frontal centrum ovale; dPCO:

deep white matter of the parietal centrum ovale.

 

Table 2  

Comparison of FA values in different regions with the same Fazekas scale

               

  pFH pFLV pOH pPLV dFCO dPCO F/P value

0 0.61±0.13#§† 0.51±0.10#‡¡∫ 0.75±0.04§‡▲* 0.59±0.08▲▼ 0.78±0.04†¡▼Δ 0.67±0.06 ∫*Δ 26.578/P<0.001

1 0.24±0.05§†‡¡ 0.21±0.04∫▲▼¶ 0.46±0.09§∫ 0.49±0.06†▲ 0.47±0.10‡▼ 0.43±0.07¡ ¶ 84.728/P<0.001

2 0.25±0.04§†‡¡ 0.22±0.02∫▲▼¶ 0.48±0.07§∫# 0.46±0.10†▲* 0.43±0.10‡▼ 0.38±0.07¡ ¶#* 44.705/P<0.001

3 0.23±0.05§†‡¡ 0.20±0.05∫▲▼¶ 0.43±0.07§∫#♦ 0.47±0.10†▲♥● 0.35±0.05‡▼#♥♣ 0.33±0.05¡ ¶♦●♣ 44.923/P<0.001
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P<0.05 # * Δ◊⌂○ ; P<0.001§† ‡ ¡ ∫ ▲▼¶♦♥●♣. pFH: periventricular white matter around the frontal horn; pFLV:

periventricular white matter around the frontal lateral ventricle; pOH: periventricular white matter around the occipital horn;

pPLV: periventricular white matter around the parietal lateral ventricle; dFCO: deep white matter of the frontal centrum ovale;

dPCO: deep white matter of the parietal centrum ovale.

 

Table 3

Comparison of MD values(mm2s-1) in different regions with the same Fazekas scale

               

  pFH pFLV pOH pPLV dFCO dPCO F/P value

0 5.13±0.63#* 5.83±0.71#Δ§† 5.62±0.48◊‡⌂ 5.11±0.40Δ◊○ 4.50±0.28*§‡○ 4.89±0.47†⌂ 15.793/P<0.001

1 10.10±0.81§†‡¡ 9.65±0.80∫▲▼¶ 8.03±0.84§∫♦#* 6.59±0.55†▲♦ 7.07±0.77‡▼# 6.84±0.60¡ ¶* 84.325/P<0.001

2 10.90±0.86§†‡¡ 10.72±0.77∫▲▼¶ 8.25±0.96§∫# 7.13±1.05†▲# 7.60±0.43‡▼ 7.59±0.40¡ ¶ 68.275/P<0.001

3 11.75±1.10§†‡¡ 11.22±0.93∫▲▼¶ 9.81±1.00§∫♦♥● 8.28±6.80†▲♦ 8.36±0.72‡▼♥ 8.58±0.89¡ ¶● 46.955/P<0.001

P<0.05 # * Δ◊⌂○, P<0.001 §† ‡ ¡ ∫ ▲▼¶♦♥●♣. pFH: periventricular white matter around the frontal horn; pFLV:

periventricular white matter around the frontal lateral ventricle; pOH: periventricular white matter around the occipital horn;

pPLV: periventricular white matter around the parietal lateral ventricle; dFCO: deep white matter of the frontal centrum ovale;

dPCO: deep white matter of the parietal centrum ovale.

 

Table 4

Comparison of DA values(mm2s-1) in different regions with the same Fazekas scale

               

  pFH pFLV pOH pPLV dFCO dPCO F/P value

0 9.05±0.90§ 9.38±1.10† 11.70±1.15§†‡ ¡

∫

8.63±0.84‡# 9.58±0.60 ¡ # 9.24±1.15 ∫ 21.923/P<0.001

1 12.6±0.92#§†‡ 11.68±0.75#*Δ¡ 12.37±1.12∫▲▼ 10.44±1.19§*∫ 10.85±1.20†Δ▲ 10.11±0.79‡¡▼ 20.558/P<0.001

2 13.80±0.98§†‡ 13.17±0.95¡ #∫ 12.96±1.03▲*Δ 10.92±1.41§¡ ▲ 11.46±1.41†#* 11.08±1.06‡∫Δ 17.846/P<0.001

3 14.59±1.18#§† 13.61±0.99*‡¡ 14.76±0.91*∫▲▼ 12.96±1.32#∫Δ◊ 11.60±1.31§‡▲Δ 11.63±1.20†¡▼◊ 26.301/P<0.001
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P<0.05 # * Δ◊⌂○, P<0.001 §† ‡ ¡ ∫ ▲▼¶♦♥●♣. pFH: periventricular white matter around the frontal horn; pFLV:

periventricular white matter around the frontal lateral ventricle; pOH: periventricular white matter around the occipital horn;

pPLV: periventricular white matter around the parietal lateral ventricle; dFCO: deep white matter of the frontal centrum ovale;

dPCO: deep white matter of the parietal centrum ovale.

 

Table 5

Comparison of DR values(mm2s-1) in different regions with the same Fazekas scale

               

  pFH pFLV pOH pPLV dFCO dPCO F/P value

0 3.17±0.95#§ 4.08±0.92#†*‡¡ 2.59±0.41†Δ◊ 3.35±0.53*Δ∫⌂ 1.96±0.34§‡◊∫○ 2.98±0.92¡ ⌂○ 23.077/P<0.001

1 8.84±0.88§†‡¡ 8.62±0.89∫▲▼¶ 5.86±1.05§∫# 4.66±0.50†▲# 5.19±0.94‡▼ 5.21±0.74¡ ¶ 102.127/P<0.001

2 9.44±0.93§†‡¡ 9.49±0.74∫▲▼¶ 5.89±1.07§∫ 5.23±1.16†▲ 5.63±0.62‡▼ 6.04±0.70¡ ¶ 79.339/P<0.001

3 10.33±1.17§†‡¡ 10.02±1.02∫▲▼¶ 7.33±1.18§∫♦ 5.88±1.00†▲♦# 6.74±0.56‡▼ 7.05±0.89¡ ¶# 54.705/P<0.001

P<0.05 # * Δ◊⌂○, P<0.001 §† ‡ ¡ ∫ ▲▼¶♦♥●♣. pFH: periventricular white matter

Figures



Page 12/16

Figure 1

The region of interest (ROI) is determined on the B0 image (1a, 1c, 1e), and the corresponding colored FA maps (1b, 1d,
1f) is used to observe whether the ROI is located in the same white matter bundle. ROI around the frontal horn (pFH)
were located in the anterior thalamic radiation, ROI around the occipital horn (pOH) were located in the tapetum and the
posterior region of corona radiata, ROI around the frontal lateral ventricle (pFLV) were located in the superior fronto-
occipital fasciculus, ROI around the parietal lateral ventricle (pPLV) were located in the junction of corpus callosum and
parietal superior region of internal capsule, Two ROIs of deep white matter were located in the centrum ovale of frontal
lobe (dFCO) and parietal lobe (dFCO) respectively.
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Figure 2

Progress of FA with Fazekas scale in different regions.
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Figure 3

Progress of MD with Fazekas scale in different regions.
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Figure 4

Progress of DA with Fazekas scale in different regions.
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Figure 5

Progress of DR with Fazekas scale in different regions.
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