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Homozygous sickle cell anemia (SCA, HbSS) is a reces-
sive genetic disorder.1–3 Hemoglobin S (HbS) polym-

erization under hypoxic conditions is central to many of the 
manifestations of SCA, which include chronic anemia, hemol-
ysis, and vasculopathy.4

Children with SCA are at high risk of cerebral ischemia; 
without preventative strategies, ≈11% of patients with SCA 

will develop stroke by the age of 20,5 while 50% will de-
velop silent cerebral infarction (SCI)2 by middle age.6 Even 
in the absence of SCI on T2-weighted imaging, focal or 
global atrophy,7,8 as well as white matter damage,9 have 
been reported.

Understanding SCI and microstructural injury is im-
portant in view of the association with neuropsychological 
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deficits,10–12 particularly low processing speed,10–12 with poor 
school performance.13 There are, however, limited white mat-
ter integrity data in SCA worldwide.9,12,14–17 Despite the high 
burden of disease,18–20 none of the previous white matter integ-
rity data were acquired in Africa.

Vasculopathy is common in SCA, particularly in the an-
terior circulation,21,22 and accounts for ≈75% of strokes.23 
Intracranial arterial vasculopathy on MRA24 has been as-
sociated with both stroke25 and SCI.26 However, any asso-
ciation between vasculopathy and white matter damage has 
not been explored. Low hemoglobin concentration (Hb)27,28 
is another established risk factor for stroke5 and SCI.29 
While low Hb has also been associated with reduced white 
matter integrity,9 the effect has yet to be investigated in 
SCA populations living in Africa, although severe anemia 
is common.30

Assessment of white matter microstructure can be 
achieved in vivo using diffusion tensor imaging (DTI), a quan-
titative noninvasive method based on the diffusion of water 
molecules in the brain. The most commonly used metric, 
fractional anisotropy (FA), quantifies the degree of diffusion 
anisotropy. Decreased FA may reflect factors such as loss of 
highly aligned cellular structures (eg, axons) or replacement 
of axonal fibres with less ordered cells (eg, glial cells).31–33 
Other DTI metrics include mean diffusivity (MD), axial diffu-
sivity (AD), and radial diffusivity (RD). Increased MD, RD, 
or AD reflect the net loss of structural barriers to diffusion, 
such as axonal damage or demyelination (ie, degeneration of 
microstructural cell barriers).34

Studies using tract-based spatial statistics (TBSS), an au-
tomated observer-independent method to allow group-wise 
comparisons of DTI metrics,35 have shown widespread micro-
structural changes in patients with SCA.9,12,15 SCA popula-
tions exhibit reduced FA and increased MD compared with 
age-matched normal controls in multiple white matter re-
gions, including the corpus callosum, centrum semiovale, and 
cerebellum.9,15,17

While studies have demonstrated relationships between 
DTI metrics and Hb and oxygen saturation in patients with 
SCA,9 the effect of vasculopathy and SCI have received little 
attention. In the current study, we hypothesized that vascu-
lopathy, SCI, and low Hb would be independently associated 
with widespread reductions in white matter integrity, specifi-
cally lower FA, and potentially also higher MD, RD, and AD, 
in asymptomatic children and adolescents with SCA. We also 
explored differences in white matter integrity between arterial 
territories, hypothesizing that integrity would on average be 
reduced across the anterior cereberal artery (ACA) and middle 
cerebral artery (MCA) territories, which are most prone to 
vasculopathy and SCI.

Methods

Data Availability
Data are available from the corresponding author on request.

Participants
The study was institutional review board approved (MUHAS-IRB 
Ref.2014-11-03/AEC/Vol.IX/32). Individual written consent was 

obtained from parents/guardians of minors and from participants above 
18 years old. Tanzanian children and adolescents aged 6 to 19 years 
old with SCA and no history of overt stroke or seizures were recruited. 
Steady-state Hb was obtained within a week before brain MRI.

Image Acquisition
MR images from all participants were acquired at Muhimbili 
National Hospital on a 1.5T Phillips scanner (Achieva; Phillips, Best, 
the Netherlands) using a 16-channel phased-array head coil. DTI data 
were acquired using a single-shot echo-planar spin-echo sequence 
with a data acquisition matrix of 96×101, field of view of 20×20 mm, 
and repetition time/echo time of 8100/75 ms. Sixty contiguous axial 
2.0-mm-thick slices covering the upper part of the brain and posterior 
fossa were acquired. The protocol comprised 12 noncollinear diffu-
sion gradient directions with b values of 0 and 1000 s/mm2. The mean 
acquisition time was 8 minutes and 4 seconds.

Data from a standard clinical diagnostic protocol, including an 
axial turbo spin-echo T2-weighted sequence, a coronal turbo spin-
echo T2-weighted sequence, an axial fluid-attenuated inversion re-
covery sequence, and a 3-dimensional time-of-flight MRA, with 
source and maximum intensity projection were also acquired and 
were evaluated by 2 neuroradiologists (Drs Jacob and Saunders) for 
clinical diagnosis and verification of subject conditions. The final di-
agnosis was reached by consensus.

Silent Cerebral Infarction and Vasculopathy 
(Arteriopathy) Classification
The SCI definition developed for the Silent Infarct Transfusion trial 
was used: a lesion in an asymptomatic patient measuring at least 3 
mm in the greatest linear dimension and visible in at least 2 planes on 
T2-weighted images.2 Vasculopathy on MRA was graded according 
to severity of signal loss in the terminal internal carotid artery and in 
the A1, M1, M2, P1, and P2 segments of the basal vessels (0, none—
normal; 1, minor signal attenuation/turbulence—mild vasculopathy; 
2, obvious signal attenuation, but presence of distal flow—moderate 
vasculopathy; 3, signal loss and no distal flow—severe vasculopa-
thy).24 The worst vasculopathy in any vessel was recorded.

DTI Preprocessing
All scans were visually inspected for abnormalities due to motion or 
other artefacts. Images with moderate to severe motion and signifi-
cant cutoff of the imaging field of view were excluded.

Tract-Based Spatial Statistics
The DTI data were preprocessed using TractoR version 2.336 and 
FMRIB Software Library version 5.0.37 Within each subject, a ref-
erence b=0 volume was extracted, and diffusion-weighted volumes 
were registered to this volume to correct for eddy current distortions. 
A diffusion tensor was fitted at each voxel using a standard least-
squares process, providing voxel-wise maps of FA, MD, RD, and AD.

To prepare DTI metric maps for voxel-wise statistical analysis 
using TBSS, FA maps were skull-stripped and nonlinearly aligned 
into the common Montreal Neurological Institute space. Next, a mean 
FA image was created and thresholded at 0.2 to create a mean FA 
skeleton. Aligned maps for each subject were then projected onto this 
skeleton and the resulting data fed into voxel wise cross-subject statis-
tics. The specifics of this approach have been described elsewhere.35

Creation of Digital Arterial Territories Maps
We used an established arterial territory atlas for creation of ACA, 
MCA, and posterior cerebral artery (PCA) territory maps.38 Maps 
were drawn on the mean FA skeleton overlaid in a T1-weighted 
image. Left and right ACA, MCA, and PCA maps were merged to 
create combined arterial territory maps. Masks for each arterial ter-
ritory by DTI matrices (FA, MD, RD, and AD) were created and 
compared with existing vascular territory maps.38 Mean DTI values 
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across voxels in the TBSS skeleton within each vascular territory 
were extracted for statistical analysis.

Statistics
To describe an independent association between SCI and white mat-
ter microstructure, vasculopathy, age, sex, and Hb were included as 
covariates in the TBSS analyses comparing DTI metrics between 
patients with and without SCI (SCI+ and SCI−). To describe an in-
dependent association between vasculopathy and white matter mi-
crostructure, SCI, age, sex, and Hb were included as covariates in 
the TBSS analyses comparing DTI metrics between patients with 
vasculopathy grade 0 (VSC−) and vasculopathy grade 1 or 2 (VSC+) 
on MRA. Correlations between DTI metrics and Hb were restricted 
to patients with all available data, with SCI, vasculopathy, age, and 
sex included as covariates. Multiple comparisons were corrected for 
using threshold-free cluster enhancement. A 95% significance level 
was chosen for statistical inference. For visual representation, mean 
DTI metrics were calculated across voxels.

For the exploratory arterial territory analyses, where statistical 
assumptions were met, mixed 2-way ANOVA was conducted with 
mean DTI metrics (FA, MD, RD, and AD) across arterial territories 
(ACA, MCA, PCA) as the repeated measures within-subjects fac-
tor, and vasculopathy status (grades 0, 1, 2) as the between-subjects 
factor. Where assumptions for a 2-way ANOVA were violated, the 
between-subjects factor was dropped, and 1-way repeated measures 
ANOVA were conducted, comparing mean DTI metrics between ar-
terial territories across the sample as a whole. The Statistical pack-
age for Social Sciences (SPSS) version 24 was used. A difference at 
P<0.05 was considered statistically significant.

Results
Two hundred twenty-six neurologically asymptomatic chil-
dren and adolescents with SCA had brain MRI/MRA. Only 
176 had DTI datasets, of which 104 were excluded from 
TBSS analysis due to poor quality data as assessed by an ex-
perienced DTI practitioner (Dr Kawadler). The final sample 
with useable DTI data comprised 62 patients. There were no 
differences in mean age (DTI: 12.97 years; no DTI: 13.22 
years; t=0.438; P=0.662), sex (DTI: 26 male, 36 female; no 
DTI: 88 male, 76 female; χ2=2.027; P=0.116), or mean he-
moglobin (DTI

(56)
: 7.62 g/dL; no DTI

(154)
: 7.75 g/dL; t=−580; 

P=0.563) between those with and without useable DTI data.
Of the 62 patients with good quality DTI data, 45 (73%) 

had no abnormality on MRI (SCI−), and 17 (27%) had silent 
cerebral infarction (SCI+). On MRA, 49 (79%) had vasculopa-
thy grade 0 (no vasculopathy), 6 had grade 1 (mild vasculopa-
thy), and 7 had grade 2 (moderate vasculopathy). No patient 
had grade 3, or severe, vasculopathy, and no vasculopathy was 

observed in the PCA. Patient demographics in relation to the 
MRI and MRA findings are summarized in Table 1.

Differences as a Function of MRI and MRA  
Abnormalities
Compared with those without SCI (n=45), patients with SCI 
(n=17) had increased RD in multiple regions (Figure 1). We also 
observed decreased FA in patients with vasculopathy grades 1 
or 2 (mild-moderate vasculopathy n=13) in multiple brain re-
gions compared with those with vasculopathy grade 0 (n=49; 
Figure 2). The multiple regions included the anterior cingulum, 
inferior fronto-occipital fasciculus, superior longitudinal fas-
ciculus, inferior longitudinal fasciculus, corpus callosum, co-
rona radiata, and corticospinal tracts, as well as the anterior and 
posterior limb of the internal capsule, and the middle cerebellar 
peduncles including the anterior cingulum, inferior fronto-
occipital fasciculus, superior longitudinal fasciculus, inferior 
longitudinal fasciculus, corpus callosum, corona radiata, and 
corticospinal tracts, as well as the anterior and posterior limb of 
the internal capsule, and the middle cerebellar peduncles. There 
were no further significant differences in DTI metrics between 
patients with and without SCI or vasculopathy.

Correlation With Hemoglobin Concentration
There was a significant negative correlation between AD and 
Hb in multiple brain regions, particularly posteriorly, including 
the inferior fronto-occipital fasciculus, superior longitudinal 
fasciculus, and corticospinal tracts (Figure 3). There was also 
a significant negative correlation between MD and Hb in mul-
tiple posterior brain regions including the cingulum, inferior 
fronto-occipital fasciculus, superior longitudinal fasciculus, 
corona radiata, body and splenium of corpus callosum, retro-
lenticular part of the internal capsule, corticospinal tracts, and 
middle cerebellar peduncles (P<0.005). A trend-level negative 
correlation was found between FA and Hb in the right tem-
poral lobe, subcortical white matter, and superior longitudinal 
fasciculus (P<0.1) and between RD and hemoglobin in the 
body and splenium of the corpus callosum (P<0.1).

Distribution of DTI Metrics Across ACA, MCA,  
PCA Arterial Territories
The 2-way ANOVA assumptions of sphericity and/or the 
Levene test were met across all territories for FA but violated 
for MD, RD, and AD. For FA, 2-way mixed ANOVA revealed 

Table 1.  Demographic and MRI/MRA Characteristics of the Study Participants

SCI+ n=17 SCI− n=45  
No Vasculopathy 

n=49
Vasculopathy Grades 

1 or 2 n=13  

Age, y (SD) 12.194 (3.514) 13.633 (3.815) t=1.353 12.982 (3.852) 14.208 (3.367) t=−1.045

P=0.181 P=0.300

Sex 8M 18M χ2=0.25 22M 4M Fisher exact test 
P=0.53

9F 27F P=0.62 27F 9F

Hemoglobin,* g/dL; mean 
(SD)

7.637 (1.071) 7.534 (1.385) t=−0.260 7.623 (1.157) 7.341 (1.758) t=0.663

P=0.796 P=0.510

MRA indicates magnetic resonance angiography; MRI, magnetic resonance imaging; SCI+, presence of silent cerebral infarction; and SCI−, no SCI.
*Hemoglobin available for 55 patients (SCI+: n=15, SCI−: n=40).
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a trend-level effect of territory but no overall effect of vascu-
lopathy. However, there was an interaction between FA and 
vasculopathy; FA in the ACA was higher than the MCA and 
PCA in those without vasculopathy, whereas FA in the ACA 
and PCA was lower than in the MCA in those with grade 1 or 
2 vasculopathy. Although the pattern was relatively consistent 
across other DTI metrics, the 2-way ANOVA assumptions of 
sphericity and/or the Levene test were not met; therefore, only 
Greenhouse-Geisser corrected results from the 1-way ANOVA 
are reported. Across the sample as a whole, there were signif-
icant main effects of territory on MD, RD, and AD, with post 
hoc comparisons revealing higher MD in the PCA than the 
MCA and ACA, higher AD in the ACA and PCA, and higher 
RD in the PCA than ACA and MCA (Table 2; Figure 4).

Discussion
This is the first study to use DTI to characterize brain micro-
structural changes in sub-Saharan African patients with SCA, 
linking indices of brain microstructure with SCI on MRI and 
vascular abnormalities on MRA. After accounting for pos-
sibly mediating factors, we observed higher RD values, but 
not lower FA, in patients with SCI compared with those with 
no SCI in multiple brain regions. We also observed lower FA 
values but not higher MD, RD, or AD, in patients with mild 
to moderate vasculopathy compared with those with no MRA 
abnormality in widespread regions, particularly anteriorly. 
Significant negative correlations were also found between 
MD, AD, and Hb in multiple brain regions, particularly pos-
teriorly. There may be compensatory steal from the posterior 
circulation when the circulation is compromised by reduced 

Figure 1. Radial Diffusivity (RD) red voxels indicate multiple brain areas in which patients with sickle cell anemia with silent cerebral infarction (SCI) had signif-
icantly higher radial diffusivity (RD) than those with no SCI. The results were significant at P<0.05 (threshold-free cluster enhancement–corrected) and over-
laid on the group white matter skeleton (green) and the study-specific mean fractional anisotropy template. The boxplot shows tract-based spatial statistics 
results for RD in those with (SCI+) and without (no SCI) SCI; individual results are plotted as black circles. Hb indicates hemoglobin; and VSC vasculopathy.

Figure 2. Fractional anisotropy (FA) red voxels indicate multiple brain areas in which patients with sickle cell anemia with vasculopathy (VSC) grades 1 or 2 (VSC+) 
had significantly lower FA than those with no vasculopathy. The results were significant at P<0.05 (threshold-free cluster enhancement–corrected) and overlaid on 
the group white matter skeleton (green) and the study-specific mean FA template. The boxplot shows tract-based spatial statistics results for FA, which is lower in 
those with VSC grades 1 (black circles) and 2 (red circles) than in those without VSC (gray circles). Hb indicates hemoglobin; and SCI, silent cerebral infarction.
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vasodilatory capacity secondary to Hb-driven increases in 
CBF. Across the whole sample, the PCA territory had lower 
FA than the ACA, and higher mean MD and mean RD than 
the ACA and MCA territories, although no patient had vas-
culopathy in this area. One explanation is the slower time 
course of myelination posteriorly. There was evidence for re-
versal of the pattern in those with vasculopathy, with lower 
FA in the ACA and PCA than the MCA. Our findings sug-
gest that presence of SCI, vascular abnormalities, and low Hb 
may all be risk factors for diffuse white matter alterations in 
patients with SCA.

Patients with SCA without SCI on T2-weighted im-
aging can still exhibit macro- and microstructural brain 
changes,8,9 which can be associated with cognitive impair-
ment across domains including general intelligence11,39,40 
and executive function.10 In our study, there were wide-
spread increases in RD in patients with SCI as compared 
with those without SCI after accounting for other poten-
tially mediating factors, implying that SCI and white mat-
ter microstructure may be involved the same pathological 
processes in SCA. Increased RD reflects the net loss of 
structural barriers to diffusion, such as axonal damage.34 In 
the context of SCA, the SCI and the microstructural dam-
age could occur secondary to the chronic hypoxic-ischemic 
exposure, including relatively low white matter cerebral 
blood flow,41 compromised oxygen delivery,27 and vascu-
lopathy.28 However, downstream effects of tissue injury fol-
lowing SCI could also play a role.

Vasculopathy in patients with SCA may involve both 
small and large vessels42 but the definition of vasculopathy 
is currently controversial.43 The studies which originally de-
fined stenosis as >50% or >70% narrowing reported cohorts of 
patients who had a clinical stroke42 or SCI.26 However, lesser 
degrees of stenosis may have an effect on brain tissue in neu-
rologically symptomatic or asymptomatic patients with SCA.7 
We attempted to further examine the effect of any degree of 
vasculopathy on white matter integrity. As MRA signal is 
based on velocity of flow and not structure of the vessel, se-
verity of vasculopathy may more accurately be categorized 
as degree of signal loss rather than degree of stenosis.24,44 
Importantly, our data suggest that vasculopathy detectable by 
radiologists is associated with differences in tissue integrity, 
which may have an effect on neurocognitive function.12 Our 
results thus support and extend recent findings,7 indicating 
that any degree of vasculopathy is associated with widespread 
reductions in white matter integrity, including mild vasculopa-
thy. Reduced FA can be caused by reduced axonal calibre and 
density, decreased myelin, or decreased fiber coherence.31,45

We also observed significant negative correlations be-
tween MD, AD, and Hb and a trend level correlation between 
FA, RD, and Hb in the current study. Another study of sim-
ilar size also showed a trend-level correlation between Hb and 
RD9 over a different range. As we accounted for covariates 
including SCI, vasculopathy, age, and sex, our findings are 
consistent with the notion that Hb alone may play a signifi-
cant role in the accumulation of white matter damage in SCA. 

Figure 3. Tract-based spatial statistics correlations with steady-state hemoglobin (Hb). Top: red voxels indicate areas in which axial diffusivity (AD) correlated 
with Hb. Bottom. Blue voxels indicate areas in which mean diffusivity (MD) correlated with Hb (P<0.05). Results were age, sex, silent cerebral infarction (SCI), 
vasculopathy (VSC), and threshold-free cluster enhancement–corrected and overlaid on the group white matter skeleton (green) and the study-specific mean 
fractional anisotropy template.
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However, our findings also point to a role for several mecha-
nisms, including hemodynamic compensation for reduced ar-
terial oxygen content as well as flow-restricting stenoses.46

In exploratory analyses, we found lower mean FA in the 
PCA and MCA territories and higher mean MD and RD in 
the PCA territory than in the MCA and ACA territories. In 
subjects with diabetes mellitus for >15 years, abnormal DTI 
metrics were found in the posterior circulation.47 In our study, 
we primarily observed associations between Hb, a major de-
terminant of CBF in patients with SCD,48 and integrity across 
posterior regions. FA is related to CBF in healthy individuals, 
and there may be differences in hemodynamics in the poste-
rior circulation in children with SCD.49 Whether right-to-left 
shunting, which can occur in SCD,50 also plays a role, as in 
migraine without aura,51 is worth exploring. The pattern of 
reduced integrity in the PCA territory as compared with the 
ACA and MCA territories appeared to be somewhat reversed 
in patients with SCD with vasculopathy, with reduced FA as a 
measure of white matter integrity. This is consistent with the 
ACA and PCA being affected in a majority of vasculopathy 

patients and suggest that diffusivity metrics may be sensitive 
to downstream effects on integrity in these regions. Further 
work is required to establish whether this reversal represents 
a breakdown in a compensatory hemodynamic response (eg, 
steal) that otherwise favors the anterior circulation.

A limitation of the current study is the moderate sample 
size. We used TBSS; hence an individual level analysis could 
not be performed. Contemporaneous oxygen saturation was 
not available, so we were not able to explore any effect of ar-
terial oxygen content in addition to Hb. We did not measure 
cerebral blood flow globally or within the arterial territo-
ries, for example with arterial spin labeling, although this 
would be of interest. The analysis of the arterial territories is 
exploratory; further comparisons across watershed regions 
would be of interest.

In conclusion, the current study findings provide fur-
ther insight into microstructural white matter changes in 
SCA, suggesting that children with SCA with SCI, low he-
moglobin, and any degree of vasculopathy, may be at risk 
of widespread white matter damage. Adding MRI for SCI 

Table 2.  Diffusion Tensor Imaging Metrics for Arterial Territories for the Overall Sample and Those Without Vasculopathy and With Vasculopathy Grades 1 and 2

DTI Metrics mm2/s×10−3 ACA MCA PCA Post Hoc Post Hoc P Value

FA

  Overall sample (n=62) 0.419906 (0.029316) 0.400312 (0.028348) 0.396343 (0.032994) MCA<ACA 0.001*

PCA<ACA <0.0005*

  No VSC grade 0 (n=49) 0.425042 (0.0288924) 0.397696 (0.028513) 0.395443 (0.033693) … …

  VSC grade 1 (n=6) 0.400435 (0.026511) 0.408997 (0.028642) 0.392198 (0.033008) … …

  VSC grade 2 (n=7) 0.400645 (0.021130) 0.411180 (0.026706) 0.406196 (0.031139) … …

MD

 ��� Overall sample (n=62) 0.085303 (0.003844) 0.083065 (0.003252) 0.087492 (0.004260) PCA>MCA <0.0005*

PCA>ACA 0.002*

ACA>MCA <0.0005*

 ��� No VSC grade 0 (n=49) 0.085086 (0.003512) 0.084094 (0.027229) 0.088831 (0.003619) … …

 ��� VSC grade 1 (n=6) 0.083450 (0.002220) 0.080117 (0.001795) 0.082950 (0.001862) … …

 ��� VSC grade 2 (n=7) 0.088414 (0.005684) 0.078386 (0.001626) 0.082014 (0.002561)   

AD

 ��� Overall sample (n=62) 0.125524 (0.006779) 0.119408 (0.0058969) 0.125456 (0.000081) ACA>MCA <0.0005*

PCA>MCA <0.0005*

 ��� No VSC grade 0 (n=49) 0.125843 (0.006879) 0.120541 (0.005678) 0.127112 (0.007762) … …

 ��� VSC grade 1 (n=6) 0.120817 (0.003408) 0.116450 (0.005361) 0.119167 (0.005888) … …

 ��� VSC grade 2 (n=7) 0.127329 (0.007840) 0.114014 (0.003915) 0.119257 (0.006563)   

RD

 ��� Overall sample (n=62) 0.065179 (0.003312) 0.064890 (0.002753) 0.068495 (0.003180) PCA>MCA <0.0005*

PCA>ACA <0.0005*

 ��� No VSC grade 0 (n=49) 0.064698 (0.002763) 0.065871 (0.002120) 0.069669 (0.002407) … …

 ��� VSC grade 1 (n=6) 0.064733 (0.002756) 0.061967 (0.000197) 0.064867 (0.000350)   

 ��� VSC grade 2 (n=7) 0.068929 (0.005064) 0.060529 (0.001574) 0.063386 (0.001214) … …

ACA indicates anterior cerebral artery; AD, axial diffusivity; DTI, diffusion tensor imaging; FA, fractional anisotropy; MCA, middle cerebral artery; MD, mean diffusivity; 
PCA, posterior cerebral artery; RD, radial diffusivity; and VSC, vasculopathy.

*Significant after correction for multiple tests.
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and MRA for vasculopathy evaluation to existing screening 
protocols may help identify patients at-risk of microstruc-
tural brain injury in African countries. Future studies on 
underlying mechanisms, as well as possible interventions 
targeting the risk factors identified, are warranted in this vul-
nerable population.
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