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Abstract

Background—Individuals with sickle cell anemia (SCA) have heightened risk of stroke and 

cognitive dysfunction. Given its high prevalence globally, whether sickle cell trait (SCT) is a 

risk factor for neurological injury has been of interest; however, data have been limited. We 

hypothesized that young, healthy adults with SCT would show normal cerebrovascular structure 

and hemodynamic function.

Methods—As a case-control study, young adults with (N=25, cases) and without SCT 

(N=24, controls) underwent brain MRI to quantify brain volume, microstructural integrity 

(fractional anisotropy, FA), silent cerebral infarcts (SCI), intracranial stenosis, and aneurysms. 

Pseudocontinuous arterial spin labeling and asymmetric spin echo sequences measured cerebral 

blood flow (CBF) and oxygen extraction fraction (OEF), respectively, from which cerebral 

metabolic oxygen demand (CMRO2) was calculated. Imaging metrics were compared between 

SCT cases and controls. SCI volume was correlated with baseline characteristics.

Results—Compared to controls, adults with SCT demonstrated similar normalized brain 

volumes (SCT 0.80 vs. control 0.81, p=0.41), white matter FA (SCT 0.41 vs. control 0.43, 

p=0.37), CBF (SCT 62.04 vs. control, 61.16 mL/min/100g, p=0.67), OEF (SCT 0.27 vs. control 

0.27, p=0.31), and CMRO2 (SCT 2.71 vs. control 2.70 mL/min/100g, p=0.96). One per cohort 

had an intracranial aneurysm. None had intracranial stenosis. The SCT cases and controls showed 
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similar prevalence and volume of SCIs; however, in the subset of participants with SCIs, the SCT 

cases had greater SCI volume vs controls (0.29 vs. 0.07 mL, p=0.008). Of baseline characteristics, 

creatinine was mildly elevated in the SCT cohort (0.9 vs. 0.8 mg/dL, p=0.053) and correlated with 

SCI volume (ρ=0.49, p=0.032). In the SCT cohort, SCI distribution was similar to that of young 

adults with SCA.

Conclusions—Adults with SCT showed normal cerebrovascular structure and hemodynamic 

function. These findings suggest that healthy individuals with SCT are unlikely to be at increased 

risk for early or accelerated ischemic brain injury.

Graphical Abstract

INTRODUCTION

Sickle cell anemia (SCA), caused by inheriting two copies of hemoglobin beta S (HbS) 

gene, affects 1 in 500 African Americans.1 Sickle cell trait (SCT, HbAS), the heterozygous 

carrier state of SCA, is far more prevalent, occurring in 7 to 9% of African Americans.2 

In SCA, HbS polymerizes under hypoxic conditions and distorts erythrocyte shape, causing 

hemolysis, microvascular obstruction, and multi-organ hypoxic-ischemic injury.1,3 Unlike 

SCA, SCT is often considered a relatively benign condition; however, SCT has been linked 

to increased risk of chronic kidney disease,4 exertional rhabdomyolysis,5 and pulmonary 

embolism.6 While SCT carriers are relatively protected from HbS polymerization by the 

presence of HbA, clinically relevant sickling and ischemia may occur under extreme 
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conditions, such as within relatively hypoxic and acidotic environment of the renal medulla 

or anaerobic muscle tissue under strenuous exercise.7,8 In addition, SCT has been associated 

with a pro-thrombotic state.9

Despite a growing body of research investigating the neurologic ramifications of SCA, 

studies focusing on neurological outcomes in SCT have been limited. The association 

between SCT and clinically overt stroke has been debated over several decades. While 

case reports have described cryptogenic strokes in children with SCT,10,11 larger population-

based cohorts of middle-aged and older adults, yielded conflicting results.12–14 A recent, 

large meta-analysis, which combined data from four different large cohorts, found 

no association between SCT and ischemic stroke;12 however, a separate population-

based cohort study found higher stroke risk in participants with SCT and concomitant 

chronic kidney disease.15 While metrics of cerebral atrophy, disruption in white matter 

microstructure, vasculopathy, cerebral blood flow, and oxygen metabolic stress have been 

linked to stroke and cognitive impairment in SCA, brain MRI studies in individuals with 

SCT have been limited.16,17 Due to insufficient data, historically, individuals with SCT 

have been excluded from control cohorts in SCA imaging studies, while their inclusion 

may be beneficial as a means to provide sibling controls or when matching for race and 

socioeconomic status.18 Furthermore, as stem cell transplant becomes increasingly utilized 

with siblings as ideal donors, more research is needed to study the neurological implications 

of effectively converting patients with SCA to SCT status.

In this study, we prospectively performed multimodal MRI to measure cerebrovascular 

structure, hemodynamic and metabolic function, and silent infarct burden in young adults 

with and without SCT. Younger participants without significant past medical history were 

included to mitigate the effects of age and vascular risk factors on the imaging results. 

Based on recent, larger epidemiologic studies showing no increase in overt stroke or 

dementia in older adults with SCT,12,17,19 we hypothesized that brain metrics of structure, 

microstructure, or alterations in oxygen metabolism would be similar in young, healthy 

adults with and without SCT. Further, we hypothesized there would be no increase in 

prevalence or volume of silent cerebral infarcts (SCIs) in SCT.

METHODS

Standard protocol approvals, registrations and patient consents

The studies were approved by the local institutional review board. Written informed consent 

was obtained from all participants. The study adhered to the STROBE statement for 

observational studies.20 Data are available upon request from the corresponding author.

Participants

Adult, aged 18 years or older, with HbAA (controls) or HbAS (SCT cases) genotypes 

were enrolled as a part of a prospective, observational study. SCT status was verified 

through capillary gel electrophoresis. Participants were excluded for history of neurologic 

disease (i.e. stroke, seizures, or traumatic brain injury) or chronic medical condition 

(i.e. hypertension) known to increase risk of stroke. Due to difficulty with recruitment 
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initially, in the first half of the study, participants were allowed to be included if taking 

a single medication for hypertension or diabetes, however, in the second half of the 

study, participants were excluded if taking any medications for hypertension, diabetes 

and hyperlipidemia. Participants with overt strokes defined as radiographic ischemia with 

associated neurological deficits detectable on clinical examination were also excluded. An 

independent cohort of 26 young adults with SCA (HbSS genotype), enrolled concurrently 

with SCT participants and controls, was included for comparison of SCI volume and 

distribution. Participants with SCA were excluded if they had a history of stem cell 

transplantation, chronic transfusions, overt strokes, cerebral vasculopathy, intracerebral 

hemorrhage, or neurological disorder unrelated to SCA. Participants with HbAA and HbAS 

were siblings, partners, or friends of participants with SCA to minimize imbalance in 

socioeconomic status.

Labs including venous hemoglobin, capillary gel electrophoresis and venous co-oximetry, 

were obtained prior to each MRI. To ensure the absence of traditional vascular risk factors 

in this young adult population, labs including LDL, creatinine, glucose, and HbA1C were 

measured as well as vital signs including systolic and diastolic blood pressure and oxygen 

saturation (SpO2) by pulse oximetry. CaO2 was calculated from 1.36 x hemoglobin (g/dL) 

x SPO2. Hemoglobin used in CaO2 calculation was adjusted according to the following 

formula: Hb = [total measured Hb] – [total Hb x % carboxyhemoglobin] – [total Hb x 

% methemoglobin]. Carboxyhemoglobin and methemoglobin do not participate in oxygen 

exchange and were subtracted from total hemoglobin.21,22

MRI protocol and image processing

MRI acquisition, segmentation, and co-registration—For the standard imaging 

protocol, all participants underwent brain MRI on a 3 Tesla MR system (Siemens 

Vision, Erlangen, Germany). Standard 3D Magnetization Prepared Rapid Gradient 

Echo (MPRAGE) T1-weighted (TE/TR=2.95/1800 ms, TI=1000 ms, flip angle=8º, 

resolution=1.0×1.0×1.0 mm), and 2D Fluid-attenuated Inversion Recovery (FLAIR) (TE/

TR=93/9000 ms, TI=2500 ms, resolution=1.0×0.9×3.0 mm) were acquired. Diffusion 

tensor imaging (DTI) parameters were: TE/TR=89/10100 ms, resolution=2.0×2.0×2.0, 25 

directions, b=0-1400 s/mm2, pseudocontinuous arterial labeling (pCASL) (TE/TR=12/3780 

ms, resolution=3.0×3.0×5.0 mm, labeling duration= 2000 ms, post-labeling delay=1500 

ms),23 and asymmetric spin echo (ASE), a sequence measuring tissue deoxyhemoglobin 

(TE/TR=64.0/4400 ms, FOV 220 mm, resolution=1.7×1.7×3.0 mm, acquisition time 7:16).24

MPRAGE T1 images were skull-stripped and segmented into gray and white matter with 

Statistical Parametric Mapping version 12 (Wellcome Institute of Neurology, London, 

UK).25 To limit partial volume effects, voxels with a probability less than 0.9 of being 

classified correctly as white or gray matter were excluded and a one-voxel morphological 

erosion of gray and white matter was applied to segmented images.26 Co-registration aligned 

all images within a scan using the FMRIB Linear Image Registration Tool, with accuracy 

confirmed by visual inspection. White and gray matter volumes were normalized to total 

intracranial volume to adjust for head size. Total intracranial volume was defined as the sum 

of gray matter, white matter, and cerebrospinal fluid (CSF) volumes.27
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A board-certified neuroradiologist (M.R.), blinded to participant cohort and baseline 

characteristics, reviewed all MRIs and magnetic resonance angiographies (MRAs). A SCI 

was defined as a lesion ≥ 3mm in diameter on fluid-attenuated inversion recovery (FLAIR) 

images. The neuroradiologist identified the presence or absence of cerebral aneurysms and 

vascular stenosis, defined as ≥ 50% stenosis in any of the major intracranial vessels. For 

each participant with SCIs identified by the neuroradiologist, SCIs were manually delineated 

on the FLAIR map by a board-certified vascular neurologist (A.F.) who was also blinded 

to participant cohort and baseline characteristics. Voxels with SCIs were excluded from 

the segmented white matter mask to generate a “normal appearing white matter” (NAWM) 

region. This allowed for regional measurements of CBF, OEF, and DTI metrics within 

NAWM, unaffected by infarcts.

Diffusion tensor imaging—DTI images were processed using the FMRIB Software 

Library.28 Briefly, for each scan, diffusion images were corrected for eddy current distortion 

and head motion using the b=0 image as a reference. A binary brain mask in DTI space 

was then calculated using FSL’s Brain Extraction Tool (BET) on the same b=0 image. 

Dtifit29 was then applied to fit the diffusion tensor model,30 generating the three principle 

eigenvalues at each voxel. Finally, individual mean fractional anisotropy (FA) and mean 

diffusivity (MD) were calculated in NAWM.

CBF and OEF image acquisition and processing—We used pCASL to measure 

CBF.23 To quantify CBF, blood T1 was individually measured per participant to improve 

CBF reproducibility as T1 varies with age and hematocrit.31 Blood T1 was measured 

in the superior sagittal sinus and estimated using a four-parameter model as previously 

described.32 CBF processing did not include background suppression. The ASE sequence 

measuring tissue deoxyhemoglobin, was used to quantify OEF.24 Quantification of voxel-

wise CBF and OEF were performed as described previously.24 Individual mean CBF and 

OEF within whole brain, gray matter, and NAWM were calculated. CMRO2 within each 

voxel was calculated as the product of CBF × OEF × CaO2, an equation derived from Fick’s 

law.33

Silent infarct hemispheric-heatmaps—To define the location and density of infarcts 

for the HbAA, HbAS, and HbSS cohorts, SCI lesion masks obtained on FLAIR scans 

from individual cohort were aligned to the MNI-152 standard atlas space. Cohort-specific 

composite infarct heatmaps were created by flipping the left hemisphere onto the right 

hemisphere so that all infarcts were represented in a single hemisphere. Infarct density was 

defined as the number of hemispheres with infarcts in the voxel, divided by total number 

of hemispheres in the cohort, thresholded to include at least two hemispheres with infarcts 

in the voxel. Twenty-four control, 25 SCT, and 26 SCA participants were included in 

cohort-specific infarct heatmaps.

“At-risk” NAWM mask—To examine a potentially higher risk region for comparison of 

the imaging metrics between the HbAA controls and HbAS cases, an “at-risk” region of 

interest (ROI) mask surrounding SCIs was created. All SCIs from the HbAA and HbAS 

cohorts were combined to create an infarct mask, thresholded to two or more participants 
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with infarct in a voxel. The at-risk region was defined as the three-dimensional 3 mm 

contour surrounding the infarct mask (Figure S1). Each participant had the identical at-risk 

region to avoid differences due to spatial heterogeneity of given imaging metrics. The at-risk 

region was restricted to segmented white matter when calculating regional FA, MD, OEF 

and CBF.

Statistical analysis

Participant characteristics, laboratory parameters, and all continuous imaging metrics were 

described with median (interquartile range, IQR). Cases and controls were compared 

using Mann-Whitney U or Fisher’s exact test for continuous and categorical variables, 

respectively. Multiple pairwise comparisons between two cohorts were calculated using 

Benjamini-Hochberg procedure to maintain a false discovery rate < 5%. To compare SCI 

volumes across the control, SCT, and SCA cohorts, Kruskal-Wallis test with Bonferroni 

correction was used. To examine any association between baseline participant characteristics 

and infarct volume, Spearman’s rank correlation (ρ) was performed between SCI volume 

and baseline variables. Significance was determined with a value of p < 0.05. Multivariate 

linear regression analyses were used to adjust for the effects of potential confounders (age, 

sex, and medication usage) on continuous imaging metrics.

An a priori power analysis was performed based on a sample size of 25 participants per 

cohort. Using a non-parametric test of medians for continuous outcome variables, we had an 

estimated 80% power to detect an effect size of 0.83. To evaluate the likelihood of a type 

II error (failure to detect a true difference), we calculated minimum detectable differences 

(MDD) for each imaging metric to demonstrate the minimum difference between the two 

cohorts that we are statistically powered to detect (Table S1). Using a test based on a 

difference of two proportions for categorical outcome variables, we had an estimated 80% 

power to detect a 26% difference in event occurrence rate between the case and control 

groups. Statistical analyses were performed with SAS version 9.4 (SAS Institute Inc, Cary, 

NC).

RESULTS

Participant Characteristics

Forty-nine healthy participants with SCT (N=25) and without SCT (N=24) underwent brain 

MRI. Participant demographics, laboratory values, and past medical history are displayed in 

Table 1 and Table S2 with overall low vascular risk burden. The controls and SCT cases 

were well-balanced in age, sex, and race. While the two cohorts had similar hemoglobin 

and carboxyhemoglobin concentrations, the SCT participants had greater proportion of 

methemoglobin than controls (1.6 % vs 1.1%, p = 0.039). Systolic and diastolic blood 

pressure, LDL, glucose, and HbA1C, were prospectively collected, and did not differ 

between the two cohorts. Creatinine concentration was mildly elevated in the SCT cohort 

compared to controls, nearing statistical significance (0.9 mg/dL vs 0.8 mg/dL, p = 0.053).
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Brain structure and hemodynamic function

We compared whole brain, gray matter and white matter volumes, normalized to total 

intracranial volume, between the two cohorts. Compared to controls, SCT cases had similar 

normalized whole brain, gray matter, and white matter volumes (Table 2).

To determine if white matter microstructure is disrupted in adults with SCT, we compared 

DTI metrics (FA, MD) between the two cohorts. Compared to controls, SCT cases had 

similar FA and MD (Table 2).

To examine hemodynamic and oxygen metabolic stress in children in SCT, we compared 

whole brain and regional CBF, OEF, and CMRO2 in participants with and without SCT. 

Compared to controls, whole brain CBF, OEF, and CMRO2 in the SCT cohort were not 

different (Table 2). The lack of difference between the two cohorts was consistent across 

gray matter and NAWM. The lack of difference between the two cohorts persisted after 

adjusting for age, sex, and medication usage (Table S3).

While individuals with SCA have an increased risk of developing cerebral vasculopathy, the 

risk in SCT is undetermined. We found similar prevalence of cerebral aneurysms between 

the two cohorts with one asymptomatic, intracranial aneurysm per cohort (Table 2). Cerebral 

arterial vasculopathy, defined as ≥ 50% intracranial stenosis, was not observed in either 

cohort.

Silent cerebral infarct burden and topography

We assessed SCI prevalence and volume in adults with and without SCT. The two cohorts 

had similar SCI prevalence (SCT, 44.0% vs control, 33%, p = 0.56; Table 2). SCI volume 

was also simiar (SCT, 0.0 [0.0, 0.27] mL vs control, 0.0 [0.0, 0.05] mL, p = 0.14; Table 

2, Figure 1A). When examining only a subset of participants who had any SCI (omitting 

those without SCIs), median infarct volume was greater in the SCT cases when compared to 

controls (SCT, 0.29 [0.13, 0.76] mL vs control, 0.07 [0.04, 0.12], p = 0.008; Table 2, Figure 

1B). To examine whether baseline participant characteristics were associated with infarct 

volume, we correlated SCI volume and baseline variables within participants with SCIs. 

Only one baseline variable, creatinine, was significantly correlated with SCI volume (ρ = 

0.49, p = 0.032). Methemoglobin, which was higher in the SCT cohort, was not associated 

with infarct volume (ρ = 0.26, p = 0.30). Additionally, age was not correlated with SCI 

volume (ρ = 0.21, p = 0.39).

To further characterize the spatial distribution of SCIs, we compared the SCT cohort to 

HbAA and a young adult SCA (HbSS) cohort, free of overt stroke and vasculopathy (N = 

26). Clinical and radiographical characteristics of the SCA cohort, compared to HbAA and 

SCT cohorts, are shown in Table S3. Hemispheric infarct heatmaps for the three cohorts 

are represented in Figure 1. Infarcts from the SCT cohort were located in the internal 

borderzone and periventricular frontal white matter, with maximum infarct density of 6%. 

Such distribution was similar to, but less extensive than, that of the SCA cohort, which had a 

maximum infarct density of 12%. In contrast, infarcts in the control cohort were stochastic, 

located in juxtacortical white matter, with a maximum infarct density of 2%, indicating no 

overlap of SCIs between individuals.
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Microstructural integrity and hemodynamic function in tissue “at-risk” of ischemic injury

To examine if NAWM tissue immediately surrounding SCIs was at higher risk for ischemic 

injury in SCT, we examined microstructural integrity, hemodynamic and oxygen metabolic 

stress in a 3 mm contour surrounding the SCIs (Table 2). We did not observe differences 

in FA and MD between SCT and controls in the at-risk region. Moreover, CBF, OEF, and 

CMRO2 did not differ between the cohorts.

DISCUSSION

In this prospective MRI study, we did not detect differences in brain volume, microstructural 

integrity, vasculopathy, hemodynamic function, and oxygen metabolism between young 

adults with and without SCT. The prevalence and volume of SCIs did not differ between 

SCT cases and controls. Together, these findings support the hypothesis that SCT is not 

associated with worse neurological imaging outcomes in young adults with low burden of 

vascular risk factors. Logistically, our findings support the enrollment of young, adults with 

SCT as a part of control cohorts when studying the neurological impact of SCA on brain 

imaging. Clinically, our study findings, if confirmed, provide reassurance to adults with SCT 

and their physicians that, unlike SCA, SCT is unlikely to increase the risk of neurological 

injury in adults who are otherwise healthy.

Our findings of normal brain volumes in SCT are supported by two recent, large population-

based studies, which found no association between SCT and dementia.17,19 One of the 

studies enrolled a small subset of elderly adults into an ancillary MRI study.17 Imaging 

markers associated with cognitive impairment, such as gray matter volume and white matter 

hyperintensity volume were similar regardless of SCT carrier status. 17 In contrast to our 

study, both population-based studies enrolled older adults with vascular risk factors. While 

no overall association between SCT and dementia was observed, in a secondary analysis, 

however, individuals with SCT and APOE ɛ4 genotype, experienced greater cognitive 

decline than those with APOE ɛ4 but without SCT.17 A similar trend was observed in 

individuals with SCT and diabetes compared to those with diabetes alone.17 Given the 

possibility of SCT acting as a genetic modifier to concomitant risk factors of cognitive 

decline, larger neuroimaging studies may help determine whether the presence of SCT 

interacts with vascular risk factors and aging to accelerate brain atrophy and microstructural 

impairment alongside cognitive decline.

We did not observe an overall difference in SCI prevalence or SCI volume. Similar 

to our findings, the MRI study ancillary to the larger community-based cohort study 

found no difference in white matter hyperintensity volume between aging adults with and 

without SCT.17 Unexpectedly, within our subset of participants with SCIs (N=19), we 

found greater infarct volume in the SCT cohort when compared to controls. Of baseline 

characteristics, serum creatinine was non-significantly elevated in the SCT cohort and 

significantly correlated with SCI volume. However, additional multivariable analyses aimed 

at interrogating potential mediators of SCI formation were limited by small sample size. 

The association between creatinine and SCI volume is of particular interest. SCT is not only 

a risk factor for chronic kidney disease,4 but is also a risk factor for ischemic stroke in 

adults with concomitant chronic kidney disease.15 Given the low sample size, our results 
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in this subgroup analysis should be interpreted with caution and require confirmation 

in a larger population. At most, these results may be hypothesis-generating, and could 

suggest a possible interaction between renal impairment and SCT on SCI formation. Further 

investigation would be required to determine if SCT act as a genetic modifier to traditional 

vascular risk factors.

Our results suggest no alterations to brain structure, microstructure, or oxygen metabolism 

in global or “at-risk” regions in the SCT cohort. In contrast, we found a discrepancy in 

the subset of participants with SCIs, where the SCT cohort had a larger SCI volume and 

its infarct pattern resembling that of the SCA cohort. To reconcile our findings, we offer 

the following explanations. First, SCT may have subtle alteration in oxygen metabolism 

from abnormalities in the oxygen dissociation curve and erythrocyte sickling,8,34 which 

may not be detected by our study, but may be detected with aging or presence of 

vascular risk factors. Second, as a hypercoagulable state,6,9 SCT may have elevated risk 

of cerebral micro-embolism, a mechanism of ischemia independent of oxygen metabolic 

stress. Embolic events would still be consistent with the watershed infarct pattern as emboli 

are more likely to become lodged in the low-flow watershed region and are associated with 

internal watershed infarcts in non-SCA patients with carotid stenosis.35 Alternatively, with 

continued enrollment, the SCIs in the non-trait controls may eventually develop a pattern 

similar to SCT, involving the internal borderzone. It is likely that due to limited collateral 

circulation, the watershed territory is naturally prone to ischemic injury, irrespective of 

stroke etiology. Larger imaging studies are needed to reconcile the discrepancy between 

oxygen metabolic stress, microstructural integrity and SCI burden in participants with SCT.

Our study has several strengths. We applied advanced MRI methods to evaluate for any 

abnormalities in cerebrovascular structure and oxygen metabolic function in participants 

with SCT. We confirmed SCT status through direct hemoglobin electrophoresis. Our study 

has several limitations. While we did not detect significant differences between the HbAA 

and HbAS cohorts, this does not prove the absence of a difference. Based on our sample 

size, we were only powered to detect a difference of 26% or more for the categorical 

variables. We were adequately powered, however, to detect relatively small differences for 

the majority of our continuous imaging variables. Our results have a relatively large number 

of cohort comparisons and associated p-values despite the relatively low sample size. To 

partially address this, the Benjamini-Hochberg procedure was utilized to adjust for multiple 

comparisons and to minimize a false discovery rate > 5%. In addition, we did not measure 

serum markers of coagulation and inflammation, which may be elevated in SCT and may 

play a role in SCI formation.9 We did not collect family medical history and the enrollment 

of relatives may amplify genetic influences on white matter lesions, although enrolled family 

members were balanced across the HbAS cases and controls Finally, in this study, we did 

not examine the cognitive consequences of SCIs in young, healthy adults. Prior studies on 

SCA suggest that even if the volume of SCI is small, its presence indicates a risk factor 

for ischemic injury progression and cognitive impairment36,37 A larger imaging study with 

formal cognitive testing is needed to adequately assess the clinical implications.

In conclusion, we found no differences in brain volumes, white matter microstructure, 

vasculopathy, cerebral oxygen metabolism, or SCI prevalence in adults with and without 
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SCT. Overall, young, healthy adults with SCT appear to be at low risk for early or 

accelerated neurological injury. Larger studies may be helpful, however, in adults with 

both SCT and traditional cerebrovascular risk factors to determine if their combination may 

interact to modify stroke risk. Logistically, the inclusion of young, healthy adults with SCT 

as a part of the control cohort may be permissible when studying neurological outcomes 

in SCA. Clinically, adults with SCT and their physicians should carefully monitor for and 

optimize traditional vascular risks.
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Non-standard Abbreviations and Acronyms

CBF cerebral blood flow

CMRO2 cerebral metabolic oxygen demand

DTI Diffusion tensor imaging

HbAA hemoglobin AA

HbAS hemoglobin AS

HbSS hemoglobin SS

FA fractional anisotropy

MD mean diffusivity

NAWM normal appearing white matter

OEF oxygen extraction fraction

SCA sickle cell anemia

SCI silent cerebral infarct

SCT sickle cell trait
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Figure 1. Silent cerebral infarct burden and pattern in young adults with and without SCT, in 
comparison to a SCA cohort without overt strokes.
(A) SCI volume was non-significantly different across the three cohorts (p=0.076). (B) 
Of the participants with SCIs, the SCT cohort had greater SCI volume compared to 

controls (p=0.034). Moreover, the SCA cohort had greater SCI volume compared to controls 

(p=0.0004). Hemispheric infarct density maps were calculated from FLAIR lesion maps in: 

(C) control, (D) SCT, and (E) SCA cohorts. Infarcts from the left hemispheres were flipped 

to the right hemisphere, with all infarcts represented in one hemisphere. Infarct density was 

defined as the number of hemispheres with infarcts in the voxel, divided by total number 

of hemispheres, thresholded to include two or more hemispheres with infarcts in the voxel. 

Infarcts from the SCT cohort were located in the internal borderzone and periventricular 
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frontal white matter, with maximum infarct density of 6%. Such distribution was similar, 

but less extensive than that of the SCA cohort, with a maximum infarct density of 12%. 

In contrast, infarcts in the controls were stochastic, located in juxtacortical white matter 

regions, with a maximum infarct density of 2% or 1 participant. Kruskal-Wallis Test was 

performed with significance adjusted using Bonferroni correction to maintain a family-wise 

error rate of 5%. ***, p ≤ 0.001; *, p ≤ 0.05; ns, non-significant.
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Table 1:

Participant Characteristics

HbAA (N= 24) Median (IQR) HbAS (N = 25) Median (IQR) p value

Age 32 (28, 36) 35 (31, 39) 0.13

Female (%) 19 (79) 18 (72) 0.74

Race, Black (%) 24 (100) 25 (100) 1

Hemoglobin, g/dl 12.35 (11.55, 13) 12.6 (12, 13.6) 0.26

COHb, % 1.0 (0.7, 2.7) 1.3 (0.8, 2.3) 0.468

MetHb, % 1.1 (0.4, 1.4) 1.6 (0.8, 1.9) 0.039

Hemoglobin A, % 97.2 (97.0, 97.4) 59.7 (57.6, 61.7) <0.0001

Hemoglobin S, % 0 (0, 0) 37 (35.1, 39.1) <0.0001

Hemoglobin F, % 0.4 (0, 0.4) 0.4 (0.4, 0.4) 0.007

SpO2, % 100 (99, 100) 99 (98, 100) 0.19

CaO2, mL/dL 16.18 (15.43, 16.96) 16.14 (15.54, 17.66) 0.72

Vascular risk factors

   SBP, mmHg 116.5 (108.5, 129) 120 (113.5, 130.5) 0.39

   DBP, mmHg 73.5 (67.5, 84) 77.5 (72, 83.5) 0.45

   Creatinine, mg/dL 0.8 (0.7, 0.9) 0.9 (0.8, 0.9) 0.053

   Glucose, mg/dL 91 (78, 96) 94 (78, 99) 0.63

   LDL, mg/dL 92.5 (77.5, 105.5) 88 (70, 111) 0.68

   HbA1C, % 5.2 (5, 5.6) 5.3 (5, 5.4) 0.81

   Current smokers (%)* 7 (32) 5 (26) 0.74

Abbreviations: COHb, carboxyhemoglobin; MetHb, methemoglobin; SpO2, peripheral oxygen saturation; CaO2, arterial oxygen content; SBP, 

systolic blood pressure; DBP, diastolic blood pressure; LDL, low-density lipoprotein; HbA1C, glycated hemoglobin.

*
Data available for 22 HbAA and 19 HbAS participants.
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Table 2:

Brain structure, hemodynamic, and oxygen metabolic metrics in adults with and without sickle cell trait

HbAA (N= 24) Median (IQR) HbAS (N = 25) Median (IQR) p value*

Normalized brain volume

   Whole brain 0.81 (0.77, 0.84) 0.80 (0.77, 0.82) 0.41

   Gray matter 0.51 (0.47, 0.53) 0.49 (0.46, 0.52) 0.30

   White matter 0.30 (0.29, 0.32) 0.30 (0.29, 0.31) 0.93

NAWM

   FA 0.43 (0.40, 0.44) 0.41 (0.40, 0.43) 0.37

   MD 0.72 (0.70, 0.77) 0.72 (0.70, 0.76) 0.62

   FA 0.45 (0.43, 0.46) 0.44 (0.42, 0.44) 0.10

   MD 0.70 (0.67, 0.75) 0.72 (0.69, 0.74) 0.43

Hemodynamic and metabolic metrics

Whole brain

   CBF 61.16 (54.18, 67.21) 62.04 (52.42, 64.85) 0.67

   OEF 0.27 (0.26, 0.28) 0.27 (0.26, 0.28) 0.31

   CMRO2 2.70 (2.45, 2.94) 2.71 (2.51, 2.87) 0.96

Gray matter

   CBF 68.12 (57.51, 74.86) 68.40 (55.16, 73.34) 0.72

   OEF 0.29 (0.27, 0.30) 0.28 (0.26, 0.30) 0.28

   CMRO2 2.99 (2.76, 3.49) 3.10 (2.69, 3.37) 0.96

NAWM

   CBF 37.14 (32.77, 42.17) 39.83 (33.54, 44.34) 0.39

   OEF 0.25 (0.24, 0.27) 0.25 (0.24, 0.27) 0.81

   CMRO2 1.54 (1.45, 1.71) 1.71 (1.39, 1.84) 0.27

   CBF 23.63 (20.80, 27.06) 24.08 (19.42, 28.14) 0.56

   OEF 0.24 (0.23, 0.25) 0.24 (0.23, 0.26) 0.87

   CMRO2 0.94 (0.85, 1.09) 0.90 (0.75, 1.14) 0.71

Cerebral vasculopathy, N (%) 0 (0%) 0 (0%) 1

Aneurysm, N (%) 1 (4.2%) 1 (4%) 1

Silent infarct, N (%) 8 (33.3%) 11 (44.0%) 0.56

SCI volume, mL 0.0 (0.0, 0.05) 0.0 (0.0, 0.27) 0.14

SCI volume, in participants with SCI on MRI, mL 0.07 (0.04, 0.12) 0.29 (0.13, 0.76) 0.008

Abbreviations: SCI, silent cerebral infarct; NAWM, normal appearing white matter; FA, fractional anisotropy; MD, mean diffusivity, expressed in 

unit of 10−3mm2s−1; CBF, cerebral blood flow, expressed in unit of mL/min/100g; OEF, oxygen extraction fraction; CMRO2, cerebral metabolic 

rate of oxygen, expressed in mL/min/100g.

*
Raw p value reported with significance calculated with the Benjamini-Hochberg-adjusted p values to maintain a false discovery rate of 5%.
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