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Abstract

Background—Changes in cerebral perfusion are an important feature of the pathophysiology of 

sickle cell anemia (SCA); cerebrovascular ischemia occurs frequently and leads to neurocognitive 

deficits, silent infarcts, and overt stroke. Non-invasive MRI methods to measure cerebral blood 

flow (CBF) by arterial spin labeling (ASL) afford new opportunities to characterize disease- and 

therapy-induced changes in cerebral hemodynamics in patients with SCA. Recent studies have 

documented elevated gray matter (GM) CBF in untreated children with SCA, but no 

measurements of white matter (WM) CBF have been reported.

Procedures—Pulsed ASL with automated brain image segmentation-classification techniques 

were used to determine the CBF in GM, WM, and abnormal white matter (ABWM) of 21 children 

with SCA, 18 of whom were receiving hydroxyurea therapy.

Results—GM and WM CBF were highly associated (R2 =.76, p< 0.0001) and the GM to WM 

CBF ratio was 1.6 (95% confidence interval: 1.43-1.83). Global GM CBF in our treated cohort 

was 87 ± 24 mL/min/100 g, a value lower than previously reported in untreated patients with 

SCA. CBF was elevated in normal appearing WM (43 ± 14 mL/min/100 g) but decreased in 

ABWM (6 ± 12 mL/min/100 g), compared to published normal pediatric controls. Hemispheric 

asymmetry in CBF was noted in most patients.

Conclusions—These perfusion measurements suggest that hydroxyurea may normalize GM 

CBF in children with SCA, but altered perfusion in WM may persist. This novel combined 

approach for CBF quantification will facilitate prospective studies of cerebral vasculopathy in 

SCA, particularly regarding the effects of treatments such as hydroxyurea.
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INTRODUCTION

Sickle cell anemia (SCA) is a devastating hematological disease marked by acute and 

chronic cerebrovascular changes leading to cerebrovasculopathy, brain injury, stroke, and 

neurocognitive deficits [1]. About 11% of patients with SCA will develop clinically overt 

stroke before age 20 years, especially children below six years [2]. Furthermore, 17-22% of 

patients develop “silent infarct” (SI), defined as focal ischemic damage on conventional 

magnetic resonance imaging (cMRI) without clinical signs or symptoms of stroke [3, 4]. SI 

is associated with lower scores for math and reading achievement, Full-Scale IQ, Verbal IQ, 

and Performance IQ; SI is also an independent risk factor for stroke [3-5]. A review revealed 

even higher prevalence rates of SI, leukoencephalopathy (LE) and lacunae in children with 

SCA, and suggested that both large and small vessel vasculopathy herald brain parenchymal 

injury in these vulnerable patients [6].

Functional neuroimaging techniques are powerful adjuncts to conventional anatomical 

imaging. Arterial spin labeling (ASL) to measure perfusion is a promising MRI technique to 

quantify cerebral blood flow (CBF) at the capillary level and identify small vessel disease 

[7, 8]. Several recent reports have documented elevated CBF in gray matter (GM) of 

children with SCA, compared to normal controls, and an inverse correlation between CBF 

and neurocognitive function [7, 9, 10]. Diffusion tensor imaging (DTI) quantitatively 

measures white matter (WM) integrity [11]. To date, however, MRI functional imaging 

studies in SCA have not focused on WM where most SI and LE occur. We therefore tested 

the hypothesis that cerebral perfusion is elevated in GM and WM of nonsedated children 

with SCA and no previous stroke

METHODS

Patient Selection

Thirty children with SCA (HbSS) receiving care at the St. Jude Comprehensive Sickle Cell 

Center were enrolled (median age 10 years, range 5-18 years) in this prospective imaging 

research protocol. The participants were being imaged for various clinical indications, 

including baseline or serial evaluation on hydroxyurea therapy, deterioration of school 

performance, or severe headaches. No child had a prior history of an overt clinical 

neurological event such as transient ischemic attack (TIA) or stroke. With IRB-approved 

informed consent from the parent or guardian, and age-appropriate assent, study participants 

underwent a research imaging protocol, including ASL perfusion. Nine of the patients 

required sedation to complete their MRI examination, and they were excluded from analysis 

of ASL data because sedation may lower CBF [12].

Laboratory and TCD evaluation

All patients had laboratory tests within 30 days and transcranial doppler (TCD) evaluations 

within 8 months of MRI examination. Non-duplex TCD examinations were performed by a 

certified examiner with a Doppler machine using a 2-MHz pulsed-wave transducer. Middle 

cerebral artery (MCA) vessels were interrogated using a trans-temporal approach; 18 of 21 

patients had bilateral MCA examinations for comparison to ASL perfusion. TCD 
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examinations were interpreted by a board-certified pediatric radiologist blinded to clinical 

status. Time averaged mean velocity (TAMV) was recorded for each vessel.

MR Imaging Studies

MR imaging was performed without contrast on a 1.5-Tesla magnet (Siemens Medical 

Systems, Iselin, NJ) using a quadrature head coil. Pulse sequences included T1-weighted 

(TR/TE = 552/9 ms), proton density (PD) and T2-weighted (TR/TE1/TE2 = 4470/16/109 

ms), and fluid attenuated inversion recovery (FLAIR) (TR/TE/TI = 9140/112/2400 ms) 

sequences with 27 slices (5 mm thick) without gap covering the entire brain. All children 

watched a video during scanning as a distraction technique, which successfully prevented 

the need for sedation.

ABWM was evaluated using the following definitions: lacuna was a small focal area of 

shelled-out parenchmal volume, which was hypointense by T1-weighted, and hyperintense 

by T2-weighted and FLAIR sequences; LE was a hyperintense signal on T2-weighted or 

FLAIR images. Both lacunae and small focal regions of LE (less than 5 mm) were 

considered SI; diffuse LE was large (greater than 5 mm) region of T2-weighted or FLAIR 

hyperintensity.

Magnetic resonance angiography (MRA) centered at the mamillary bodies was acquired 

using a three-dimensional time-of-flight sequence (TR/TE = 37/4.76 milliseconds; 20 cm 

field of view; 25-degree flip angle) and reconstructed using a standard maximum-intensity 

projection algorithm. MRI and MRA data were independently scored by a board-certified 

neuroradiologist without knowledge of demographics, clinical status, or test results. 

Tortuosity was graded by the degree of deviation from the usual 90 degree orientation of 

large vessels in the Circle of Willis.

Whole brain DTI was acquired with a double-spin echo-pulse sequence in the transverse 

plane and tensor analysis with SPM2 and DTI toolkit http://sourceforge.net/projects/

spmtools. Data from 4 acquisitions were realigned before tensor calculation. Realignment 

parameters were estimated for b=0 images of each acquisition and applied to all diffusion-

weighted images for respective acquisitions. The mean of 4 realigned image sets was used 

for tensor calculation.

ASL data were acquired with a pulsed ASL Q2TIPS (13) (TR/TE = 2200/13 ms, TI=700 ms, 

TIS=1400 ms) sequence developed as a work-in-progress from Siemens Medical Systems. 

ASL, DTI, and cMRI data were transferred offline for additional processing after initial 

reading by the neuroradiologist. Conventional MR images were coregistered to ASL images 

using a normalized mutual information algorithm [13, 14]. The coregistered PD and T2 

imaging set provided necessary detail for manual delineation of twelve cerebral vascular 

territories [15]. GM, WM, cerebrospinal fluid, and ABWM volumes for each vascular 

territory were identified by automated segmentation of cMRI images (Figure 1) [13]. The 

territories included left and right anterior cerebral artery (ACA), ACA Perforator (ACAP), 

MCA, MCA Perforator (MCAP), posterior cerebral artery (PCA), and PCA Perforator 

(PCAP) regions. CBF was quantified from ASL data as described within segmented 
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territories (Figure 1) [16]. Calculated DTI parameter maps were coregistered to match ASL 

images using the technique described above.

Statistical Analyses

Comparisons between pairs of variables were made with two-sided Wilcoxon-Mann-

Whitney Fisher's Exact tests. Statistical modeling was conducted using simple or robust 

(simple) linear regression if outliers or leverage points were present [17]. CBF in the Left 

Brain vs. Right Brain was compared in each patient for all 12 regions using the Wilcoxon-

Mann-Whitney test with 5000 permutations. We utilized a median split of all subjects 

enrolled (10 years) to categorize patients as “younger” or “older” to test for age-related 

effects on CBF. When necessary, adjustments for multiple comparisons were made using the 

Bonferroni method.

RESULTS

Patient Characteristics

ASL images were aquired in 21 non-sedated African-American children with median age of 

12 years (range 5 – 17 years), and 15 were males. The younger cohort included 9 

participants (median age 8.0 years) and the older cohort included 12 participants, (median 

age 14.0 years). At study enrollment, 18 children were receiving hydroxyurea therapy 

(median duration 4.5 years, range 1.3 – 8.4 years) initiated for clinical severity such as 

recurrent pain and/or acute chest syndrome (ACS). No patients were transfused within 3 

months before MRI imaging. Two received chronic transfusions for 2 and 4 years 

respectively, before hydroxyurea treatment. The remaining 19 patients received a median of 

2 erythrocyte transfusions each (range, 0 – 4). Patients had a median of 1 (range, 0 – 15) 

painful event within 2 years before MRI examination and a median of 2 (range, 0 – 4) 

lifetime ACS episodes.

Laboratory Characteristics

The group's mean laboratory variables and TCD velocities were analyzed. The white blood 

cell count, hemoglobin concentration, % fetal hemoglobin, absolute reticulocyte count, and 

average MCA TAMV were within expected values, recognizing that many patients were 

receiving hydroxyurea (Table I).

cMRI

Three patients (all on hydroxyurea) had SI identified on cMRI while the remaining 18 had 

normal studies. Two of three children with SI also had areas of diffuse LE (Figure 2). No 

vessel stenoses were present on cMRA, although tortuosity was identified in 9 of 21 patients 

(Figure 3), usually involving multiple large vessels of the Circle of Willis (Table II).

Cerebral Blood Flow

CBF was calculated for GM and WM in each vascular territory of each slice (Table III). GM 

CBF in the major vascular territories was compared to a smaller study of ASL in children 

with SCA, and both GM and WM CBF were compared to ASL findings in normal children 
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[7, 17]. The average (mean ± 1 SD) GM whole brain CBF was 87 ± 24 mL/min/100 g; GM 

CBF in the ACA, MCA and PCA territories was 77 ± 21, 83 ± 23, and 109 ± 26 

mL/min/100 g, respectively. Average WM whole brain CBF was 43 ± 14mL/min/100 g; 

WM CBF in the ACA, MCA and PCA territories was 31 ± 11, 34 ± 10, and 56 ± 20 

mL/min/100 g, respectively.

Regions segmented as ABWM in all vascular territories had decreased fractional anisotropy 

(FA), elevated apparent diffusion coefficients (ADC) and lower median CBF compared to 

normal WM (Figure 4), although differences were not statistically significant. GM and WM 

CBF were significantly associated (p-value< 0.0001, R2 = 0.76), with GM CBF 1.6 times 

higher than WM CBF (95%), CI: 1.43-1.83, (Figure 5). Regional GM CBF of bilateral 

ACA, MCA and PCA territories was lower in children with ABWM, but without statistical 

significance (Figure 6).

We investigated associations between mean CBF results of segmented GM and clinical 

events, laboratory values, and TCD values. There was a marginal negative association 

(p=0.054) between GM CBF and ACS events, but no significant associations with recurrent 

painful episodes or laboratory variables. There was no observed association between TCD 

velocities and CBF in the MCA territories, the only consistent region evaluated by TCD that 

was available for comparison.

We evaluated the laterality of CBF within the 12 vascular territories of each patient. Each 

territory for each patient was designated as incongruent if a statistically significant 

difference existed between the left and right brain. To adjust for multiple comparisons, p-

values < 0.0002 were considered significant. Fifteen of 21 patients had ≤ 5 vascular 

territories of incongruence, while 6 of 21 had > 5 vascular territories of incongruence. Left 

hemisphere CBF was significantly higher than the right in 82 of 83 incongruent territories. 

Associations between incongruence and age, clinical, and laboratory variables were studied: 

in each territory, no differences were found between patients with or without incongruence. 

The severity of lateral asymmetry in CBF across territories was not significantly associated 

with clinical or demographic characteristics.

Discussion

Cerebral perfusion measures delivery of oxygen and nutrients at the capillary level through 

CBF, and is quantitated in mL blood/minute/100 gm brain tissue [18]. ASL perfusion 

techniques have advantages over older nuclear medicine PET and single-photon emission 

computed tomography imaging, including improvement in spatial resolution and lack of 

ionizing radiation exposure [18]. ASL perfusion also uses endogenous spin-labeled arterial 

blood protons instead of injected contrast (gadolinium) to quantify CBF [16, 19]. ASL 

perfusion has been applied in adults to determine effects of acute cerebral ischemia and 

endarterectomy on CBF [20, 21]. Contemporary reports documented the effectiveness of 

both pulsed ASL and continuous ASL techniques in evaluation of CBF in children [7, 8, 10].

The combination of ASL perfusion and image segmentation techniques allowed robust 

quantitative CBF analysis in large and small vessel territories, and readily distinguished 
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GM, WM, and ABWM in patients with SCA. Although elevated GM CBF is documented by 

ASL and PET techniques in SCA, GM CBF in our predominantly hydroxyurea-treated 

cohort was within published normal pediatric values, while WM CBF remained elevated [7, 

9, 10, 22]. Since hydroxyurea increases the hemoglobin concentration, we speculate that 

improvement in anemia improves oxygen delivery and lowers GM CBF, although we were 

not able to demonstrate this negative correlation with our sample size. In the report by Oguz 

et al. their untreated cohort's hemoglobin ranged from 6.3-7.8 g/dl, whereas our study's 

mean hemoglobin value was 9.2 g/dl; they reported higher grey matter CBF values whereas 

our calculated values were normal [7] . ABWM lesions (LE and SI) had decreased CBF by 

ASL perfusion and decreased WM fractional anisotropy by DTI. These areas of WM 

abnormality have been suspected to result from ischemia; our findings document in vivo 

decreased CBF within these lesions.

GM has a higher metabolic rate than WM and is easier to characterize by perfusion 

techniques. An ASL feasibility study demonstrated abnormally high resting CBF perfusion 

in all GM vascular territories of 14 asymptomatic but untreated SCA children with normal 

cMRA and neurological exams, compared to normal controls, likely reflecting adaptation to 

chronic anemia [7, 23]. These findings were consistent with elevated GM CBF in patients 

with SCA by PET and Xenon studies [9, 24]. In our study, segmentation techniques allowed 

examination of CBF in GM, WM, and ABWM. ACA and MCA GM CBF in our treated 

cohort was similar to published normal values of children without SCA (79-97 ± 1 

mL /min/100 g) [22]. Our patients watched a minimally stimulating screen saver during 

scanning, which could lead to increased visual cortical metabolism and therefore increased 

PCA territory perfusion, a well-described phenomenon in PET studies [7, 9, 24].

Our cohort's WM and GM CBF were significantly associated, with GM CBF 1.6 times 

higher. This GM to WM CBF ratio is lower than published controls (3.6-3.7) reflecting our 

relatively normal GM and increased WM CBF [18]. Interestingly, ABWM had lower CBF 

but slightly decreased CBF in all GM vascular territories (Figure 6). Considerable 

heterogeneity in the laterality of CBF within the 12 vascular territories of each patient was 

observed. Our findings support previous work and suggest small vessel disease is global in 

the abnormal cohort, affecting GM and WM of multiple vascular territories [7].

Strouse et al., documented an inverse correlation between elevated ASL CBF and full scale 

and performance IQ in children with SCA [10]. The strongest association was between 

anterior brain areas and performance IQ, suggesting that elevated CBF, although a known 

adaptive response in children with SCA, may be a risk factor for cerebral hypoxia. However, 

their cohort (24 children) had a low incidence of SI and conditional TCD examination, and 

only two patients were receiving hydroxyurea. Their largely untreated cohort's mean CBF in 

the right and left ACA were 108 ± 40 and 111 ± 38 m± 22 L/100 g/min, as opposed to our 

largely treated cohort's GM mean values of 76 ± 20 and 78 mL/100 g/min. Confirmation of 

these salutary effects of hydroxyurea on CBF in SCA will require baseline measurements 

and serial measurements during treatment.

Although GM capillary perfusion and TCD large vessel velocities were normal in our 

cohort, they measure different endpoints. Zimmerman recently demonstrated that 

Helton et al. Page 6

Pediatr Blood Cancer. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydroxyurea significantly decreases elevated TCD velocities [26]. Large and small vessel 

tortuosity are well-described pathological findings in SCA are frequently observed on MRA 

in children with SCA, and could reflect early vasculopathic adaptive responses with 

increased vessel volume in the setting of chronic anemia [27, 28]. Our work supports 

growing evidence that even with normal velocities, both large vessel tortuosity and small 

vessel elevated CBF are pathophysiological adaptations to anemia that allow delivery of 

more oxygen to the brain. The cost of increased tortuosity and increased perfusion is 

decreased vascular reserve, however, with an increased risk of small vessel brain injury [23, 

24, 29]. In our cohort, vessel tortuosity may reflect vascular disease present before starting 

hydroxyurea therapy.

Limitations of this study include our relatively small sample size and possible selection bias, 

since some patients were enrolled to help explain poor school performance. With only three 

patients having ABWM, non-significant results may reflect a lack of statistical power.

Despite the clinical severity of our patients, including 18 of 21 children on hydroxyurea and 

three with SI, we documented a mixed picture of globally normal CBF in all major GM 

vascular territories, but elevated WM compared to normal values (22 ± 1 for teenagers and 

26 ± 1 for children) [22]. There is likely a continuum of the adaptive response to anemia in 

SCA, measurable by ASL techniques, whereby increased cerebral perfusion occurs first by 

vasodilation and then by vessel tortuosity. In untreated children with SCA, increased 

perfusion allows more oxygen delivery to GM and WM, albeit at a cost of decreased 

responsiveness to changes in blood pressure or oxygen saturation. Furthermore, increased 

CBF results in less “reserve” for changes in perfusion needed during cortical functions like 

reading and learning. As vasculopathy progresses, distinct large and small vessel changes 

occur, some of which may result in decreased perfusion from vaso-occlusive disease. Our 

treated cohort had relatively normal GM CBF, although perfusion in distal WM territories 

remained relatively elevated, suggesting differences in adaptive responses of GM and WM 

vessels. Serial measurements before and during hydroxyurea will help validate these 

findings.
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Figure 1. 
Segmented arterial spin labeling (ASL) Map. A. Axial images of ASL cerebral blood flow 

(CBF) at the level of the internal capsule; B. A segmented map demonstrating gray matter in 

yellow, white matter in green, and cerebral spinal fluid in blue; C. A manually delineated 

vascular map demonstrates regions of large and small vascular territories. ACA perforator 

territories are not shown
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Figure 2. 
Examples of silent infarct and leukoencephalopathy. A, B axial fluid attenuation inversion 

recovery (FLAIR) sequences; C, D corresponding segmented maps (arrows).
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Figure 3. 
Magnetic resonance angiography (MRA) examination of two different patients. A. Normal 

MRA demonstrates normal bilateral M1 segments and B. basilar artery; C. Abnormal MRA 

demonstrates tortuous bilateral M1 segments and D. basilar artery (arrows).
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Figure 4. 
Analysis of CBF. A. Panel demonstrates fractional anisotropy (FA); B panel demonstrates 

apparent diffusion coefficient (ADC) in normal appearing white matter (NAWM) compared 

with abnormal appearing white matter (ABWM). CBF is decreased in ABWM.

Helton et al. Page 13

Pediatr Blood Cancer. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Gray matter (GM) and white matter (WM) CBF in children with SCA. Although TCD 

velocities were considered normal for patients with SCA, CBF was elevated in gray matter 

compared with published normal values, with flow to all GM approximately 1.6 times that 

of flow to WM [7].
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Figure 6. 
A. Regional CBF of Gray Matter-Right Hemisphere. B. Regional CBF of Gray Matter-Left 

Hemisphere. The median regional CBF of GM (error bars represent the minimum and 

maximum), comparing children normal by conventional MRI to those with white matter 

lacunae and or LE (abnormal cohort).
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