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Abstract

Children with sickle cell disease (SCD) are at a high risk for neurocognitive impairment. We aim to quantitatively measure
cerebral tissue R2* to investigate the brain iron deposition in children and young adults with SCD in comparison to beta
thalassemia major (BTM) and healthy controls and evaluate its impact on neurocognitive functions in patients with SCD.
Thirty-two SCD, fifteen BTM, and eleven controls were recruited. Multi-echo fast-gradient echo sequence brain MRI was
performed, and brain R2* values of both caudate and thalamic regions were calculated. SCD patients were examined for the
neurocognitive functions. SCD had high iron overload 0.30+0.12 mg/kg/day. 68.9% of SCD had under-threshold I1Q, 12.5%
had moderate to severe anxiety, and 60.8% had depression. There were no differences between SCD, BTM, and controls in
brain MRI except that left thalamus R2* higher in BTM than both SCD and controls (p =0.032). Mean right caudate R2*
was higher in female than male (p =0.044). No significant association between brain R2* and LIC or heart R2* values in
SCD. Left caudate R2* directly correlate with age and HbS%, and negatively correlate with HbA% while right thalamus
R2* negatively correlate with transfusion index and among SCD patients.

Conclusion: Neurocognitive dysfunction in SCD could not be explained solely by brain iron overload.

What is Known:

o Children with sickle cell disease are at great risk of brain damage due to their irregularly shaped red blood cells that can interrupt blood
Sflow to the brain.

o There are a number of factors that have negative brain effects that result in learning difficulties, and this not only due to increase brain iron
content.

What is New:

o Assessment of quantitative brain iron content using MRI R2* in children and young adults with SCD in comparison to beta thalassemia
major and healthy controls.

e Impact of brain iron content on neurocognitive functions of children and young adults with SCD.

Keywords Brain iron overload - Sickle cell disease - T2* value - B thalassemia major

Abbreviations ROIs Regions of interest
CNS Central nervous system WAIS-IV  Wechsler Intelligence Scale for Children-
SCD Sickle cell disease Fourth Edition
ROS Reactive oxygen species BPRS Brief Psychiatric Rating Scale
LIC Liver iron concentration
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[1]. Cerebrovascular accidents can be the cause of the
observed neurocognitive impairments [2]. However, even
in the absence of overt cerebral strokes or parenchymal
abnormalities in neurologically intact SCD patients; neu-
rocognitive dysfunction could occur [3] due to recurrent
micro-infarction of the CNS, hypoxic damage to the brain
secondary to chronic anemia, hypoxic damage exacerbated
by acute events, and chronic nutritional deficiency associ-
ated with increased metabolic demands [2].

Elevated iron in the brain, in case of iron overload
syndromes, has a neurotoxic effect through the formation
of reactive oxygen species (ROS) which are a source of
oxidative stress that initiates apoptotic signal pathways
[4]. Because of the abundance of molecular oxygen and
oxidizable neurotransmitters and the presence of poor anti-
oxidant defense mechanisms of the brain, it becomes very
liable for iron-induced oxidative damages [5].

Owing to these observations, most recent evaluations
of clinical trials to treat children with SCD have included
neurocognitive function as a primary or secondary outcome
[6]. It is clearly a priority of the pediatric SCD community
to address concerns and better understand how neurocogni-
tive function is affected and how to prevent this devastating
impact from happening [7]. The primary objective of this
work was to measure quantitative brain iron content, using
MRI R2* values in the caudate and thalamic regions in Egyp-
tian children and young adults with SCD in comparison to
beta thalassemia major (BTM) and age and sex-matched
healthy controls, while the secondary objectives were to eval-
uate the impact of brain iron content on neurocognitive func-
tions assessed by neurocognitive examinations and to evalu-
ate its association with the liver and heart iron concentrations.

Patients and methods

This is a cross-sectional case—control study conducted at
the Pediatric Hematology Oncology department, Children’s
Hospital, Ain Shams University. Participation was voluntary
after informed consent and assent were obtained from legal
guardians of all participants and their children. The proce-
dures applied in this study were approved by the institutional
regulatory board of the Pediatric and Radiology department
as well as by the Ethical Committee of Human Experimenta-
tion of Ain Shams University and were in accordance with
the Helsinki Declaration of 1975, as revised in 2008.

Study population

Thirty-two adolescents and young adults with SCD, 13
females (40.6%) and 19 males (59.4%), with their mean age
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of 15.25+3.69 years, were recruited at their steady state
defined as a point in time where the patient in question is
not experiencing an acute painful crisis or any changes due
to therapy) [8]. In addition, fifteen patients with BTM, 8
(53.3%) females and 7 (46.7%) males, with their mean age
of 19.40+4.31 years, were recruited as a comparative iron
overload syndrome. Furthermore, eleven healthy controls—
subjects who had not history of any neurological disease,
blood transfusion, or any condition that would affect the
body iron content, 6 females (54.5%) and 5 males (45.5%)—
their mean age was 17.73 +4.84 years.

Recruited subjects should be able to perform MRI and
neuropsychiatric assessment. Subjects known to have con-
traindications for MRI, those with myocardial infarction,
cardiac failure, or and liver cell failure; those with history
of neurological disease, head trauma, or neurosurgery; and
those treated with any medications affecting the cogni-
tion, memory, and behavioral were excluded. None of SCD
patients had diabetes or micro-albuminuria, and all of them
had previously experienced vaso-occlusive crisis; clinical
characteristics among the studied thirty-two SCD patients
are illustrated in Table 1.

Study procedure

Patients with SCD were subjected to thorough clinical
assessment with special emphasis neurological assessment
and SCD related complications. The transfusion received
was calculated as the transfusion index: volume of transfused
packed red cells in milliliter per kilogram body weight per
year (expressed as the mean value in the last 2 years). Thirty
(93.8%) SCD patients received either mono- or combined
chelation therapy. Fifteen of them received mono-chelation;
fourteen received oral deferiprone (DFP) in a daily dose of
50-100 mg/kg/day, and one patient received deferoxamine
(DFO) infused subcutaneously in a dose 30—45 mg/kg/day
given 5 days/week. Compliance to chelation therapy was
assessed by reviewing patient self-report of dose-taking,
and the appropriate number of doses taken during each day
was checked by prescription refills and pill count; a cutoff
point below 80% was considered as poor compliance to the
regimen [9]. Of the thirty SCD patients on chelation, twenty
of them received concomitantly hydroxyurea therapy which
was given orally in a dose of 20 mg/kg/day with escalation
to a maximum tolerated dose according to the safety and
response.

Laboratory analysis

Laboratory investigations included CBC using Sysmex
XT-1800i (Sysmex, Kobe, Japan), hemoglobin analysis by
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Table 1 Clinical and laboratory
characteristics of the studied
patients with sickle cell disease

Clinical characteristics

Sickle cell disease patients
No.=32

Therapeutic modalities

Transfusion frequency/month; median (IQR)
Transfusion index (mL/kg/year); mean+ SD
Iron overload/day (mg/kg); mean+SD
Co-morbidities

Delayed puberty

Crisis frequency > 3/year

Splenectomy

Hepatitis C virus infection
Cardiopulmonary complications

Acute chest syndrome

Stroke

Laboratory data

Pre-transfusion hemoglobin (g/dL); mean+ SD
HbS %; median (IQR)

HbF %; median (IQR)

HbA %; median (IQR)

Serum ferritin (ng/mL); median (IQR)
Serum ferritin: cutoff > 2500 ng/mL; n (%)
Alanine aminotransferase (U/L); mean +SD
Aspartate aminotransferase (U/L); mean +SD
Total bilirubin mg/dL; median (IQR)

Direct bilirubin mg/dL; median (IQR)
Albumin g/dL; mean+SD

Serum creatinine mg/dL; mean+SD

Lactate dehydrogenase (IU/L); mean +SD

2(1-3)
174.70 +63.98
0.30+0.12

n (%)

5(15.6)

10 (31.3)

12 (37.5)
4(12.5)
3(9.4)

6 (18.8)
2(6.3)

8.52+1.79
61.40 (51.55-78.2)

8 (3.65-15.31)

25.5 (9.15-41.35)
2819.50 (1194.2-4500)
17 (56.7)

25.5 (13-33)

46.93 +20.50
2.5(2-3.8)

0.9 (0.78-1.2)
4254031

0.34+0.11

532.98 +246.24

Amylase U/L; mean +SD

58.03+17.00

HPLC using D-10 (Bio-Rad, Marnes La Coquette, France),
liver function tests (serum albumin, total and direct bilirubin,
alanine aminotransferase, and aspartate aminotransferase),
and markers of hemolysis (lactate dehydrogenase and indi-
rect bilirubin) using Cobas Integra 800 (Roche Diagnostics,
Mannheim, Germany). Serum ferritin level was measured on
Immulite 1000 analyzer (Siemens Healthcare Diagnostics,
Marburg, Germany) at the start of the study with calcula-
tion of the mean value of the last year prior to the study in
order to estimate the ferritin trend; then, the cutoff value
2500 pg/L was used to classify SCD patients into 2 groups
as it was defined to be the best for prediction of thalassemia
complication [10].

Radiologic evaluation

MRI examination was performed on a 1.5-Tesla supercon-
ductive MR Philips scanner (Achieva 2018, Philips, Ned-
erland B.V., The Netherlands) at Diagnostic Radiology
Department at Ain Shams University Hospital without any
contrast material. Patients were prepared and were trained

to remain motionless, avoid excessive swallowing, and regu-
late respiration and were informed that study takes about
10-15 min and that the system generates some loud noise.

Regional-brain R2* quantitative MRI assessment was per-
formed for fifteen SCD patients and fifteen BTM and eleven
controls. Localizer images in three orthogonal planes were
taken first; then, axial slices of the brain were acquired
covering the regions of interest (ROIs) (both right and left
caudate and thalamic nuclei); each slice was acquired by
a multi-echo gradient T2* sequence (Fast Field Echo/m-
FFE), and the total acquisition time was 2.15 min. Sequence
parameters were as follows: twelve (TEs) spaced from 1 to
12 ms, TR 100, slice thickness =10, FOV 225 x 225, matrix
size: 140x 150, flip angle =15° and NSA =6. Drawing ROIs
on the caudate head and thalamic nuclei was done manu-
ally. Then, each ROI is propagated to the other (TEs), auto-
matically. This was performed symmetrically in both hemi-
spheres (left and right sides). The mean (SI) of a region was
measured for each image and plotted against the TE. A sin-
gle T2* decay curve for each ROI is obtained that generally
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reflects the average iron concentration in that region. The
mean regional-brain T2* and R2* values were calculated
manually using a simple mathematical model using Micro-
soft (MS) Excel spreadsheet V 2.01 where values of signal
intensity (T2* values), and TEs were manually inputted into
the Excel spreadsheet [11].

Quantitative liver iron concentration (LIC) and myocardial
T2* MRI assessment were performed for fifteen SCD and
fifteen BTM only. Myocardial T2* was measured through
multi-echo turbo field echo black and white blood short axis,
and patients were then classified into normal T2* levels
(>20 ms), low (15-20 ms), intermediate (10—15 ms), and
high risk T2* < 10 ms calculated [12]. LIC was performed
through multi-echo gradient axial cuts through the upper
abdomen. According to liver iron T2* values, patients are
classified normal T2* levels (> 11.4 ms), low (3.8—11.4 ms),
intermediate (1.8-3.8 ms), and high T2* (< 1.8 ms) [13].

Neurocognitive and psychiatric assessment

Psychiatric interviews and assessments were conducted
by experienced qualified psychologist using the following
instruments.

Wechsler intelligence scale for children-fourth edition
(WAIS-IV) is an intelligence quotient (IQ) test designed to
measure intelligence and cognitive ability and to assess ver-
bal comprehension, visual-perceptive performance, working
memory, and processing speed and finally provides a global
scale to get the 1Q [14]. Findings were classified as under
threshold if values were < 90, normal, or average 90-109,
over the threshold if > 109 [15].

Brief psychiatric rating scale (BPRS) is a 24-item BPRS (ver-
sion 4.0) that assesses 24 psychiatric symptoms including
depression and anxiety. The presence and severity of psy-
chiatric symptoms were rated on a Likert scale ranging from
1 (not present) to 7 (extremely severe). A separate score for
the degree of pathology in each of the symptoms areas is
obtained in this way [16].

Benton visual retention test is an individually administered
test that measures visual perception and visual memory. It
can also be used to help identify possible learning disabili-
ties among other afflictions that might affect an individual’s
memory. The individual examined is shown 10 designs, one
at a time, and asked to reproduce each one as exactly as
possible on plain paper from memory. The test is untimed,
and the results are professionally scored by form, shape,
pattern, and arrangement on the paper. The test has cutoff
point at >4, and those values are the same for the difference
between the obtained correct and the expected correct, and
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the difference between the obtained error and expected error
[17].

Statistical analysis

Data were entered, processed, and analyzed using software
IBM® SPSS® Statistics 23 version. Descriptive statistics
for quantitative variables were described as mean and stand-
ard deviation or median and interquartile range (IQR; 75th
and 25th percentiles). Qualitative variables were described
as number and percent. The Kolmogorov—Smirnov test
was used for testing the distribution of normality. The Stu-
dent’s T-test was used to compare between two groups for
numerical variables and chi-square test for categorical vari-
ables. The comparison between two independent groups
with qualitative data was performed using chi-square test,
and the comparison between more than two independent
groups with quantitative data and parametric distribution
was performed by one-way ANOVA test followed by post
hoc analysis using LSD test. Pearson correlation coefficients
were used to assess the correlation between two quantitative
parameters in the same group. The confidence interval was
set to 95%, and the margin of error accepted was set to 5%,
and the probability of <0.05 was used as a cutoff point for
significant test meaning that P-value < (0.05 were significant.

Results

Neurocognitive and psychiatric characteristics among the
studied patients with SCD are illustrated in Table 2. Nearly
two-thirds of SCD had IQ under threshold (IQ value < 90).
12.5% of SCD patients had moderate to severe anxiety, and
60.8% had of SCD patients had depression.

Only two male patients with SCD had history of stroke,
with headache in one patient and limb weakness affecting
the left side in the other patient were the presenting symp-
toms. Both had confirmed radiological diagnosis of stroke
showing lacunar infarctions (watershed infarctions). At the
time of assessment, both had no functional neurological defi-
cit and normal TCD assessment.

Radiological characteristics of the studied groups are
illustrated in Table 3. There were no significant differ-
ences between the three studied groups with respect to age
(p=0.261). Left thalamus R2* value was higher in patients
with BTM than both patients with SCD and healthy controls.

Correlation study between R2* values of different regions
of the brain in patients with SCD and the studied neurocog-
nitive parameters showed no significant correlation except
positive correlation between left caudate R2* and anxiety
value (r=0.724, p=0.012). There were positive correla-
tion between hemoglobin S% and both left caudate R2*
(r=0.015, p=0.031) and right thalamus R2* (r=0.612,
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Table 2 Neurocognitive and
psychiatric characteristics
among patients with sickle cell

Wechsler Intelligence Scale Fourth Edition (WAIS-1V)

Sickle cell disease
n=29

disease Verbal; mean + SD (range)

Perceptual; mean +SD (range)
Memory; mean + SD (range)
Processing; mean + SD (range)
Total 1Q; mean + SD (range)
WAIS-IV category

Benton Visual Retention Test

Obtained correct; mean + SD (range)
Expected correct; mean +SD (Range)

Difference; mean + SD (range)
Obtained error; median (IQR)

Expected error; mean + SD (range)

Difference; median (IQR)
Anxiety test

Anxiety value; median (IQR)
Anxiety category

Depression test
Depression value; median (IQR)
Depression category

89.55+10.34 (75-118)
85.41+9.11 (71-106)
88.66+ 12.81 (67-125)
88.38+13.32 (70-116)
86.97+10.16 (74-113)
20 (68.9%)

8 (27.5%)

1 (3/%)

Sickle cell disease
n=19

4.65+2.00 (1-8)
6.00+1.83 (2-8)
2.50+1.15 (1-5)
5(3-6)

6.21+£2.70 (3-12)
3(1-4)

Sickle cell disease
n=24

8.5(5.5-12)

Normal 9 (37.5%)
Mild 12 (50.0%)
Moderate 2 (8.3%)
Severe 1(4.2%)

No.=24
6.5 (4.5-10.5)

Normal 9 (39.2%)
Mild 3 (13.0%)
Moderate 11 (47.8%)

Under threshold (< 90)
Average (90-109)
Over threshold (> 109)

p=0.105) and a negative correlation between hemoglobin
A% and left caudate R2* (r= —0.568, p=0.027). There
were positive correlation between left caudate R2* and age
and negative correlation between transfusion index and right
thalamus R2* as shown in Fig. 1. However, there was non-
significant correlation between mean pre-transfusion hemo-
globin and the R2* values of different regions of the brain.

A univariate linear regression model was built between
certain variables (age, transfusion frequency, Hb S%, Hb
A%, Benton visual retention test), and the left caudate R2*
showed that the most important factor influenced by the level
of left caudate R2* is the Benton visual retention for the dif-
ference of correct (t=5.687, p=0.011).

The correlation coefficients between R2* values of dif-
ferent regions of the brain in SCD subgroup with patients
showed no significant association that was found between
brain R2* values LIC or heart R2* values. R2* values
of different regions of brain in relation with the studied
parameters of patients with SCD were not significant
except for sex; mean right caudate R2* value was higher
in female (17.38 +0.83) than in male (15.58 + 1.68)
(p=0.044).

Hlustrative case

A seventeen-year-old female patient with SCD, on regular
blood transfusion, had serum ferritin level equal 7426 ng/
mL. Her liver iron content equals 7.49 mg/g, cardiac T2*
equals 41 ms, cardiac R2* equals 24.4 Hz, and her cal-
culated MIC equal 0.48 mg/g. Figure 2 showed that her
estimated left thalamus T2* was 69.1 ms, R2* 14.5 Hz,
and calculated left thalamus R2* was 14.5 Hz (within the
normal range of R2* of healthy controls (13.3-16.9)).

Discussion

Sickle cell disease (SCD) is common among people from
Africa, the Middle East, and the Mediterranean [18].
Although the wider use of hydroxycarbamide and newer
therapeutic approaches offer hope for decreased mortal-
ity and improved health-related quality of life, SCD in
lower source countries still carries poor prognosis and is
associated with high early childhood mortality [19]. Trans-
fusion is a frequently employed therapy in SCD, but its
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Table 3 Radiological assessment of the studied groups

Regional-brain R2* MRI Sickle cell disease B thalassemia major Controls Test valuee P-Value
n=15 n=15 n=11
Right thalamus R2*; mean+SD 15.65+1.02 16.35+1.19 1593 +1.21 1.415 0.256
Left thalamus R2*; mean+SD  15.79+0.77 16.69 +1.34 15.65+1.10 3.761 0.032
Right caudate R2*; mean+SD  16.18 +1.67 16.05+2.69 16.76 £2.76 0.311 0.735
Left caudate R2*; mean+ SD 16.37+1.97 15.27+2.81 16.25+2.25 0.933 0.402
Liver and cardiac MRI Sickle cell disease B thalassemia major Test valuee P-Value
n=32 n=15
LIC mg/gm; median (IQR) 7.56 (5.91-15.05) 9.52 (8.06-15.51) —1.637%* 0.102
Liver iron Normal (<2) 0 (0%) 0(0%)
concentra- - Mild (2-7) 14 (43.75%) 1 (6.67%)
E]Ogr;;(nLIC); Moderate (7-15) 10(31.25%) 8 (53.33%)
Severe (> 15) 8 (25.00%) 6 (40.00%)
Heart T2*; mean+SD 33.54+5.64 43.28+24.83 —2.066e 0.045
Myocardial iron Normal (< 1.16) 30 (100%) 12(80%)
concentrations  Mild (1.16-1.65) 0 (0%) 0 (0%)
me/gm Moderate (1.65-2.71) 0 (0%) 2 (13.3%)
Severe (>2.71) 0 (0%) 1(6.6%)

“Chi-square test
eIndependent t-test
“*Mann Whitney test
eOne-way ANOVA test

best-validated uses have been in preoperative prophylaxis,
treatment of acute chest syndrome (ACS), prophylaxis,
and treatment of stroke [20], and nearly more than 90%
of adults are receiving at least one transfusion in their
lifetimes [19]. While transfusion may improve disease
complications, iron overload is an inevitable consequence
of transfusion therapy and iron deposited in the different
body organs leading to their cellular damage [21]. Chroni-
cally transfused iron overloaded patients with SCD have
significantly higher mortality than less transfused coun-
terparts without iron overload [22].

17.00 © I:'0708, p:OOO7

16.00-]

Right Thalamus R2*

15.00-

14.00-

T T T T T
50.00 100.00 150.00 200.00 250.00

Transfusion Index

Left caudate R2*

Studies and data concerning the brain iron deposition
in SCD patients are still limited and conflicting. Multiple
studies showed increased iron levels in certain brain regions
which were normal in the other studies. Although MRI is
the most reliable and non-invasive method for early detec-
tion of the organic iron overload with sensitivity of 96% and
specificity of 80% [23], there are still no international guide-
lines that set the cutoff values of brain R2* values for the
brain iron assessment in patients with iron overload as those
established in the liver and heart. Anatomical networks are
mostly studied using a model-driven seed-based approach

r=549, p=0.034
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1400 @

T T T T T
12.50 15.00 17.50 20.00 25.00

Age

Fig.1 Correlations analysis among sickle cell disease. A Right thalamus R2* and transfusion index. B Left caudate R2* and age
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Fig.2 Multi-echo fast gradient echo brain MRI T2* sequence. Left:
region of interest is drawn at the left thalamus (highlighted in red)
for measuring the mean signal intensity throughout multiple echo
times to calculate the R2*. Right: data analysis using Microsoft

with a priori hypotheses of manually selected regions of
interest and their connected networks [24, 25]. The basal
ganglia and thalamus were chosen to be the region of inter-
est (ROISs) as they are known to be the main sources of brain
iron accumulation [26, 27].

A 2D T2* multi-echo fast-gradient echo pulse sequence
was used in the current study for assessment of brain iron
content, the same technique used by Akhlaghpoor and his
team [5] while other researchers used a 3D gradient-echo
sequence [28]. An early study showed that R2* is more sen-
sitive to R2 in evaluation of the brain iron content comparing
both to chemically determined brain iron concentrations in
a postmortem study [29]. A subsequent study found that
SWI was the most sensitive in detecting iron accumulation
in the choroid plexus, followed by GRE T2* sequence in
comparison to T2-weighted [30].

Early in the 2000s, the first study was performed to
evaluate the MRI brain iron content in patients with BTM;
the study found that the T2 relaxation rates (R2) were
higher in the caudate, putamen, and motor and temporal
cortex in BTM patients than in the controls [31]. A decade
later, another study confirmed that BTM patients had sig-
nificantly lower T2* values in basal ganglia, thalamus, and
adenohypophysis compared to controls and no correlation
between liver T2* values and T2* values of basal ganglia
(striatum) and the thalamus [5]. In 2018, a study found
that BTM patients showed significantly higher susceptibil-
ity value in the red nucleus and choroid plexus indicating
more iron deposition in both areas [28]. In the same year,
another study used voxel-based high-resolution whole-
brain MRI study in addition to regional analysis of the
grey matter subcortical regions. In this study, compared
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Excel spreadsheet V 2.01: the signal intensity (TE) is plotted against
multiple TE values. The exponential signal decay curve is then con-
structed. T2* and R2* values are calculated automatically in the left
thalamic region

to the controls group, both TDT (transfusion-dependent
thalassemia) and NTDT (non-transfusion-dependent
thalassemia) groups show only small areas of higher iron
deposition; these areas were the anterior hippocampal for-
mation, areas around Luschka foramina and dorsal tha-
lamic nuclei (in TDT; left thalamic region) [32].

In 2014, Brown et al. found that only the choroid plexus
showed a significant increase in iron content in the SCD
group, and the levels correlated well with serum ferritin and
liver R2* while no significant iron elevation in the subcorti-
cal nuclei and no correlation between the iron levels in the
subcortical structures and the liver R2* when corrected for
age [33]. In 2018, Miao et al. measured the brain iron con-
tent of the asymptomatic SCD patients using R2*-regional
based brain iron quantification including caudate nucleus,
putamen, globus pallidus, red nucleus, substantia nigra, and
the dentate nucleus and found that only the R2* values of the
substantia nigra and the dentate nucleus were significantly
higher in the SCD group than the controls [34].

In the current study, three subgroups that performed MRI
assessment were age- and sex-matched. No significant differ-
ences were found between the SCD and control groups in all
regions including the left thalamus. However, in BTM sub-
group, patients had significantly higher R2* values compared
to the controls and SCD patients as regards to the left thalamic
region. There is a conflicting result as regard differential iron
content; one research concluded that left hemisphere showed
greater iron content than the right hemisphere [27] while oth-
ers found that there were no significant differences between
both hemispheres [31]. Our study showed no correlation
between the measured R2* values in all the selected ROIs
and liver iron concentrations in both SCD and BTM patients,
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which may indicate that LIC is not good indicator of the brain
iron content. Also, our study showed that no significant cor-
relation was found between the serum ferritin and R2* values
in all selected ROIs in SCD group. In general, most of the
studies indicate that serum ferritin as well as LIC and MIC are
not good predictors of brain iron overload [5, 32, 33].

The different findings in different studies regarding brain iron
content could be explained by the hypothesis that the brain has
a protective mechanism against iron overload by decreasing the
transferrin receptors when the serum iron level increases. So,
iron deposition cannot exceed a certain saturation level in cer-
tain brain areas. Also, differences in the T2* values among the
various brain regions indicate that the iron uptake into the brain
differs depending on the brain region [5, 31]. Differences could
also be explained by sample characteristics: different demogra-
phy, environmental and dietary factors, and guidelines of treat-
ment in different countries with different chelation therapy as
well as different study design and MRI sequences.

The Cooperative Study of Sickle Cell Disease (CSSCD)
began examining neurocognitive function and neuroimag-
ing patterns in a large SCD cohort over a 10-year period. The
CSSCD found that nearly 22% of children with HbSS experi-
enced a clinical stroke or silent cerebral infarct prior to 15 years
of age, and that there were measureable differences in global
cognitive function and specific neuropsychological function
associated with these events [35]. In addition, the CSSCD found
that, in children who had no evidence of brain abnormality on
MRI over the 10 years of participation, there was still a mean
decline of 16 IQ points over time [36]. This strongly suggested
that something besides vascular occlusion/infarction placed
children with SCD at risk, and mechanisms involving chronic
anemia, hypoxia, or interference with oxygen perfusion and dif-
fusion have been considered [37]. A literature review in 2007
revealed that there was a decrease in the neurocognitive func-
tions in SCD patients evidenced by impairment in Full Scale
1Q (FSIQ), Verbal IQ (VIQ), or Performance 1Q (PIQ) and
impaired attention and executive functions together with aca-
demic achievement [38]. Children with SCD are at a high risk
for neurocognitive impairment, which has potential implications
for overall HRQL. A meta-analysis indicated that children with
SCD often scored lower on general IQ measures than healthy
children, with 51% of studies reporting significant differences.
When examining specific cognitive abilities, more robust and
consistent differences were found, with 71% of studies reporting
significant deficits in at least one cognitive domain [39]. Defi-
cits have been found most often in attention, processing speed,
and working memory, as well as verbal and language domains
[36, 40]. In agreement with previous studies, our study showed
that 68.9% of our SCD patients had under-threshold TIQ scores.
Furthermore, 50% of the patients showed mild anxiety, 8.3%
moderate anxiety, and 4.3% showed severe anxiety.

The reasons behind cognitive dysfunctions in SCD
patients are still not fully understood. Despite, we reported

@ Springer

cognitive dysfunctions in SCD patients, and there were no
statistically significant differences between the SCD and
control groups as regard the brain iron deposition. Previous
studies showed that these neurological abnormalities may
be due to neurotoxicity of DFO, chronic hypoxia, chronic
illness, multiple hospitalizations, or silent strokes [2, 3].

With the study limitations, the relative small sample
size, the lack of comparative neurocognitive tests for BTM
cohort, the usage of ME-GRE T2* sequence and not the
susceptibility-weighted images sequence (SWI), and the
lack of whole-brain quantitative MRI study, we conclude
that the brain iron deposition as the sole cause for neuro-
cognitive impairment in patients with SCD could not be
proved.
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