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Abstract. Sickle cell disease (SCD) is a genetic blood disorder that has profound effects on the brain. Chronic
anemia combined with both macro- and microvascular perfusion abnormalities that arise from stenosis or occlu-
sion of blood vessels increased blood viscosity, adherence of red blood cells to the vascular endothelium, and
impaired autoregulatory mechanisms in SCD patients all culminate in susceptibility to cerebral infarction. Indeed,
the risk of stroke is 250 times higher in children with SCD than in the general population. Unfortunately, while
transcranial Doppler ultrasound (TCD) has been widely clinically adopted to longitudinally monitor macro-
vascular perfusion in these patients, routine clinical screening of microvascular perfusion abnormalities is chal-
lenging with current modalities (e.g., positron emission tomography and magnetic resonance imaging) given
their high-cost, requirement for sedation in children <6 year, and need for trained personnel. We assess the
feasibility of a low-cost, noninvasive optical technique known as diffuse correlation spectroscopy (DCS) to quan-
tify an index of resting-state cortical cerebral blood flow (BFI) in 11 children with SCD along with 11 sex- and
age-matched healthy controls. As expected, BFI was significantly higher in SCD subjects compared to healthy
controls (p < 0.001). Within SCD subjects, BFI was inversely proportional to resting-state arterial hemoglobin
levels (p ¼ 0.012), consistent with expected anemia-induced compensatory vasodilation that aims to maintain
adequate oxygen delivery to the tissue. Further, in a subset of patients measured with TCD (n ¼ 7), DCS-
measured blood flow was correlated with TCD-measured blood flow velocity in middle cerebral artery (Rs ¼
0.68), although the trend was not statistically significant (p ¼ 0.11). These results are consistent with those
of several previous studies using traditional neuroimaging techniques, suggesting that DCS may be a promising
low-cost tool for assessment of tissue-level CBF in pediatric SCD.© The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its
DOI. [DOI: 10.1117/1.NPh.6.3.035006]
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1 Introduction
Sickle cell disease (SCD) is a genetic blood disorder affecting
nearly 300,000 neonates worldwide per year.1 A single mutation
in the beta-globin gene produces sickle hemoglobin (HbS),
a structural variant of normal adult hemoglobin (HbA). While
patients with sickle cell trait who inherit one HbS gene and one
HbA gene are typically asymptomatic, individuals who inherit
HbS genes from both parents suffer from sickle cell anemia that
can cause serious acute and chronic complications in multiple
organs.2

The cerebral effects of SCD are substantial. By age 15, ∼2%
of pediatric SCD patients experience an overt stroke accompa-
nied by obvious neurological symptoms, and ∼40% of patients
will develop silent infarctions.3 These silent infarcts accumulate
occultly, but they can be seen by MRI and are associated with
cognitive impairments and increased risk of overt stroke.3–6

Moreover, compared with age-matched controls, children with
SCD have significantly diminished IQ, increased incidence of
attention deficits, and impaired executive skills and visuospatial
memory.3,7–9

Although the exact mechanisms of brain injury in these
patients are not thoroughly understood, stroke and subsequent
neurological impairments in children with SCD are generally
believed to stem from the presence of chronic anemia coupled
with perfusion abnormalities that arise from stenosis or occlu-
sion of blood vessels, increased blood viscosity, adherence of
red blood cells to the vascular endothelium, and impaired auto-
regulatory mechanisms.10,11 Chronic anemia leads to a persis-
tent global hyperemia in order to preserve adequate oxygen
delivery to the tissue.12–16 Unfortunately, hyperemic vasodila-
tion, impaired cerebrovascular autoregulation, and limited vas-
cular reserve17–19 leave the brain vulnerable and ill-equipped
to respond to increased metabolic demand or reduced blood
oxygen content; consequently, the tissue is susceptible to
infarction.20

Transcranial Doppler ultrasound (TCD) is the standard
screening tool for overt stroke risk in pediatric SCD.21–23

Through timely initiation of transfusion therapy in patients
whose TCD-measured middle cerebral artery blood flow veloc-
ity (CBFV) is >200 cm∕s, the risk of overt stroke in children
has significantly diminished by more than 80%.4,22 Despite
this success, multiple limitations of TCD remain: (1) TCD is
insensitive to silent infarctions, (2) some overt strokes are still
observed in patients with CBFV < 200 cm∕s,21,24 (3) overt
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strokes do not occur in ∼75% of children with CBFV >
200 cm∕s, submitting them to unnecessary transfusion
therapy,21 and (4) TCD has not proven to be useful in assessing
safe guidelines for cessation of transfusion therapy, a treatment
that is burdensome to patients and families and is also associated
with risk of infection, iron overload, and alloimmunization.25,26

Supplementary modalities to TCD are needed for improved
cerebral monitoring in SCD patients in order to increase speci-
ficity in stroke screening and to initiate timely therapeutic
interventions.

Measurements of microvascular, tissue-level CBF have
shown promise as complementary data to TCD measurements
of macrovascular CBFV in SCD. Several investigations have
demonstrated that resting-state cortical CBF in SCD is signifi-
cantly elevated compared to age-matched controls,14–16,27 even
in the presence of seemingly normal TCD velocities.13,28 Indeed,
numerous reports have shown a mismatch between macrovascu-
lar blood flow velocities and microvascular blood flow, as indi-
cated by a lack of correlation between TCD measured CBFV
and cerebral blood flow.13,29 Moreover, perfusion abnormalities
in SCD have been associated with increased incidence of
neurological symptoms (e.g., reversible ischemic neurological
deficit and transient ischemic attack) and overt stroke,10,30 and
elevated CBF has been associated with lower IQ.13 Further,
recent work has demonstrated that transfusions act to reduce
CBF and relieve metabolic demand.31 Taken together, these
studies suggest that identification of microvascular CBF abnor-
malities may improve characterization of stroke risk, guide
treatment strategies, and possibly help mitigate adverse neuro-
cognitive outcomes in children with SCD.10,13,14,32 Unfortu-
nately, current tissue-level CBF neuroimaging tools (e.g., PET
and MRI) are prohibitively expensive, have limited access,
require anesthesia in children <6 year, and sometimes rely on
external contrast agents, making them inappropriate for the rou-
tine clinical tools or use in countries with low-resource settings.

Herein, we assess the feasibility of a low-cost, noninvasive
optical technique, known as diffuse correlation spectroscopy
(DCS), to quantify microvascular cerebral blood flow in
pediatric patients with SCD. DCS uses near-infrared light to
relate intensity fluctuations of multiply scattered reflected light
detected at the tissue surface to a blood flow index (BFI) in the
underlying tissue.33,34 DCS has been extensively validated as a
trend monitor of relative change in CBF over time (as recently
reviewed by Refs. 35 and 36). However, resting-state BFI has
only be validated clinically in neonates and small animals, as the
presence of a thick (≥1 cm) extracerebral layer in older patients
can significantly confound estimations of absolute BFI and lead
to substantial errors. Nevertheless, our results suggest that in
children with SCD, the alterations in cerebral blood flow appear
to be substantial enough to significantly reduce the effects of
extracerebral layers such that we are able to observe expected
CBF trends seen by other “gold standard”modalities, i.e., (1) the
DCS measured BFI is increased in children with SCD compared
to healthy controls and (2) within SCD subjects, BFI is inversely
correlated with arterial hemoglobin concentration.

2 Materials and Methods

2.1 Subject Cohort

Children ages 2 to 10 years old with SCD (HbSS or HbSβ0

thalassemia) along with healthy age- and sex-matched controls
were enrolled at Children’s Healthcare of Atlanta. Subjects were

excluded if they had a significant acute illness within 1 month
of optical assessment, were hypertensive, had a history of
major head injury requiring a visit to an emergency department,
seizure disorder, or prenatal or perinatal hypoxic-ischemic
brain injury. Written informed consent was obtained from legal
guardians of all participants. The study was approved by the
Children’s Healthcare of Atlanta Institutional Review Board.

Phlebotomy was performed on all SCD subjects for a clin-
ically indicated complete blood count (including hemoglobin,
hematocrit, red blood cell count, white blood cell count, and
reticulocyte count) within 2 days of optical measurements.
A complete clinically indicated TCD assessment was also per-
formed in a subset of SCD subjects (n ¼ 15) within 1 day of
optical measurements.

2.2 DCS Measurement of Blood Flow

DCS utilizes near-infrared light to noninvasively estimate
microvascular blood flow. In DCS, the tissue is illuminated with
a long-coherence laser, and temporal fluctuations in reflected
light intensity are measured by a remotely located detector.
These intensity fluctuations are primarily caused by the motion
of red blood cells. To relate intensity fluctuations to red blood
cell flow in the interrogated tissue volume, we compute an inten-
sity autocorrelation function, g2ðτÞ. Then, we fit g2ðτÞ to a sim-
ple analytical model, known as correlation diffusion theory,
to extract a BFI (cm2∕s). This BFI reflects the average flow of
red blood cells within the interrogated tissue volume.33,34,37,38

For the experiments described herein, we employed a
custom-built DCS system that consisted of an 852-nm long-
coherence laser (iBeam Smart, TOPTICA Photonics,
Farmington, New York), two four-channel single photon count-
ing modules (SPCMAQ4C-IO, Perkin-Elmer, Quebec, Canada),
and an eight-channel hardware correlator (Flex05-8ch,39 New
Jersey). For subject measurements, we used a DCS sensor
with two source-detector separations [1.0 and 2.5 cm, Fig. 1(b)]
for varying depth sensitivities [Fig. 1(c)].40 All fibers were
embedded in a rubber-like flexible holder. Given an approxi-
mate depth to the brain of 1 cm in sickle cell patients of this
age range, the short separation (r ¼ 1 cm) is primarily sensitive
to extracerebral tissue layers, while the longer separation
(r ¼ 2.5 cm) is sensitive to both cerebral and extracerebral
layers.40 The sensor consisted of a 1-mm source fiber bundle
(50-μm multimode fibers, NA ¼ 0.66, FTTIIG23767, Fiber-
optics Technology, Pomfret, Connecticut), a 4.4-μm single-
mode fiber (780HP, Thorlabs) at the 1-cm separation, and seven
single-mode fibers bundled together at the 2.5-cm separation to
compensate for the exponential decrease in detected light inten-
sity with increasing source–detector separation. The detected
autocorrelation curves from these seven detectors at 2.5 cm
were averaged for improved signal-to-noise ratio (SNR). Care
was taken to ensure compliance with the American National
Standards Institute (ANSI) maximum permissible exposure of
skin to laser radiation (<4 mW∕mm2 at 852 nm). Specifically,
we manually adjusted the laser power such that the power output
of the optical sensor was ∼40 mW. Further, we ensured a spot
size of radius>2 mm by either putting a spacer or a 5-mm right-
angle-prism between the source fiber tip and the tissue surface.

For each measurement session, the DCS sensor was secured
on either right or left forehead for ∼2 min of 0.3-Hz data
acquisition [Fig. 1(a)], resulting in 40 to 50 intensity auto-
correlation measurements. In a subset of subjects (n ¼ 23), we
also employed a frequency-domain near-infrared spectroscopy
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(FDNIRS) to assess resting-state tissue optical properties for
improving DCS analysis (see Sec. 6).

2.3 DCS Data Analysis

For DCS analysis, the measured intensity autocorrelation func-
tions, g2ðτÞ), were first evaluated for signal quality. Data were
discarded according to the following predefined exclusion
criteria: (1) intensity <8 kHz, and/or (2) g2ðτ ¼ 1 sÞ > 1.005,
indicative of motion artifact. Next, g2ðτÞ at both 1 and
2.5 cm were each fit for a BFI using the semi-infinite solution
to the correlation diffusion equation. 37 Fits were constrained
to g2ðr ¼ 1 cm; τÞ > 1.005 and g2ðr ¼ 2.5 cm; τÞ > 1.2 to
increase sensitivity to the extracerebral and cerebral layers,
respectively.40,41 For all these fits, we assumed an index of
refraction of 1.4, and we input the FDNIRS-estimated reduced
scattering (μ 0

s) and absorption (μa) coefficients at 852 nm of the
corresponding hemisphere in which DCS was measured (see
Sec. 6). If FDNIRS measurements were not available, group
averaged scattering and absorption coefficients were used (see
Sec. 6). Finally, the measured BFI across the 2 min monitoring
period (0.3 Hz) were averaged to yield a mean BFI at r ¼ 1 and

2.5 cm, dubbed BFI1 .0 cm and BFI2.5 cm, respectively. As a final
quality check, the DCS dataset was discarded if BFI1.0 cm >
BFI2.5 cm. Here, we assume that BFI1 cm primarily samples scalp
and skull, whereas BFI2.5 cm samples scalp, skull, and brain.
Given that scalp and skull blood flow are known to be ∼1∕6
to 1/3 lower than cerebral blood flow,42 it is certainly possible
that BFI2.5 cm may be lower than BFI1.0 cm but still contain sig-
nificant information about cerebral perfusion. However, we chose
this rigorous cutoff to exclude datasets in which BFI2.5 cm was
obviously contaminated by the effects of extracerebral layers.

2.4 Transcranial Doppler Ultrasound

TCD examinations were performed by an experienced neuro-
sonographer in a quiet atmosphere and without pharmacologi-
cal sedation. A 2-MHz pulsed-wave Doppler probe (Sonara
TD12019M, Carefusion, San Diego, California) was used to
explore the major intracranial arteries through the temporal
bone-window. The time averaged mean of the maximum veloc-
ity over an integral number of cardiac cycles was recorded bilat-
erally in the middle cerebral artery (MCA), anterior cerebral
artery (ACA), and posterior cerebral artery.21,43

2.5 Statistical Analysis

Descriptive statistics were calculated for all variables of interest
and included counts and percents or medians (interquartile
range), as appropriate. Differences in demographic data were
compared between SCD and control cohorts using Wilcoxon
rank-sum tests (for continuous variables) or the Chi-square tests
(for categorical variables). Paired Wilcoxon signed-rank tests
were used to determine whether the DCS-measured BFI in
sickle cell subjects differed from the age-/sex-matched healthy
controls. Complete blood count parameters including hemoglo-
bin, hematocrit, white blood cell, red blood cell, and reticulocyte
counts, and TCD-measured mean blood flow velocities were
associated with DCS-measured BFI within the SCD group using
Spearman’s correlation coefficient (Rs). All statistical analyses
were performed using the R statistical packages (version 3.4.1,
R Foundation), and statistical significance was assessed at the
0.05 level unless otherwise noted.

3 Results
Twenty-two children with SCD and 14 healthy controls were
enrolled. One SCD subject withdrew before the start of DCS

Table 1 Demographic characteristics of the study population
included for DCS-measured cerebral blood flow data analysis.

SCD Control p

n 11 11

Age (y) 6.9 (5.5 to 8.2) 7.3 (5.7 to 8.1) 0.87

Gender
(male:female)

4:7 4:7 1.0

Weight (kg) 21.8 (20.2 to 23.5) 22.1 (21.2 to 28.5) 0.32

Height (cm) 115.2 (113.3 to 121.2) 120.3 (118.4 to 125.1) 0.15

BMI (kg∕cm2) 15.8 (14.5 to 16.1) 15.3 (14.6 to 17.1) 1.0

Head
circumference
(cm)

51.0 (49.6 to 52.0) 52.0 (52.0 to 53.0) 0.18

Note: Data presented as median (interquartile range, Q1 to Q3), BMI,
body mass index

Fig. 1 Measurement setup (a) DCS data were acquired using fiber-optic-based sensor secured on the
forehead, (b) source–detector geometry of the DCS probe, (c) schematic of the optical interrogation path
formed by the 1 and 2.5 cm source–detector separations in the DCS sensor. The short separation
(r ¼ 1 cm) is primarily sensitive to extracerebral layers, while the longer separation (r ¼ 2.5 cm) is
sensitive to both cortical tissues and extracerebral layers.
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monitoring, and one SCD subject withdrew before the study
started. Of the remaining 34 subjects, DCS data were excluded
in eight SCD and two controls for low detected light intensity
and one SCD for motion artifact. Further, one SCD subject
and corresponding age-/sex-matched control were discarded
because BFI1.0 cm > BFI2.5 cm in the control. Thus, the final
cohort consisted of 11 SCD patients and 11 age- and sex-
matched healthy controls.

Patient characteristics of the final cohort are in Table 1. Each
group consisted of four males and seven females who ranged in
age from 5 to 8 years with a median age of 7 years. No signifi-
cant differences in weight, height, BMI, or head circumference
parameters were observed between groups. Of the 11 SCD sub-
jects, seven had clinically indicated TCD evaluation within the
same day as the optical measurement. No SCD subject had a
history of overt stroke, while one SCD subject had a history
of silent infarct. Of note, anatomical MRI scans were available
in n ¼ 3 SCD subjects (ranging in age from 5.8 to 6.9 years, 2/1
M/F) within ∼1month of optical assessment. The average depth
to the brain in this small subset of patients was 0.88� 0.07 cm.

BFI2.5 cm was significantly elevated in sickle cell subjects
compared to healthy age- and sex-matched controls [median
(IQR): 3.16 ð2.75 to 3.99Þ × 10−8 versus 1.12 ð0.76 to 1.45Þ ×
10−8 cm2∕s, p < 0.001, Fig. 2(a)]. This difference between SCD
and controls was not seen in BFI1.0 cm [0.51 ½0.30 to 1.34� × 10−8

versus 0.23 ½0.15 to 0.53� × 10−8 cm2∕s, p ¼ 0.12, Fig. 2(b)].
Given that the BFI1.0 cm primarily reflects extracerebral (i.e.,
skull and scalp) blood flow, whereas the BFI2.5 cm reflects a
weighted combination of cerebral and extracerebral blood flow,
these results suggest that the elevations in BFI2.5 cm in SCD sub-
jects are driven by elevations in blood flow in the brain.

Within the sickle cell group, BFI2.5 cm was inversely corre-
lated with hemoglobin level (Rs ¼ −0.75, p ¼ 0.012, Fig. 3),
hematocrit (Rs ¼ −0.75, p ¼ 0.012), and red blood cell count
(Rs ¼ −0.78, p ¼ 0.007) while positively correlated with age
(Rs ¼ 0.75, p ¼ 0.012), white blood cell count (Rs ¼ 0.78,
p ¼ 0.007), and steady-state reticulocyte count (Rs ¼ 0.82,
p ¼ 0.004). In contrast, BFI1.0 cm did not correlate with age or
any of the CBC parameters.

BFI2.5 cm positively correlated with TCD-measured cerebral
blood flow velocity in MCA, but this trend did not reach

statistical significance. (Rs ¼ 0.68, p ¼ 0.11, Fig. 4) In con-
trast, BFI2.5 cm was not significantly correlated with ACA (p ¼
0.96, data not shown). Similar lack of correlation was observed
between DCS-BFI1.0 cm and TCD measured blood flow veloc-
ities (Rs ¼ 0.71 for MCA, Rs ¼ 0.96 for ACA).

4 Discussions
Herein, we demonstrate the feasibility of DCS as a low-cost and
noninvasive means to evaluate microvascular perfusion abnor-
malities in children with SCD. To our knowledge, this report
is the first to apply DCS to this patient population. We found
that the resting-state BFI2.5 cm is significantly higher in sickle
cell patients than age-/sex-matched healthy controls (Fig. 2).
Further, within the sickle cell group, we found that BFI2.5 cm

was inversely correlated with arterial hemoglobin level and
hematocrit (Fig. 3). These observations are consistent with

Fig. 2 Comparison of DCS measured BFI between age- and sex-
matched sickle cell subjects (SCD, n ¼ 11) and healthy controls
(n ¼ 11) at source–detection separation, (a) r ¼ 2.5 cm (BFI2.5 cm)
and (b) 1.0 cm (BFI1.0 cm). For each boxplot, the central line denotes
the median and the bottom and top edges of the box indicate the 25th
and 75th percentiles, respectively. The whiskers extend to the most
extreme data points not considered outliers. Individual connected
dots represent each age- and sex-matched pair.

Fig. 3 DCS-measured BFI at r ¼ 2.5 cm (BFI2.5 cm, cm2∕s) as a func-
tion of arterial hemoglobin concentration (g/dL, n ¼ 11). The BFI is
significantly correlated with Hgb (Rs ¼ −0.75, p ¼ 0.012). The solid
line represents the best spline fit to the data and the gray-shaded area
denotes the 95% confidence interval for the spline fit.

Fig. 4 Relationship between DCS-measured BFI at r ¼ 2.5 cm and
TCD-measured mean blood flow velocity in MCA (cm/s), (n ¼ 7,
Rs ¼ 0.68, p ¼ 0.11).
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numerous other neuroimaging studies (MRI, PET, and Xenon
inhalation) that suggest sickle patients experience persistent
hyperemic vasodilation as a compensatory response to chronic
anemia.14–16,27 Interestingly, we also observed significant corre-
lations between BFI2.5 cm and red blood cell, white blood cell,
and steady-state reticulocyte counts (data not shown), although
interpretation of these correlations should be met with caution
given the high degree of association between these variables and
hemoglobin concentration. In future studies with increased sam-
ple size, we will use multivariate regression or stratified models
to explore the relative proportion of variance in BFI2.5 cm that
can be explained by each of these blood count measures.

Further, we observed a correlation between BFI2.5 cm and
TCD-measured blood flow velocity in middle cerebral arteries
(Rs ¼ 0.68, Fig. 4), suggesting that macro- and microvascular
coupling likely remains intact for this cohort. We note that we
were not adequately powered to demonstrate statistical signifi-
cance given our small sample size (n ¼ 7). This result contra-
dicts prior studies using arterial spin-labeled (ASL) MRI that
have reported a lack of correlation between tissue-level CBF and
TCD-measured CBFV in SCD patients.13,29 This contradiction
may be due to differences in age and disease severity between
our relatively young and healthy cohort and those previously
studied.

In total, our results suggest that DCS is qualitatively sensitive
to the known increases in CBF associated with SCD and to the
relationship of CBF to anemia and other associated hematologi-
cal factors. In fact, DCS appears to quantitatively overestimate
these blood flow abnormalities. While studies with MRI and
PET have demonstrated ∼1.5× increases in CBF in SCD versus
controls,14–16,27 we observed a markedly more pronounced
three-fold difference in BFI2.5 cm between sickle and control
groups. Further, within the sickle cell group, the magnitude
of increases in CBF with decreases in hemoglobin that we
observed with DCS is much greater than expected.14–16,27

This added sensitivity may be advantageous in the application
of DCS as a screening tool. In addition to enhanced sensitivity,
DCS offers numerous other advantages over traditional neuro-
imaging modalities that measure tissue-level CBF. The manu-
facturing cost of a DCS system (∼$40k for the system herein)
is orders of magnitude lower than modalities such as MRI or
PET. Further, DCS does not involve exposure to external con-
trast agent or ionizing radiation, and it is well tolerated in chil-
dren of all ages without the need for sedation. Although DCS
is limited in depth sensitivity to cortical tissue40 and in spatial
sensitivity to frontal cortex (due to low SNR in the presence of
hair), the cerebral effects of SCD appear to be global, affecting
cortical as well as deep brain perfusion.12,14,16,27 Thus, DCS may
provide a low cost, noninvasive tool to assess perfusion abnor-
malities that complements transcranial Doppler measures of
macrovascular perfusion.

The apparent sensitivity of DCS-measured resting-state
BFI2.5 cm to cortical cerebral blood flow in this cohort is some-
what surprising. In general, the effects of extracerebral layers in
DCS are thought to significantly confound cerebral influences
on BFI2.5 cm when using the semi-infinite solution to the corre-
lation diffusion equation such that, to date, correlations between
BFI2.5 cm and CBF measured by other “gold standard” modal-
ities have not been observed in pediatric cohorts >1 year. The
sensitivity to brain of BFI2.5 cm in these young patients is likely
due to the relatively small average depth to the brain compared
to our source detector separation (0.9 compared to 2.5 cm).

However, sickle cell patients also exhibit reduced hematocrit
and increased blood vessel diameter due to vasodilation, which
should act to blunt expected differences in BFI2.5 cm seen in SCD
compared to controls.38 Thus, a priori we would expect that, at
best, BFI2.5 cm would be elevated in sickle subjects compared to
controls, but the degree of this elevation should be significantly
lower than the ∼1.5× increase in CBF previously reported by
both MRI and PET.14–16,27 On the contrary, as discussed above,
DCS appears to overestimate BFI2.5 cm in SCD patients. The ori-
gin of the exaggerated BFI2.5 cm differences seen in sickle cell
patients is unclear; perhaps these differences arise from changes
in the proportionality between BFI2.5 cm and absolute CBF
caused by pathophysiological changes in the cortex associated
with SCD.38 Benchtop experiments in tissue-simulating phan-
toms and validation studies against ASL-MRI are ongoing to
better understand these effects.

Finally, we note several limitations of our study. First, DCS
data were discarded from a substantial fraction of subjects (10/
32, 31.2%) due to poor SNR. However, we believe this low SNR
was primarily caused by poor light transmission in our detector
fiber bundle. After recruiting the first 22 subjects for this study
and observing poor SNR in 10/22, we remade our detector
fiber, and we redesigned the sensor to protect the fibers from
scratches and debris by coupling the fibers to right angle prisms
(while maintaining source-detector geometry). Once we imple-
mented this change, DCS data quality dramatically improved,
with 10/10 subjects after redesign passing our quality criteria.
Second, FDNIRS measurements of tissue optical properties
(μ 0

s and μa) were not available for seven SCD patients and four
controls. For these patients in which FDNIRS data were not
available, group averages were used. Based on the observed
variation of μ 0

s across subjects, assumption of the group average
μ 0
s could induce errors ranging from −30% to 55% in our esti-

mation of BFI. However, given the ∼3× increase in BFI2.5 cm

seen in SCD patients compared to controls, these errors should
not be appreciable enough to qualitatively alter the main find-
ings of this work. Nevertheless, future studies would benefit
from simultaneous FDNIRS assessment of μ 0

s and μa and DCS
in all subjects.

5 Conclusion
In summary, we noninvasively assessed resting-state cerebral
blood flow in children with SCD using DCS for the first time.
We found that the DCS-measured BFI at 2.5 cm is sensitive to
increases in CBF associated with SCD. Further, we observed a
correlation between DCS and TCD that suggests macro- and
microvascular blood flow coupling remains intact in this cohort.
These results suggest that DCS may provide a low-cost, non-
invasive monitor of tissue-level cerebral blood flow in pediatric
sickle cell patients, paving the way for future studies that explore
the potential of DCS to detect perfusion abnormalities associ-
ated with stroke risk and/or cerebral vasculopathy.

6 Appendix 1. FDNIRS Measurements
To improve estimation of the DCS-measured BFI, it is ideal to
measure the reduced scattering and absorption properties of the
tissue (μ 0

s and μa, respectively).
44 Thus, in a subset of patients,

we used a customized commercial FDNIRS system (Imagent,
ISS Inc., Illinois) to estimate μ 0

s and μa. This system employs
eight near-infrared laser diode sources (690, 730, 750, 775,
785, 800, 825, and 830 nm) modulated at 110 MHz and
four photomultiplier tube detectors with gain modulation of
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110 MHzþ 5 kHz to achieve heterodyne detection at 5 kHz.
The patient interface consisted of a custom-designed three-
dimensional-printed FDNIRS sensor with one source optode
and four detector optodes spaced 1.5, 2, 2.5, and 3 cm from the
source in a black rigid holder. All NIRS source and detector
optodes consisted of custom 2.5 mm fiber bundles of 50-μm
multimode fibers (FTTIIG23767, Fiberoptics Technology).

For FDNIRS data acquisition, the optical sensor was man-
ually held over the right and left forehead sequentially. AC
amplitude and phase data were acquired for 3 s at 20 Hz.
The sensor was repositioned three times over each hemisphere
to reduce the influence of local inhomogeneities under the
optical sensor.

For FDNIRS data analysis, we used the semi-infinite solution
to the photon diffusion equation to relate the measured AC
amplitude attenuation and phase shift as a function of
source–detector separation to the wavelength-dependent μ 0

s and
μa.

45 For each measurement repetition, data were processed in an
automated fashion using predefined, objective quality criteria as
outlined in Ref. 46. First, raw data were discarded if the phase
standard deviation exceeded two deg or if the AC amplitude
ratio of standard deviation to mean was >0.05. Next, for each
wavelength, the slopes of lnðAC × r2Þ and phase as functions of
source detector separation, r, were used to estimate μ 0

s and μa.
Data from a given wavelength were discarded if R2 < 0.97 for
either linear fit. The entire dataset was discarded if <6 wave-
lengths total passed this linear fit criteria. Because DCS data
were obtained at 852 nm, we next extrapolated μ 0

s and μa at
852 nm. To extrapolate μað852 nmÞ, the measured μaðλÞ was
fit to the hemoglobin spectra (assuming 75% water concentra-
tion and known extinction coefficients of oxy- and deoxyhemo-
globin). To extrapolate μ 0

sð852 nmÞ, we fit a linear model to
the measured μ 0

sðλÞ as a function of wavelength. Finally, data
were discarded if p > 0.01 for the fits of either the measured
μa versus the expected hemoglobin spectrum or of the measured
μ 0
s versus wavelength.
FDNIRS measurements were only performed in a subset of

14/20 SCD and 9/14 controls. Data from 5/14 SCD subjects did
not pass our predefined quality control criteria, resulting in nine
SCD and nine controls used for FD-NIRS data analysis. We note
that only 4/9 SCD and 8/9 controls with usable FDNIRS data
also had usable DCS data. The estimated median [IQR] of μ 0

s

and μa at 852 nm were 7.1 [6.5 to 8.5 cm−1] and 0.13 cm−1

[0.13 to 0.15 cm−1] for SCD, and 7.9 [7.0 to 8.9 cm−1] and
0.13 [0.13 to 0.14 cm−1] for healthy controls. Neither μ 0

s nor
μa were significantly different between two groups (Fig. 5).
No differences were observed between right and left hemi-
spheres. Further, within SCD cohort, no trends were observed
between μ 0

s and any of the CBC parameters. In contrast, μa at
852 nm showed significant correlations with hemoglobin
(Rs ¼ 0.83, p ¼ 0.008) and hematocrit (Rs ¼ 0.8, p ¼ 0.014),
marginal correlation with red blood cell (Rs ¼ 0.67, p ¼
0.059), and no correlations with white blood cell or reticulocyte
counts.
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