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CHAPTER IV

Skin blood flow functions as
potential proxy for cerebral blood
flow in adults with Sickle cell disease
Brijesh Yadav™? Nicolas Currier®*, Willem Birkhoff*, Gersham Dent? Paul. S. Swerdlow?,

Sean Sethi6, Kiarash Ghassaban®, Jacobus Burggraaf®, Jaspert de Vries*, Jaladhar
Neelavalli',William E. Hobbs’, E. Mark Haacke"*?*, Ajay Verma®

1. Department of Radiology, Wayne State University School of Medicine, Detroit,
Michigan, usA / 2. Department of Biomedical Engineering, Wayne State University College
of Engineering, Detroit, Michigan, usa / 3. Biogen Inc., Cambridge, Massachusetts, USA
/ 4. Centre for Human Drug Research, Netherlands / 5. Department of Hematology-
Oncology, Wayne State University School of Medicine, Detroit, Michigan, usa / 6. MR
Innovations, Detroit, Michigan, usa; 7Bioverativ Inc., Cambridge, Massachusetts, USA

Stroke is one of the major causes of morbidity and mortality in patients with Sickle cell
disease (scp). It is caused by vaso-occlusion of major arteries feeding the brain, and
experience with life-saving temporal artery ultrasonography in children emphasizes
the necessity of knowing the cerebral blood flow (cBF) to assess stroke risk. Less in-
formation is available around the cBF in adults with scp and most of our knowledge is
limited to expensive and time consuming magnetic resonance imaging (MRI) analysis.
However, based on the pediatric experience it is suspected that it may be highly de-
sirable to ascertain biomarkers of the cBF in adults with scp. Therefore, in this study,
we investigated cBF in adults with scp using 2 MRI techniques: arterial spin labeling
and phase contrast. Additionally we measured skin blood flow using Laser speckle
contrast imaging (Lsci) and assessed it as surrogate biomarker of cBr. We enrolled scp
patients (n=17) not undergoing blood transfusion and healthy controls (n=6) in this
study. Reliability of blood flow measurements was also studied through test, re-test.
In conclusion, we found elevated skin and cerebral blood flow velocity in the adult scp
population compared to matched healthy controls and all measured values exhibited
significant longitudinal stability across visits. Furthermore, excellent correlation was
found between cBF and skin blood flow in the scb cohort suggesting skin blood flow
measurement using Lscl may be a potential proxy to MRI in routine hemodynamic
evaluation in this population.
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ickle cell disease (scp) is a genetic dis-

order caused by a point mutation in the

B-globin gene of hemoglobin, forming a
mutant form known as hemoglobin S. Under
deoxygenated conditions, hemoglobin S is abnor-
mally susceptible to polymerization, distorting red
blood cells (RBCs) into ‘sickled’ RBCs (sS-RBCS) and
changing their adhesive, rheological, and oxidative
properties. ss-RBCs are capable of promoting the
formation of heterocellular aggregates that alter
blood flow and interrupt normal tissue perfusion.
In addition, scp is associated with aberrant vaso-
motor responses including impaired vasodilation
and vasoconstriction.'

Continuous tissue perfusion is crucial for vitality
of most organs. Obstructed or inadequate blood
flow can lead to ischemic tissue injury, followed by
reperfusioninjury upon flow restoration. Ischemia
and reperfusion injury are major causes of mor-
bidity and mortality in the scp population. Acute
vascular obstruction results clinically in severe
painful episodes known as vaso-occlusive crises
(vocs), which often require hospitalization and
are a hallmark of scp. The heterogeneous clinical
manifestations of scp, which in addition to vocin-
clude chronic hemolytic anemia, stroke, and mul-
ti-organ dysfunction, likely reflect altered tissue
perfusion patterns caused by abnormal ss-rBc as-
sociated rheology.”™®

Under stable physiological conditions, most tis-
sues can autoregulate and maintain appropriate
blood flow to adequately support tissue perfusion
needs. Due to chronic anemia, the cardiac output
is significantly elevated, resultinginincreased per-
fusion to certain organs (i.e., brain, kidney, and
muscle).* Hyper-perfusionisalso likely to represent
compensatory reactive responses to the slower
blood flow rates in occluded microvessels, with in-
creased blood volume diverted around occlusions
necessitating increased blood flow through ‘detour’

vessels. Further effects on blood flow in scp result
from impaired vasomotor responses: flow velocity
canincrease as afunction of abnormally narrowed
vessels (as from abnormal vasoconstriction) or if
increased flow volume exceeds autoregulatory re-
laxation (as from impaired vasodilation).

scb impacts the cerebral hemodynamics and
therefore, characterized by high cerebral blood flow
(cBF). The brain is particularly susceptible to end
organ damage (stroke, silent infarcts) in scp. Due
to the reduction in hematocritandincrease in blood
viscosity, adaptive vasodilation tries to maintain
the cerebral oxygen supply by increasing the cBr
and correspondingly the cBv in scp.” When all the
available vessels and collaterals reach their maximal
compensatory/vasodilation state, the risk of cerebral
stroke is significantly elevated. Most of our knowl-
edge to identify the risk of stroke in scp patients
comes from pediatric population. The prevalence
of stroke in adults with scp is higher compared to
children.® However, no accepted screening measures
are present for identifying adults with scp at high
risk for strokes.® Therefore, arobust and accurate
assessment of cBF in adults with scp is highly needed.

Magnetic resonance imaging (MRI) is the opti-
mal imaging modality to assess the cerebral he-
modynamics due to high soft-tissue contrast, high
resolution, no use of ionizing radiations and less
operator dependence. MRI techniques namely,
arterial spin labeling (AsL) and phase-contrast
MRI (PC-MRI), are commonly used to measure CBF.
These techniques have been applied previously in
adults and children with scp and showed an ele-
vated level of cBF in the scb population compared
to controls.”™

In line with the increased cBF, the microvascu-
lar blood flow in the skin was also found higher in
the scp patients compared to healthy group.*™
Vasodilation of micro-vessels as a result of sick-
ling of the RBCS Orimpaired endothelial layer, might

FIGURE1 Schematicstudy design followed in the work is shown. Following the screening, eligible subjects
underwent two imagingvisits which over the course of 10 days. Individuals were followed-up on phone

within a week window.

=7 days 1 (+9) days

7 (+7) days - Follow-up

Screening ¥ Imaging Visit 1

» T = o
Rl (telephone call)
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be the reason of elevated blood flow in the skin in
scp. While MRiis suitable for estimating cBF, Laser
speckle contrastimaging (Lsci) offers the possibility
to measure the entire physiologic range of blood
flow velocities in real time at microvascular level to
adepth of approximately 300 pm. These measure-
ments reflect blood flow in capillaries, arterioles,
venoles and dermal vascular plexuses.'® Recent
Lsci studies have successfully demonstrated the
elevated baseline level of blood flow in the skin of
adults with scb compared to healthy individuals.* ™"

Despite of being an optimal imaging technique,
high scan cost of MRI makes it uneconomical for
the screening of high risk scp patients for stroke.
Therefore, we explore the possibility of using Lsci
as an economical alternative and to examine the
skin blood flow as a peripheral surrogate biomarker
of the cBF. In this study, we measure blood flow in
the skin and brain of adults with scp and healthy
subjects. For each subject and each technique,
the test-retest variability in blood flow was also
assessed in the brain and skin.

MATERIALS AND METHODS

Study Design

This was a single-center, non-randomized study
of subjects with scp and healthy subjects. A writ-
ten informed consent was obtained from each
subject prior to any measurement was performed
Following a screening visit, patients underwent two
imaging visits over the course of 10 days, to estab-
lish test-retest reliability. Imaging visit 2 was fol-
lowed by a telephone follow-up overa week period
(Figure 1). No drug treatment was administered as
part of this study.

Study Population

Clinical hematology and blood chemistry labora-
tory samples were collected at Screeningin scp pa-
tients (n=17) and healthy controls (n=7). Diagnosis
of scb (homozygous for HbS or heterozygous for
HbS and Bo thalassemia [HbS-Bo]) was confirmed
by hemoglobin analysis. scp patients who had a
history of clinical strokes or of other majorillness
such as diabetes mellitus, renal dysfunction were
excluded. Also scp patients who had an acute pain

crisis requiring hospitalization, within <4 weeks
prior to the first imaging or recent (<3 months)
treatment with hydroxyurea, were excluded.

Imaging
Magnetic resonance imaging

All MRI scans were performed at 3.0 Tesla (T) Sie-
mens Verio (Erlangen, Germany) and a 32-channel
head coil was used for acquiring brain and neck
images. CBF was estimated using AsL and PC-MRI.
No contrast was administered in the scanning.

Arterial spin labeling

Images are acquired with and without labeling
and their difference provides the perfusion maps.
A pseudo-continuous arterial spin labeling (pcAsL)
sequence was used to analyze the direct perfusion.
Areference series along with thirty measurements
from both control and tagged AsL images were ac-
quired separately in order to increase the signal-to-
noise (sNR) and make the averaging more efficient.
Theimaging parameters used are as follows: repeti-
tion time (TR) = 3500 ms, echo time (TE) = 22.76 ms,
flip angle (FA) =180°, turbo spin-echo (TsE) factor =
17, echo-planarimaging (epi) factor = 31, pixel band-
width (Bw) = 2003 Hz/pixel, in-plane resolution=3.5
x 3.5 mm? slice thickness (TH) = 3.5 mm and 32 slices
per measurement were acquired. Total scan dura-
tion was about 4 mins. The cBF maps of individual
subjects were generated using the technique from
Wangetal., " in the units of ml/100g/min. With the
purpose of extracting the average cBF information,
aregion-of-interest (Rol) encompassing the whole
brain was manually drawn on each slice of the cBF
maps. The mean cBF map for individual subjects
was then calculated by taking the average of all the
voxels within the rol and all the slices. Finally, the
mean cBF and associated standard error across all
the subjects was estimated.

Phase-contrast MRI

PC-MRI estimates the blood flow using the phase
shift property of the moving water moleculesin the
blood to encode the blood flow information. pc-MRI
sequence was run with the slice positioned perpen-
dicular to the major vessels at two neck levels: c2-c3
and cs-ce6. The data were collected with the fol-
lowing parameters: TE=5.17 ms, TR=66.85 ms, FA
= 20° FOV= 256x256, Matrix size= 448x448, TH=
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2.5 mm, velocity encoding (VENC) = 100 cm/sec. All
the data was reviewed for quality and any cases
that had artifacts orinadequate SNR were removed
from the analysis.

Using the tissue similarity mapping algorithm'
(spIN, Magnetic Resonance Innovations, Inc, De-
troit, MI) the target vessels were demarcated. Two
experienced image analysts reviewed the vessel
segmentation and adjusted manually if necessary.
sPIN software was used for quantifying blood flow
rate (ml/sec) from differences in phase-contrast
over time through major arteries and veins, includ-
ing internal carotid arteries (iIcA) and vertebral ar-
teries (va) for in-flow and the internal jugular veins
(yv) for outflow. A robust automatic unwrapping
algorithm was implemented where phase aliasingin
the vessels occurred due to rapid arterial flow in scp
patients.'”® Non-flow regions were drawn on static
tissue to compensate for any phase shifts. Individ-
ual vessel flow, as well as bilateral total flow, venous
total flow (sum of 1yvs) and arterial total flow was
calculated (cca+va for c5/c6 neck level, and iIcA+va
for c2/c3 neck level). c2/c3 arterial total (CBF) was
used for Pc-MR perfusion calculations.

Laser speckle contrast imaging

Following MRI participants underwent LsCI meas-
urements in a temperature- and light-controlled
room. LsCl measurements were performed as pre-
viously described,” using Pericam psiI (Perimed,
PsI-NR). Briefly an area of 3x10 cm? of the ven-
tral forearm was chosen as measurement site.
Following 5 mins of baseline perfusion recording,
brachial artery blood flow was occluded for 3-5
minutes after occlusion, the reperfusion peak and
the return of baseline was recorded for another
5 minutes. Lscl endpoints included basal flow (ar-
bitrary units (Au)), peak flow after occlusion (Au),
time to return to basal flow (seconds) (see Figure 4)
Obtained data were analyzed using PIMSOFT soft-
ware (Perimed, Jarfilla, Sweden).

Statistical analysis

The mean and standard deviation of the cBF and
the skin blood flow measurements were calculated.
Theintraclass correlation coefficient (Icc) were es-
timated for assessing test-retest reliability. Alinear
regression analysis was used to investigate the cor-
relation between cBF and skin blood flow measured
using MRI and Lscl, respectively.
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TABLE1 Demographicinformation and basic
laboratory report of the healthy subjects and scp
patients are presented.

Healthy scp
Subjects Patients
DEMOGRAPHY
N 6 17
Age (years) 27(¢5) 34-4(£87)
Height (cm) 175.1(z 8.5) 168.8 (+10.2)
Weight (Kg) 78.9 (£ 26.8) 74.2 (£19.3)
Male (%) 67 47
VITAL SIGNS
Systolic blood 115.2 (£ 10.5) 14.9 (x12.7)
pressure (mmHg)
Diastolic blood 71.7 (£ 9.6) 69.4 (+ 8)
pressure (mmHg)
Pulse (beats/min)  75.3 (x7.1) 83.8(+17.3)
RESULTS

Patient information

Atotal of 17 adults with scp and 6 healthy subjects
completed the study. Demographics and ethnicity
of healthy subjects and scp patients were similar.
Demographics, vital signs and lab measurements
are presented in Table 1.

CBF

cBF maps from AsL and Pc-MRI images are shown
in Figure 2 and Figure 3, respectively. The average
cBF measured from AsL was 77.4 21.9) ml/100g/
mininscp population and 48.0 5.3) ml/100g/minin
healthy subjects (P = 0.0042). The mean cBF meas-
ured using Pc-MRI was 68.4 19.9) ml/100g/min (in
the scp population and 43.9 4.3) ml/100g/min in
controls (P = 0.0077). The mean cBF was signifi-
cantly higher in the aduls with scb compared to the
healthy individuals (AsL: Figure 5; PC-MRI: Figure 6).
The test-retest reliability of AsL and Pc-MRI meas-
urements of the average cBF showed moderate to
high agreementin subjects with scb (AsL: 1cc = 0.66;
PC-MRI: ICC = 0.72) and in healthy subjects (AsL: Icc
=0.84; PC-MRI: ICC = 0.75).

Microvascular skin blood flow

Baseline microvascular blood flow measured by Lsci
was significant higher in patients with scb com-
pared to healthy controls (40.2 7.5) vs. 24.2 4.6)

SKIN BLOOD FLOW FUNCTIONS AS POTENTIAL PROXY FOR CEREBRAL BLOOD FLOW IN ADULTS WITH SICKLE CELL DISEASE

FIGURE 2 AsL based perfusion mean cBF maps are shown in A) a 28-year-old healthy control with an average
cBF of 57.15 ml/100gin and B) a 44-year-old scp patient with an average cBF of 116.36 ml/100g/min. The blue
line represents the Rols on six slices from different brain regions.

(Au)) (P = 0.0001) (Figure 7). However, no differences
were observedin peak blood flow, time to peak and
in time to return to baseline (see Table 2).

Correlation between cerebral
and skin blood flow

A strong correlation was found between the cBF
quantified using AsL or Pc-MRI and the baseline
blood flow in the skin as measured using Lscl in
the population including healthy volunteers and
subjects with scD (ASL vs. LSCI: r = 0.70; PC-MRI Vs.
LsCl: r = 0.75) (Figure 8 and Figure 9).

DISCUSSION

In this study, we measured cBF and skin blood flow
in scp patients and healthy subjects. In agreement
with previous studies, MRI and Lscl measure-
ments of brain and skin blood flow, were higher
in scpb patients compared to healthy controls.’™"*
Furthermore cBF measurements showed a high
correlation with Lscl measurements.

Theincreaseinblood flow is attributed to the vas-
odilation of the major vessels and microvascular
beds to compensate the oxygen demand of the
brain and skin. While high cBF is a well-described
phenomenonin children with scp, less datais avail-
able for adults. Elevated cBF in adults with scp may
be a key consideration for stroke risk, as seen in

children.” Very few studies have been performed
with test-retest assessments with AsLand pc-MRIin
scp. Our test-retest reliability showed moderate to
high agreement. In addition, AsL and pc-MRI showed
no significant difference in the cBF measurements,
indicating the comparability of these two MRrI tech-
niques for measuring CBF.

Differences in baseline skin blood flow between
scD patients and healthy controls, were in agree-
ment with recent literature.” The baseline blood
flow in the skin as measured using Lsci was found
to be a strong predictor of the average cBr in both
scD patients and controls. Furthermore this cor-
relation was highly reproducible. We hypothe-
size that the change in rheological properties of
RBCs and increasing viscosity might affect the he-
modynamic properties of the cNs and peripheral
system proportionally, which is captured in the

TABLE 2 LsCl measurements-, for healthy indivi-
duals and scp adult patients with means and sp.

Healthy scp
Subject Patients

N 6 17

Baseline flow (Au) 24.2 40.2 P =o0.0001
(x4.58)  (x7.48)

Peak flow (Au) 76.7 80.5 P =0.5709

(£13.06)  (¢14.15)
Time to peak (sec) 5.8(¢3.7) 13.1(x9.9) P=0.0962

Timetoreturnto 97.7 132.9 P=o0.054
baseline (sec) (t44.7)  (£33.4)
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strong and reproducible correlation between cBr
and skin blood flow in scp patients. Furthermore
a high blood flow is also observed in the central
retinal vessels which share the same vascular an-
atomical origin as the cNs vasculature.” LscI might
be an inexpensive way to indirectly assess critical
hemodynamic changes in the brain. With additional
independent validation LscI may be able to spare
scD subjects from undergoing costly and time in-
tensive MRIscans. Finally, based on these and other
available data, MRI and LscI measurements could
be implemented as exploratory endpointsin future
sickle cell intervention trials.

There are some limitations of this study. The AsL
images are known to be affected by susceptibility
and motion artifacts and generally have low sNR, low
spatial and temporal resolution.?® In order to reduce
the effect of low sNR, a voxel-wise averaging of 30
individual measurements was implemented using
tagged and control AsL data. The cBF measurements
using PC-MRI contains error mostly due to partial
voluming and noise. Error in the vessel demarca-
tion is controlled largely by the robustness of the
segmentation algorithm used. Therefore, manual
segmentation of the vessel has been shown to be
reliable, particularly where vessels are having faster

flow and larger diameters.” In addition, VENC value
also affects the flow measurements. In this study,
we used a larger VENC value of 100 cm/sec, which
may have lower overall SNR compared to a lower
VENC and might be introducing higher errors in slow
venous flow. This was a trade-off in order to miti-
gate phase aliasing effects and preserve the quality
of the rapid arterial flow which is present in scp.

Lsclis highly sensitive to motion, which was over-
come by averaging the measurements overalonger
period of time.”? Although, we found a strong cor-
relation between the csF and skin blood flow, our
sample size is small in this study. Further valida-
tion of these findings with larger groups is there-
fore needed.

In conclusion, this study showed that cNs mac-
rovascular blood flow measured by AsL and pc-MRI
was elevated in scD patients compared to controls.
Additionally, microvascular skin blood flow, meas-
ured using Lscl, was also elevated and could poten-
tially be used as surrogate biomarker for blood flow
measurements in the brain. This could potentially
provide an affordable solution to screen critical cNs
hemodynamics and possible stroke risk in adult
sickle cell patients and will open new avenues to
find more sensitive biomarkers in this disease.

FIGURE 3 PC-MRIbased flow estimation is shown. Major vessels are demarcated at c2/c3 neck level in
magnitude (left) and complex-divided phase image (right).
R: right, L: left, yyv: internal jugular vein, ICA: internal carotid artery, vA: vertebral artery.
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FIGURE 4 Graphical rendering of Lsci blood flux measurements and the different parameters included in
this research. The flux measurements were measured in AU and the time measurements in seconds.

Baseline Occlusion Time to Time to

flow flow peak RS recovery

FIGURE 5 Cerebral blood flow measured using AsL-MRI was found to be significantly higher in the sickle cell
patients compared to the healthy group. The test-retest showed high reliability.

Study population: Imaging data analysis population
Parameter: Avg Cerebral Blood Flow - Arterial Spin Labeling (ml/100g/min)
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FIGURE 6 Cerebral blood flow measured using Pc-MRI was found to be significantly higher in the sickle cell

patients compared to the healthy group. The test-retest was also reliable in both the groups.

Study population: Imaging data analysis population
Parameter: Avg Cerebral Blood Flow - Phase Contrast (ml/100g/min)
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FIGURE 7 The baseline skin blood flow measured using Lsc1 was found to be significantly higher in the
sickle cell patients compared to the healthy group. Higher test retest reliability was found in both the
groups.

Study population: Imaging data analysis population
Parameter: Baseline Flow (AU)

50 -
=
=
=
Bt
2 40— —
=
=
=
=]
=
=
=]
=
v -
2
g5 304
= -
=]
[
—
=1

[ N
204 L

T
Imaging 1 Imaging 2
Study Visit

- Healthy subjects SCD subjects |

SKIN BLOOD FLOW FUNCTIONS AS POTENTIAL PROXY FOR CEREBRAL BLOOD FLOW IN ADULTS WITH SICKLE CELL DISEASE

FIGURE 8 Correlation between average cBF using AsL-MRI and baseline flow using Lscl was shown
in healthy and sickle cell patients for in imaging visits. A significant correlation was observed in the
measurements of two imaging modalities and it remained consistent in the test-retest.

Avg Cerebral Blood Flow = ASL (ml/100g/min)

100-

Avg. Cerebral Blood Flow — ASL versus Baseline flow — LSCI

Imaging 1 Imaging 2

r=0.7 r=0.66

20 30 a0 50 60 20 30 40 50 60
Baseline flow (AU) - LSCI

FIGURE 9 Correlation between average cBF using Pc-MRI and baseline flow using Lsci was shown in healthy
and sickle cell patients for in imaging visits. A significant correlation was observed in the measurements of
two imaging modalities which was consistent in both visits.

Avg Cerebral Blood Flow = PC (ml/100g/min)

Avg. Cerebral Blood Flow - PC versus Baseline flow - LSCI

Imaging 1 Imaging 2

120-

r=0.75 r=0.71

20 30 40 50 60 20 30 40 50 60
Baseline flow (AU) - LSCI

Cohort e Cohort 1severe SCD 4 Cohort 2 mild SCD m Cohort 3 healthy volunteer
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