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Abstract: The goal of this study is to identify non-invasive optical hemodynamic biomarkers
that can index laboratory hematology measurements in sickle cell disease (SCD). We acquired
frequency-domain NIRS (FD-NIRS) and diffuse correlation spectroscopy (DCS) data from the
forearms and foreheads of 17 participants in a randomized, double-blind, placebo-controlled trial
evaluating effects of isoquercetin (IQ) on thromboinflammation in SCD. We observed multiple,
significant correlations between optical and hematology biomarkers including cerebral tissue
oxygen saturation (StO2) and hematocrit (HCT); oxyhemoglobin ([O2Hb]) recovery rate and
intercellular adhesion molecule 1 (ICAM-1); and blood flow index (BFI) reperfusion rate and
coagulation index (CI). The potential of these non-invasive optical biomarkers for assessing
vascular pathophysiology for the management of SCD warrants further exploration.

1. Introduction

Sickle cell disease (SCD) is an inherited hemoglobinopathy with widespread impact on the
entire body [1,2]. Upon deoxygenation, sickled red blood cells (RBC) have altered mechanical
properties and shortened lifespan [3]. These alterations disrupt microvascular flow and tissue
oxygenation, which induces several processes including inflammation, endothelial dysfunction,
and hypercoagulability [4,5]. Despite treatment, patients experience recurring pain crises, stroke,
pulmonary hypertension, and organ failure leading to increased morbidity and mortality [1].
Clinicians can typically monitor SCD-related symptoms through laboratory assessments such as
blood chemistry and medical imaging, but these approaches can be invasive or are time- and
resource- intensive. In addition, patient access to more advanced clinical modalities can also
be limited in low-income settings [6,7]. Due to the chronic nature of SCD, a non-invasive,
continuous monitoring technology would be valuable both as a real-time assessment tool and as
a predictor of SCD complications. Therefore, a clinical need exists for accurate, non-invasive,
and easily accessible point-of-care technologies.

Near-infrared spectroscopy (NIRS) technologies are well-positioned to address this clinical
need. They are non-invasive and uniquely sensitive to changes in microvascular hemodynamics
including hemoglobin concentration, blood flow, and tissue oxygen saturation [8–11]. While
NIRS clinical applications are widely reported [8,10–15], literature pertaining to NIRS in the
context of SCD and its sensitivity to hemodynamic changes has been less explored. Promising
work has emerged recently with regards to characterizing baseline hemodynamics of patients
with SCD and monitoring hemodynamic changes due to treatment [3,16–19]. While previous
analysis has mostly focused on relating optical biomarkers to laboratory hemoglobin levels, there
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are a wealth of other SCD biomarkers pertaining to hemolysis, inflammation, and coagulation
that optical biomarkers could index non-invasively.

Understanding which optical hemodynamic biomarkers are most reflective of SCD patho-
physiology would be invaluable for developing point-of-care testing paradigms to evaluate
hemodynamic status. The primary aims of this work are to 1) identify relationships between in
vivo optical hemodynamic signatures and in vitro hematology biomarkers and 2) evaluate their
sensitivity to changes promoted by treatment. To test these aims, we evaluated a sub-cohort of
17 SCD patients participating in a randomized, double-blind, placebo-controlled clinical trial,
treated with isoquercetin (IQ, Querces Pharma AG), a plant-derived flavonoid [20]. Flavonoids
have been shown to improve markers of thromboinflammation, coagulation, endothelial activation
potentially reducing the occurrence of venous thromboemoblisms (VTE), and lowering mortality
risk [21,22].

2. Methods

2.1. Study design

Adults with SCD who had not experienced a pain crisis 60 days prior to enrollment and were
on a stable dose of hydroxyurea were recruited in a phase 2 randomized, double-blind, placebo-
controlled clinical trial (ClinicalTrials.gov, #NCT04514510) [20]. This was a single institution
study conducted at the National Institutes of Health (NIH) Clinical Center after ethical approval by
the NIH Institutional Review Board. Participants (n= 46) were randomized to either a treatment
or placebo arm with IQ to placebo allocation at a ratio of 1:1. The full trial was conducted
between November 2019 to July 2022. Following a protocol amendment in December 2021,
optical measurements were introduced into the study protocol. This resulted in 17 of the 46
enrolled participants having optical measurements at both the baseline visit prior to treatment
initiation and the end of study (EOS) visit after 28 days of treatment with IQ or the placebo. All
participants took either 1000 mg of IQ or a placebo once daily for 28 days. Cohort assignments
were blinded until study completion. Table 1 summarizes the participant demographics during
the baseline visit for this sub-cohort.

Table 1. Baseline demographics of the sub-cohort that underwent NIRS.a

Parameters Placebo (n= 9) Isoquercetin (n= 8)

Age (yrs) 39± 11 45± 11

Sex (M/F) 2/7 6/2

Patients on hydroxyurea 5 6

Hb (g/dL) 8.9± 1.9 9.3± 1.3

BMI 25± 4 26± 3

SATT (mm) 3.3± 1.5 2.2± 0.8

SpO2 (%) 98± 2 98± 2

aSATT, Skin and adipose tissue thickness; SpO2, peripheral tissue oxygen saturation from pulse
oximetry

2.2. Instrumentation

We collected tissue hemodynamic data with a commercial, multi-modal NIRS instrument
(MetaOx, ISS) [23]. This system combines two complementary NIRS modalities, frequency-
domain NIRS (FD-NIRS) and diffuse correlation spectroscopy (DCS) to acquire the concentration
of oxyhemoglobin ([O2Hb]) and deoxyhemoglobin ([HHb]) as well as blood flow, respectively.
The theory behind FD-NIRS and DCS has been covered extensively in other literature [10,23,24].
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A comprehensive description of the construction and analysis pipeline for the FD-NIRS and DCS
components of the MetaOx system specifically have been described in detail by Carp et al [23].
Briefly, the FD-NIRS component sends intensity-modulated light from eight laser diodes (670 nm,
730 nm, 750 nm, 808 nm, 690 nm, 700 nm, 785 nm, 830 nm) into tissue which are detected by
four photomultiplier tubes (PMTs) to measure the phase and AC amplitude of the returning signal
at four source-detector separations. The frequency-domain, multi-distance method computes the
tissue scattering (µs’) and absorption (µa) coefficients by calculating the slope of the AC amplitude
and phase vs source-detector separation (SDS) [25]. The µa values are then corrected for an
assumed water concentration (assumed here to be 75%) [26]. Concentrations of [O2Hb] and
[HHb] are then computed via the equation, µa(λ)= εHb*C, where µa(λ) is a vector containing µa
(corrected for water) at each wavelength, εHb is a matrix containing the extinction coefficients for
[O2Hb] and [HHb] for each wavelength, and C is a vector containing the concentration of [O2Hb]
and [HHb]. A reference phantom (µs’= 4.8 cm−1 µa = 0.148 cm−1 at 760 nm, µs’= 4.2 cm−1

µa = 0.143 cm−1 at 830 nm) was measured prior to each measurement session for calibration.
The DCS component sends a coherent light beam into tissue and measures the intensity

fluctuations caused by moving scatterers (i.e. red blood cells) which is input into an analytical
model to extract a measure of flow, known as blood flow index (BFI) [10]. The DCS laser
wavelength was 850 nm (Crystalaser Inc), and the output signal is detected by two 4× 1 arrays of
single photon counting modules. The DCS measurements are analyzed with the semi-infinite
medium correlation diffusion equation [27]. Optical properties taken from simultaneous FD-
NIRS measurements are incorporated into the DCS fit when calculating BFI. The scattering
coefficient at 850 nm is computed by fitting linear decay curve to the µs’(λ) from the FD-NIRS
wavelengths and then extrapolating µs’ at 850 nm. The absorption coefficient is calculated by
using the calculated hemoglobin concentration, assumed water concentration, and their respective
extinction coefficients at 850 nm. We modeled the scatterer motion as diffusive Brownian motion,
in accordance with standard practice with DCS studies [28]. An example curve fit from the DCS
system averaged across all eight detectors over one second has been provided in Supplement 1
(supplementary Fig. 1). The sources and detectors for both components are all fiber-coupled and
integrated into a flexible, silicone probe that can be placed at any cutaneous site. The FD-NIRS
SDS’ are 1.8, 2.2, 2.5, and 3.0 cm while the DCS SDS is 3.0 cm. Data from both systems are
acquired simultaneously at a sampling rate of 25 Hz.

2.3. Data acquisition

Participants were seated upright for 15 minutes in the room prior to the measurement to ensure a
stable, resting baseline which was then followed by a breath holding challenge and then a cuff
occlusion challenge. A minimum of five minutes of rest was taken between the breath hold
and cuff occlusion measurements to move the optical probe to the forearm and to explain the
procedure to the patient. Figure 1 shows the system and optical probe in addition to a depiction
of the probe location for both challenges with representative data from each respective site. For
the breath holding challenge, the optical probe was secured to the right side of the forehead with
an elastic bandage wrap. Participants were first instructed to sit at rest for one minute while
breathing normally. Next, participants were instructed to exhale and hold their breath for as long
as they could tolerate for up to 30 seconds; a 90 second recovery period followed each breath
hold. This was repeated for three breath holds total.

For the cuff occlusion challenge, the optical probe was affixed to the right dorsal forearm and
secured with an elastic bandage and the blood pressure cuff was wrapped around the right bicep;
we covered the forearm with blackout cloth to minimize contributions from room lights. After
collecting resting baseline measurements for three minutes, the blood pressure cuff was inflated
and kept at a pressure of 200 mmHg for three minutes. A three-minute recovery period followed
the occlusion. We also measured skin and adipose tissue thickness with ultrasound (Butterfly iQ,

https://doi.org/10.6084/m9.figshare.26180701


Research Article Vol. 15, No. 8 / 1 Aug 2024 / Biomedical Optics Express 4832

Fig. 1. Schematic diagram of the optical probe during the two challenges. A photograph of
the optical probe and the multimodal optical spectroscopy device (MetaOx, ISS). Source and
detector fibers for both FD-NIRS and DCS are encased in the flexible silicone pad enabling
simultaneous acquisition. The probe is placed on the participant’s forearm and forehead.
Representative patient graphs showing [O2Hb] and BFI for the full-length occlusion challenge
(left), and during one breath hold (right). Occlusion and breath hold periods are shaded in
gray.

Butterfly) at the optical probe location on the forearm. Mean SATT’s for each study group is
noted in Table 1.

2.4. Hematology biomarkers

Hematology and biochemical parameters were determined using anticoagulated blood from
phlebotomy at least one hour prior to the NIRS measurement. A complete blood count was
performed as standard of care to collect hematology parameters including hemoglobin (Hgb,
g/dL) and hematocrit (HCT, %) in whole blood. In addition, thromboinflammatory markers were
evaluated to evaluate the impact of IQ. In this study, whole blood samples were also analyzed with
thromboelastography (TEG) within one hour of phlebotomy to determine coagulation parameters
such as R-time (R), K-time (K), alpha angle (AA), and maximum amplitude (MA). From these
four parameters, the coagulation index (CI) was calculated [29]. The coagulation index serves as
an indicator of the global coagulation status with normal values ranging between -3 and 3. A
value of -3 suggests hypocoagulability, while values exceeding 3 indicates hypercoagulability.
Use of TEG markers as a clinical measure as opposed to an investigational measure varies
from institution to institution. Soluble intercellular cell adhesion molecule-1 (ICAM-1), an
investigational marker, was assayed in plasma with ELISA kits following the manufacturer’s
protocol (R&D Systems). Preparation protocols for all hematology measures can be found in
Lizarralde-Iragorri et al [20].
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2.5. Optical biomarkers

From the FD-NIRS and DCS data, we derived metrics related to tissue composition, blood flow,
tissue metabolism, and vascular reactivity. We used a type II, 4th order Chebyshev filter with
10 dB attenuation and a 0.1 Hz cutoff frequency to smooth out oscillations from the heart rate
frequency for both the FD-NIRS and DCS data. Additionally, a 25-element median filter was
applied to the DCS data to attenuate fluctuations associated with motion artifacts.

Resting baseline averages were calculated for both the cerebral and skeletal muscle sites. Tissue
composition metrics were composed of baseline [O2Hb] and [HHb] concentrations averaged over
the baseline period. Additional derived baseline parameters were the total hemoglobin ([tHb])
concentration, defined as the sum of [O2Hb] and [HHb], as well as tissue oxygen saturation (StO2),
defined as the ratio of [O2Hb] to [tHb]. Mean baseline BFI was calculated in the same manner.
The DCS data was additionally processed to correct for HCT given that the SCD population is
known to have lower HCT. The correction used was derived from an equation previously published
for cerebral blood flow using the equation: CBF= (3*volRBC*µs’avg*R*BFI)/(8*αshear*σRBC*(1-
g)*HCT) [30]. Variables in this equation are defined as follows: volRBC is the average volume
of a RBC, µs’avg is the tissue scattering measured from the FD-DCS device at 850 nm, R is
the average radius of the blood vessels, αshear is proportionality between shear flow rate and
RBC diffusion coefficient, σRBC is RBC light scattering cross-section, and g is anisotropy factor.
Assuming that the volRBC, R, αshear, σRBC, and g are properties that are estimated values and will
be calculated as a constant between patients, the factored BFI that accounts for the decreased
HCT levels is approximated by: BFI= µs’avg*BFI/HCT.

Cerebral hemodynamics consisted of cerebral blood volume (CBV), oxygen extraction fraction
(OEF), and cerebral rate of oxygen consumption (cMRO2) [31]. CBV (mL/100 g) was calculated
by the following expression, ([tHb]*MWHb)/(Hgb * Dbt); [tHb] (µM) is the total hemoglobin
concentration derived from FD-NIRS, MWHb (64,500 g/mol) is the molecular weight of
hemoglobin, Hgb (g/dL) is blood Hb concentration obtained from phlebotomy, and Dbt (1.05
g/dL) is the brain tissue density [32]. OEF (%) is defined as (SaO2 – StO2)/(β* SaO2); SaO2 is
arterial oxygen saturation which is approximated by pulse oximetry, StO2 is the cerebral tissue
oxygen saturation derived from FD-NIRS, and β (0.7) is an estimation of the contribution of
the venous compartment to the microvasculature [33]. cMRO2 (cm2/s*mL O2/dL) is defined as
1.39*Hgb*BFI*(1/β)*(SaO2 – StO2) [31].

Skeletal muscle hemodynamics were derived from both occlusion and post-occlusion data.
We defined the rate of [HHb] change during the occlusion period as the skeletal muscle rate of
oxygen consumption (tMRO2) since there is no blood flow in the forearm compartment during the
occlusion [34,35]. Post-occlusion hyperemic response was calculated from the [O2Hb] and BFI
traces specifically as measures of vascular reactivity [36,37]. Figure 2 shows example FD-NIRS
and DCS data, the following parameters were calculated to characterize the hyperemic response
from the [O2Hb] and BFI traces: 1) reperfusion slope during the first 20 seconds after the end of
occlusion, 2) recovery slope for the first 60 seconds following the hyperemic peak (d[O2Hb]/dt
and dBFI/dt), 3) time elapsed from end of occlusion to hyperemic peak (d[O2Hb]/dt and dBFI/dt),
4) magnitude difference between the end of occlusion to peak of the hyperemic response, and 5)
area under the curve (AUC) until the magnitude of the peak.

All data analysis was performed with a custom script developed in MATLAB 2022a (Mathworks,
MA). Spearman’s correlation coefficients (ρs) were calculated for all comparisons between
optical hyperemic metrics and clinical biomarkers of endothelial function and coagulation. We
also evaluated changes in optical and hematology biomarkers in both the placebo and IQ groups
after treatment. Wilcoxon rank sum tests were performed to compare mean values between the
different groups.
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Fig. 2. Example trace of [O2Hb] and BFI optical hemodynamic data acquired from
FD-NIRS (left) and DCS (right), as well as reference points for post-occlusion metrics.
Dashed lines represent the beginning and end of the occlusion period.

3. Results

We present here select correlations that had statistical significance and had a clear physiologic
link between two metrics; the Spearman’s rho for the remaining correlations can be found in
Dataset 1 (Ref. [38]). Analysis was performed for three experimental paradigms: 1) baseline
hemodynamics 2) breath-hold hemodynamics and 3) occlusion hemodynamics. During analysis,
we found that breath hold responses were not consistent amongst the study group therefore we
present results from the baseline and occlusion paradigms only. Measurements performed at the
baseline in patients from both study arms (n= 17; IQ= 8, placebo= 9) were pooled as neither
group had started the study treatment and group assignment was randomized.

3.1. Data quality control

All 17 participants in this sub-cohort were seen at baseline and 28 days later at the end of
treatment, for a total of 34 visits. After data collection and analysis, participant assignments
were revealed; eight patients were in the IQ group and nine patients were in the placebo group.
Data were excluded for a given visit for the following reasons: 1) missing optical data, 2) poor
quality optical data in which the coefficient of variation for [O2Hb] or [HHb] exceeded 10%
during baseline or if the dynamics during the occlusion perturbation could not be quantified,
3) missing hematology data, 4) patients were on any kind of additional treatment that would
confound a given lab result (i.e. direct oral anticoagulants), 5) SATT was> 7 mm. The 7 mm
cutoff was chosen to ensure at least 50% of the interrogated forearm volume was of skeletal
muscle. Exclusion criteria were applied for each correlation performed and discussed in each
upcoming section.

3.2. Baseline hemodynamics

Figure 3(A) shows the correlation between cerebral StO2 and HCT (n= 16) and Fig. 3(B) shows
the correlation between muscle StO2 and HCT (n= 17), both during baseline visits. One baseline
visit was excluded due to poor quality FD-NIRS data. We observed positive correlations between
HCT and cerebral StO2 (ρs = 0.55, p= 0.031). as well as HCT and muscle StO2 (ρs = 0.34,
p= 0.18). There was also a negative correlation between OEF and HCT at baseline (ρs = -0.53,
p= 0.036). We did not observe any significant correlations with HCT between other baseline
optical biomarkers including [O2Hb], [HHb], [tHb], or BFI.

https://doi.org/10.6084/m9.figshare.26035687
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Fig. 3. A) Scatter plot of HCT and cerebral StO2 during baseline (n= 16) and B) Scatter
plot of HCT and muscle StO2 during baseline (n= 17). Spearman’s correlation coefficient
was 0.55 (p= 0.031) for cerebral StO2 and 0.34 (p= 0.18) for muscle StO2.

Agreement between the change in both HCT and cerebral StO2 across time in the placebo
group patients was also assessed; six patients of the nine had data available for both visits. We
observed 5/6 patients showed a change in cerebral StO2 from baseline to EOS that trended in
agreement with the change in HCT. Three of six patients showed increases in both cerebral StO2
and HCT while two of the six showed no significant change in either parameter.

3.3. Occlusion hemodynamics

We next assessed correlations between skeletal muscle hemodynamic markers and hematology
markers. Figure 4 shows hematology marker correlations found with both FD-NIRS data and
with DCS data during the cuff occlusion challenge. The gray highlighted section in each scatter
plot represents the healthy range of values for each hematology marker.

Fig. 4. Correlations between skeletal muscle hemodynamics and hematology biomarkers.
Gray areas represent the healthy range of values for each hematology marker. A) Spearman’s
correlation coefficient between [O2Hb] recovery rate and ICAM-1 was -0.75 (p= 0.003) at
baseline. B) Spearman’s correlation coefficient between BFI reperfusion rate vs CI was
-0.82 for baseline (p= 0.001).
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Figure 4(A) compares the post-hyperemic recovery rate of [O2Hb] (d[O2Hb]/dt), as defined in
Fig. 2, with ICAM-1 for the baseline (n= 14). We found a negative correlation between ICAM
and [O2Hb] recovery slope (ρs = -0.75, p= 0.003). Three baseline visits were excluded due to
poor FD-NIRS data quality. Seven patients in the placebo group had data available from both
visits to assess agreement in the changes in ICAM-1 and [O2Hb] recovery rate over time. We
found that 4/7 patients showed a decrease in [O2Hb] recovery rate corresponding with an increase
in ICAM-1 levels across time.

Figure 4(B) compares the post-occlusion recovery slope of BFI (dBFI/dt) to the coagulation
index (CI) during baseline (n= 12). Three baseline visits and one EOS visit were excluded due
to poor DCS data quality; one IQ and one placebo patient were also excluded from this analysis
because they were on direct oral anticoagulants which would confound the TEG readings. We
found that BFI reperfusion rate, as defined in Fig. 2, negatively correlated with CI during both
baseline (ρs = -0.82, p= 0.001) Five patients had data available at both visits to assess agreement
in the change in CI and BFI reperfusion rate over time. We found that 4/5 patients showed a
decrease in BFI reperfusion rate that corresponded with an increase in CI.

3.4. Impact of isoquercetin treatment

Both the study groups reported> 90% adherence to the study drug. Table 2 summarizes the
changes in the hematology and optical markers after IQ treatment. The clinical outcomes of this
study have been previously reported for the full cohort (n= 46) [20]. For the three hematology
markers (HCT, ICAM-1, CI) that correlated with optical hemodynamic markers, we performed a
Wilcoxon’s signed rank test to determine if there were any statistically significant changes that
occurred between the baseline and EOS visits in either the placebo or IQ groups. Statistical
comparisons were performed only for patients with data available from both visits for a given
parameter. We found that none of the three hematology markers showed any significant change
from the baseline to the EOS visit in either group. Similarly, we found no optical marker that
exhibited a significant change from baseline in either group. We compared the hematology
results found in this smaller sub-cohort (n= 17) to the changes found in the full study cohort
(n= 46) and found that the trends were similar between both cohorts. A full table of the mean
values of all the measured optical biomarkers are included in Dataset 1 (Ref. [38]).

Table 2. Summary of changes in optical and hematology markers due to IQ treatment.
Group sizes after data QC are included with each entry.

Parameters Placebo (n= 9) Isoquercetin (n= 8)

Baseline EOS Baseline EOS

Clinical
HCT (%) 25± 5.0 25± 5.0 26± 3.2 27± 3.0

ICAM-1
(pg/mL)

90000± 34000
(n= 8)

107000± 54000
(n= 8)

58000± 59000 42000± 18000

CI (au) 3.5± 1.4 (n= 8) 4.0± 1.1 (n= 8) 2.8± 1.3 1.8± 1.6

Optical
(Cerebral)

StO2 (%) 59± 6.6 (n= 6) 61± 9.0 (n= 6) 60± 4.0 (n= 5) 57± 3.7 (n= 5)

Optical
(Muscle)

[O2Hb]
Recovery Rate

(µM/s)

-0.048± 0.037
(n= 8)

-0.032± 0.024
(n= 8)

-0.10± 0.049 -0.10± 0.062
(n= 6)

BFI Reperfusion
Rate (x

10−10cm2/s2)

1.8± 1.1 (n= 6) 1.5± 1.5 (n= 6) 2.7± 1.5 (n= 6) 2.4± 2.4 (n= 6)

https://doi.org/10.6084/m9.figshare.26035687
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4. Discussion

Non-invasive NIRS technologies are sensitive to changes in microvascular composition and
function and could be a useful modality for accessible, point-of-care monitoring for patients with
SCD. Identifying clinical measures that can be indexed with non-invasive optical biomarkers
would facilitate data interpretation in the clinical setting by relating the changes observed in
the optical markers to changes in SCD pathophysiology reflected by hematological parameters.
Furthermore, there is limited work investigating the relationship between optical parameters
and hematology measures in the range of values commonly seen in SCD patients. We assessed
vascular hemodynamics through breath holding and cuff occlusion challenges to induce transient
hemodynamic changes to reveal dynamic, physiological responses to the given perturbation. The
breath holding and brachial cuff occlusion challenges have been cited previously as a non-invasive
assessment of cerebrovascular reactivity and endothelial function respectively [3,15,39–41].
We did not observe a consistent breath hold response during this study potentially due to lack
of patient compliance with the end-exhalation breath hold. In future work, we will improve
standardization of the breath hold procedure and consider other testing paradigms such as CO2
inhalation [42,43].

4.1. Baseline hemodynamics

With regards to cerebral hemodynamic markers, we observed that lower HCT was significantly
associated with lower cerebral StO2 values at the baseline visits (n= 12) as seen in Fig. 3
(ρs = 0.55, p= 0.031). A similar, significant negative correlation was observed between OEF and
HCT (ρs = -0.61, p= 0.012). Although similar trends were observed for StO2 and OEF in the EOS
visits, these were not statistically significant. Lower HCT appears to be associated with lower
cerebral StO2 and increased OEF which could be related to a combination of factors including the
limited oxygen carrying capacity of sickled RBC’s or impaired blood flow due to vasculopathy
[44]. Nahavandi et al reported that there was no significant difference in the absorption spectra
of healthy and sickled hemoglobin which also seems to suggest the reduced StO2 is due to
limited oxygen carrying capacity and not to a change in the hemoglobin absorption spectra [45].
Prior work also compared StO2, cMRO2, CBV, and OEF to HCT which is consistent with the
trends found in this study [46,47]. Compared to skeletal muscle StO2, cerebral StO2 displayed a
stronger correlation to HCT potentially due to higher cerebral metabolic demand which would
necessitate a change in extraction to compensate for change in oxygen availability due to lower
HCT. Additionally, there could be more variability in muscle StO2 over time related to physical
activity. Individual hemoglobin species such as [O2Hb] and [HHb] measured with FD-NIRS
did not show as strong of a correlation with HCT. This is likely because HCT values represent
hemoglobin concentration in blood while optically derived [O2Hb] and [HHb] concentrations are
per unit volume of tissue which would also be influenced by the blood volume fraction and how
perfused the tissue is.

4.2. Occlusion hemodynamics

We also found potential correlations between hematologic markers and skeletal muscle hemo-
dynamic markers, specifically regarding the post-occlusion hyperemic response. Increased
expression of ICAM-1, an endothelial marker, showed significant correlation with a reduced
[O2Hb] recovery rate as seen in Fig. 4(A) (ρs = -0.75, p= 0.003). In patients with SCD, elevated
ICAM-1 levels are due to the chronic ischemia-reperfusion injury promoted by continuous cycles
of RBC sickling and are associated with increased cardiovascular risk and endothelial dysfunction
[48,49]. The brachial cuff occlusion challenge has been reported as a test for endothelial function
which lends credence to an association between ICAM-1 and FD-NIRS post-occlusion response
metrics [15,41,50–52]. Increased coagulation index (CI) also showed significant correlation with
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reduced reperfusion rate at baseline in the BFI data (dBFI/dt) (n= 12, ρs = -0.86, p= 3× 10−4).
While we saw similar correlations in the EOS visits ([O2Hb] recovery rate: ρs = -0.46, BFI
reperfusion rate: ρs = -0.67) neither of these correlations were significant. When pooled with the
EOS-IQ groups, there was a significant correlation (n= 12, ρs = -0.74, p= 0.006). TEG is an
in vitro, point-of-care technology that can assess blood coagulation [53]. DCS is sensitive to
changes in microvascular flow, which is affected by hypercoagulable blood, possibly explaining a
relationship between TEG markers and DCS metrics. Previous work has reported an association
between increased coagulation marker activation with endothelial dysfunction markers [54,55].

4.3. Hemodynamic changes over time

From this sub-cohort, we observed no significant change from baseline in hematology or optical
markers which could be attributed to treatment with IQ. Although the sample size was small,
analysis of the full cohort (n= 46) similarly revealed no significant changes in clinical measures
[20]. Further study will be needed to test if a higher dose of IQ or a longer treatment period
could promote a stronger response in the clinical measures. Due to the uncertainty of the impact
of IQ on optical biomarkers, we assessed the agreement between changes over time for clinical
markers and changes over time for optical biomarkers in the placebo group. We also found some
agreement in the change over time between HCT vs cerebral StO2 (5/6 agreement), ICAM-1 vs
[O2Hb] recovery rate (4/7 agreement), and CI vs BFI reperfusion rate (4/5 agreement). These
longitudinal changes lend additional credence to these correlations and to the sensitivity of optical
biomarkers to changes in clinical measures.

4.4. Limitations

While the trends observed in this study were promising, they would benefit from further study
with a larger patient cohort to gain higher statistical confidence. DCS data from four visits had to
be excluded due to low signal-to-noise from the 3 cm SDS. Optimization of the SDS for both
the cerebral and muscle measurements will also be considered for future studies to maximize
signal-to-noise for each anatomic site. The brain supplied more robust results compared to
skeletal muscle data with regards to baseline hemodynamic parameters. Cerebral hemodynamic
estimation could be improved by incorporating multilayer modeling to stratify contributions
from the overlying extracerebral layer. Comparison of these results to a healthy volunteer cohort
would provide better context; we are currently nearing completion of a study comparing an
adult SCD cohort to a healthy volunteer cohort. We incorporated a correction factor for BFI
from Benson et al to account for the low HCT observed in the SCD population [30]. While we
did not incorporate all the assumed constants in the correction factor, the correlations found
between BFI parameters and hematology measures should be maintained. The entire correction
factor will be incorporated in future studies when comparing to a healthy population. This study
was conducted with a combination of FD-NIRS and DCS which are relatively expensive and
technologically complex. However, the correlations we reported could potentially be observed
with more inexpensive, accessible optical techniques to measure oxygen saturation and blood
flow such as continuous-wave NIRS and laser speckle imaging [17,56,57]. Although this was a
small sub-analysis, the initial data highlights the potential of NIRS techniques as a non-invasive
monitoring adjunct in the sickle-cell population.

5. Conclusion

We have explored correlations between non-invasive optical hemodynamic biomarkers and
clinical, hematologic measures to provide further physiological context to the metrics calculated
via optical techniques. Identification of non-invasive optical biomarkers that index components
of SCD physiology could facilitate continuous, point-of-care options for treatment monitoring
and risk stratification for SCD patients. We observed relationships between lower O2 availability
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(decreased HCT) and increased extraction increased OEF, decreased cerebral StO2. Additionally,
increased expression of ICAM-1 and CI indicate greater endothelial dysfunction which can
be observed through decreased post-occlusion metrics such as [O2Hb] recovery rate and BFI
reperfusion rate. Additionally, we found that changes observed in clinical measures over time
were often mirrored by changes in optical biomarkers. Further study will be necessary to validate
NIRS techniques as a point-of-care surrogate for hemodynamic assessment.
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