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Introduction

Abstract. We investigate and assess the utility of a simple scheme for continuous absolute blood flow monitoring
based on diffuse correlation spectroscopy (DCS). The scheme calibrates DCS using venous-occlusion diffuse
optical spectroscopy (VO-DOS) measurements of arm muscle tissue at a single time-point. A calibration coef-
ficient (y) for the armis determined, permitting conversion of DCS blood flow indices to absolute blood flow units,
and a study of healthy adults (N = 10) is carried out to ascertain the variability of y. The average DCS calibration
coefficient for the right (i.e., dominant) arm was y = (1.24 +0.15) x 108 (mL - 100 mL~" - min—')/(cm?/s).
However, variability can be significant and is apparent in our site-to-site and day-to-day repeated measurements.
The peak hyperemic blood flow overshoot relative to baseline resting flow was also studied following arm-cuff
ischemia; excellent agreement between VO-DOS and DCS was found (R? = 0.95, slope = 0.94 + 0.07,
mean difference = —0.10 + 0.45). Finally, we show that incorporation of subject-specific absolute optical prop-
erties significantly improves blood flow calibration accuracy. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JB0O.20.12.125005]
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VO-DOS, also known as venous-occlusion near-infrared

Blood flow (BF), the primary source of oxygen delivery to tissue,
plays a critical role fueling metabolism.! Thus, measurement of
BF is often utilized to inform clinicians about oxygen delivery
and metabolism in tissues such as brain’> and muscle.*® Per
muscle, such measurements hold special significance for patients
with peripheral artery disease (PAD), wherein insufficient flow
can lead to nutrient deficits, tissue damage, and muscle weak-
ness.”!! To date, several approaches have been developed for
tracking BF in muscle; they range from relatively simple bedside
techniques, such as strain-gauge plethysmography (SGP) '*1°
and Doppler ultrasound,'®"® to more complex and low-through-
put approaches, such as arterial spin labeled magnetic resonance
imaging'®! and positron emission tomography.?> The present
paper explores state-of-the-art near-infrared optical methods for
measurement of blood perfusion in deep tissues. These optical
techniques are attractive because they are noninvasive, portable,
inexpensive, and because they offer the possibility for quantitative
monitoring of both BF and oxy-/deoxyhemoglobin concentration
([HbO]/[Hb]) continuously and concurrently at the bedside.
Herein we comprehensively compare and cross-calibrate two
qualitatively different and complementary near-infrared optical
BF techniques: venous-occlusion diffuse optical spectroscopy
(VO-DO0S)*** and diffuse correlation spectroscopy (DCS).”360

*Address all correspondence to: Zhe Li, E-mail: zheli1023 @ gmail.com
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spectroscopy, estimates absolute muscle BF from measurement
of the linear rate-of-change of total hemoglobin concentration
([HbT] = [HbO] + [Hb]) following venous occlusion.*> In
their pioneering study, De Blasi et al. demonstrated high cor-
relation between measurements of absolute BF in the forearm
with VO-DOS and SGP.%’ Unfortunately, since venous occlu-
sion interrupts BF, VO-DOS cannot monitor muscle BF
continuously.

By contrast, DCS monitors a muscle blood flow index (BFI)
continuously in real time.*' DCS is a simple noninvasive tech-
nique that derives flow information from measurements of the
temporal intensity fluctuations of multiply scattered
light. %4246 The DCS BFI has been validated against a plethora
of gold-standard techniques;”*">? in these studies, the BFI and
especially its variation were demonstrated to be approximately
proportional to true BF in a range of subjects and tissue types.
However, clinical interpretation of the DCS BFI is complicated
by its unusual units of [cm?/s]. To remedy this limitation, Gurley
et al. recently carried out exercise studies wherein they employed
measurements of absolute BF with VO-DOS to calibrate sub-
sequent continuous DCS measurements for the first time.*
After VO-DOS calibration, they monitored absolute muscle
BF with DCS and determined oxygen metabolism during exer-
cise. This promising approach combines the best features of
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both techniques for the patient: quantitative absolute BF (VO-
DOS) and continuous relative BF (DCS) monitoring.

However, perhaps because the calibration concept was not a
central goal of their paper, they simply assumed that the tech-
nique worked. They did not validate the method, and their work
did not critically examine the technique’s accuracy, repeatabil-
ity, and, ultimately, its potential for facilitating absolute BF
measurements based on the DCS BFI alone (i.e., without venous
occlusion). Clinically, absolute muscle BF monitoring with
DCS alone is a significant advance that is especially useful
for patients wherein venous occlusion is not feasible, e.g., in
patients with calcified vessels or pain due to peripheral artery
disease. Our study quantified the repeatability of the calibration
method, identified the sources and sizes of errors associated with
absolute BF calibration, and determined population-averaged
values of these calibration coefficients for determination of
absolute BF from DCS alone.

For error quantification, we tested the accuracy of the key
assumption made in the hybrid VO-DOS/DCS technique, i.e.,
that y is constant. Here, y denotes the constant of proportionality
between VO-DOS absolute BF and DCS BFI. Since the VO-
DOS/DCS technique assumes that y remains constant for the
entire monitoring session, percent variations in y translate
into percent error in the measured absolute BF. We directly mea-
sured the variability in y on the arm of N = 10 healthy adults
over a wide range of BF levels (e.g., for resting muscle and dur-
ing the hyperemic overshoot after arm-cuff ischemia), across
measurement days, and across tissue site (e.g., right arm versus
left arm, small probe position shifts on the same arm, etc.). From
these measurements, we derived a population-averaged estimate
of y on the dominant arm and assessed its suitability for deter-
mining absolute BF from measured DCS BFIs.

We found excellent agreement (~1:1) between relative BF
changes measured by DCS and VO-DOS. Further, we found
~10% variability in y across BF level, ~20% variability across
slight shifts in probe position, and ~50% variability across meas-
urement days. Thus, the current accuracy of hybrid VO-DOS/
DCS technique should not be expected to be better than 10%;
care should be taken to minimize probe positional shifts from sub-
ject motion (e.g., during exercise), and, if possible, it is valuable
to carry out a venous-occlusion calibration prior to each monitor-
ing session. For cases wherein VO-DOS/DCS calibration is not
feasible, we derived a population-averaged calibration coefficient
of y,, = 1.24x 10% (mL - 100 mL~" - min~!)/(cm?/s) to con-
vert DCS BFI to absolute BF on a subject’s dominant arm, i.e.,
BFpcs =7, X BFl. We found a significant correlation
(R? = 0.63) between BFpcg and absolute BF measured with
VO-DOS across subjects when tissue optical properties are deter-
mined on a subject-by-subject basis. However, individual subject
deviations between BFpcg and BF are considerable (interquartile
range of 44%). Improvements in experimental design that should
reduce this variability are discussed. Ultimately, the VO-DOS/
DCS method will permit clinicians and researchers to mea-
sure/monitor absolute skeletal BF continuously and noninvasively
during many kinds of activities, and the technique facilitates
development of strategies for absolute calibration of DCS.

2 Methods

2.1 Diffuse Correlation Spectroscopy

DCS is a noninvasive optical method that quantitatively mea-
sures tissue BF using speckle correlation techniques.’4%4>-46
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Herein, aspects of this technique relevant to our study are high-
lighted; for additional details, the reader should consult compre-
hensive reviews and papers.”**** DCS measures the temporal
intensity fluctuations of coherent near-infrared (NIR) light that
has multiply scattered from moving red blood cells in tis-
sue.”?340 These fluctuations are quantified by computing
the temporal intensity autocorrelation function of the collected
light, whose transport through tissue is mathematically
described by the correlation diffusion equation. **° The solu-
tion to the correlation diffusion equation depends on several
parameters including tissue geometry, tissue absorption and
reduced scattering coefficients (u,, u.), and a tissue BFI
[cm?/s]. In practice, BFI can be broken down further; it is
the product of an effective diffusion coefficient (Dp) that char-
acterizes red blood cell motion and another parameter («) that is
proportional to the concentration of moving red blood cells.
Note that the correlation diffusion equation solution has been
compared to data across a wide range of sample length scales
and tissue types, and it has been found to best match the mea-
sured signals when the mean-square displacement of the red
blood cells is modeled diffusively.*

To quantify BF with DCS, the measured intensity autocor-
relation function from muscle is fit to the solution of the corre-
lation diffusion equation in the semi-infinite geometry; from this
fit, we extract BFL*933% The tissue absorption and reduced
scattering coefficients are required inputs for this fit. For the
present study, we measured each subject’s baseline tissue
absorption (,0) and baseline reduced scattering (u}) coefficient
with a frequency-domain diffuse optical spectroscopy device
(Sec. 2.4). Subsequent variations in tissue absorption with
respect to baseline during the monitoring session were obtained
from DOS intensity changes using the semi-infinite modified
Beer-Lambert law™® (see Sec. 2.5), with tissue scattering
assumed to remain constant.

Although the BFI has nontraditional units for flow, we and

others have shown that BFI is proportional to true tissue
BE 847-51.57

BF = yBFL (1)

Here, we define the proportionality constant, y[(mL -
100 mL~! - min~!)/(cm?/s)], as the DCS calibration coeffi-
cient. Note that this proportionality relation is accurate only
for physiological conditions; for example, when flow is
very low and a biological zero is probed, then an offset is
typically observed, and the simple proportionality relation
breaks down.

From Eq. (1), it is apparent that fractional/relative changes
of tissue blood flow (rBF) compared to a baseline blood flow
BF, can be derived from corresponding changes in BFI, i.e.,

1BF = BF/BF, — 1 = BFI/BF];, — 1 = 1BFL 2)

Therefore, knowledge of y is not required to derive relative
changes in BF from relative changes in BFL. However, knowl-
edge of y is required to interpret BFI for any problem needing
information about flow in absolute (clinical) units [Eq. (1)].
Thus, the primary goal of this in vivo study is to determine
and critically characterize y using independent measurements
of BF with VO-DOS.
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2.2 Venous-Occlusion Diffuse Optical Spectroscopy

DOS is a well-known technique that uses diffuse NIR light to
monitor tissue oxygen saturation and blood volume .’ The
technique of VO-DOS employs DOS to measure changes in
blood volume during a venous occlusion, and this information
permits estimation of absolute muscle BE2> The venous
occlusion of skeletal blood vessels is made with a blood pressure
cuff set above venous pressure, but below arterial pressure (e.g.,
the blood pressure cuff is inflated to ~50 mm Hg). Practitioners
assume that during such an occlusion, venous outflow draining
the muscle is reduced to zero, but arterial inflow, accommodated
by passive expansion of the muscle vasculature, is initially
unaltered.

With zero outflow and constant inflow, the muscle blood vol-
ume initially increases at a constant rate, and the tissue BF in this
case is readily modeled as being proportional to the rate of
increase in blood volume. In practice, we measure the rate of
increase in the concentration of total hemoglobin ([HbT])
with DOS, which is proportional to the rate of increase in
blood volume. The tissue BF is then given by*

1 dHbT]
T Cc odr

BF 3

where C is the concentration of hemoglobin in blood, which is
assumed or is measured from a blood gas sample. In our mea-
surements, we assumed C to be 14.1 g/ dL.> We will revisit and
reconsider the VO-DOS assumptions in Sec. 4.

2.3 Instrumentation

For subject monitoring during arm-cuff occlusion experiments
(Sec. 2.4), we utilized a custom-designed hybrid optical instru-
ment that could continuously obtain continuous-wave DOS and
DCS data (Fig. 1); the instrument is described in detail else-
where.®” Briefly, the DOS measurements employed five laser
diodes (685, 730, 785, 808, and 830 nm; OZ Optics, Ottawa,
Canada) coupled to an optical switch (DiCon Fiberoptics
Inc., Richmond, California) to sequentially illuminate a single
tissue location (S in Fig. 1) via a multimode fiber (940 ym core

Laser Detector
C] ® 4
Detle

a‘w\

Tourniquet
system

50 mm Hg or 180 mm Hg

Fig. 1 Schematic of the hybrid instrument for diffuse correlation spec-
troscopy (DCS) monitoring of blood flow and diffuse optical spectros-
copy (DOS) monitoring of tissue total hemoglobin in the forearm. The
optical probe head is comprised of four optical fibers that form one
DCS source—detector separation pair (FS-FD, 2.5 cm) and one
DOS source—detector separation pair (S-D, 2.5 cm). As a rough
rule of thumb, the approximate depth of measurement below the
skin is one third to one half the source-detector separation, i.e.,
1.25 cm (for a more precise relation, see Ref. 61). A tourniquet system
(Zimmer Inc., Warsaw, Indiana) is utilized to inflate an arm cuff to
50 mm Hg (shown in green) for venous occlusion and 180 mm Hg
(shown in red) for arterial occlusion.
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diameter; OZ Optics). Multiply scattered light emerging at tissue
location D in Fig. 1 was detected with a multimode fiber bundle
(3.5 mm active area diameter; Dolan-Jenner Industries,
Boxborough, Massachusetts) and was coupled to a photomulti-
plier tube (R928, Hamamatsu, Bridgewater, New Jersey).

For DCS measurements, a continuous-wave, long-coher-
ence-length, fiber-coupled laser (785 nm, DL785-100-SO,
CrystaLaser Inc., Reno, Nevada) illuminated the tissue at loca-
tion FS in Fig. 1 via a multimode optical fiber (200 ym diameter;
OZ Optics). Detected light emerged at location FD in Fig. 1, and
a single-photon counting avalanche photodiode (SPCM-AQ4C,
Excelitas, Quebec, Canada) was coupled to this output light via
a single-mode fiber (5 ym diameter; OZ Optics). A commercial
multi-tau hardware correlator (Correlator.com, Bridgewater,
New Jersey) computed the intensity autocorrelation function
of the detected DCS light in real time. For the DCS and
DOS measurements, the source—detector separation was
2.5 cm, and the temporal resolutions were 2.5 and 3 s per meas-
urement, respectively.

As an alternative to venous-occlusion calibration, we aimed
to derive a population-averaged calibration coefficient [i.e., y in
Eq. (1)] to convert DCS BFI directly to absolute BF. This idea
was stymied, in part, by a mediocre correlation between absolute
BF and BFI. We later realized that this mediocre correlation was
in large part due to errors in our assumed baseline tissue
optical properties for the subjects. To ameliorate these errors,
we utilized a frequency-domain ISS Imagent (ISS Medical,
Champaign, Illinois) for subject-specific measurement of base-
line absolute absorption and reduced scattering coefficients at
830 and 785 nm; this frequency-domain spectroscopy measure-
ment was carried out many days after the cuff-occlusion experi-
ments on the same subjects (Sec. 2.4).

2.4 Subjects and Protocols

Ten healthy adult volunteers (six men, four women, age
29.5 £ 3.8) participated in this study after giving their written
informed consent. All study procedures were approved by the
institutional review board of the University of Pennsylvania.
Each subject came to the University of Pennsylvania for four
visits.

In the first visit, the subject lay supine with his/her right arm
extended in a comfortable bed (note that all subjects measured in
the study were right-handed, hence the right arm was their dom-
inant arm). The optical probe was secured to the subject’s right
forearm with an elastic neoprene strap at position A indicated in
Fig. 2(b). A blood pressure cuff was placed around the right
bicep. Two cuff ischemia trials were carried out in series; for
the arterial occlusion (cuff ischemia) measurement, the blood
pressure cuff was inflated to 180 mm Hg [indicated in red in
Fig. 2(a)]. In the first trial, measurements of [HbT] were utilized
to estimate absolute BF with the VO-DOS method at the base-
line and postarterial-occlusion intervals [indicated in green with
cuff pressure of 50 mm Hg in Fig. 2(a)]. In the second trial, the
DCS BFI was continuously monitored. Since the absolute BF
was measured twice at site A (baseline and postarterial-occlu-
sion measurement), we use A to denote the baseline measure-
ment and A’ to denote the postarterial-occlusion measurement.
Thus, for each venous-occlusion measurement, a DCS calibra-
tion coefficient [y; see Eq. (1)] is determined. This information
enables us to assess the variability in y over a range of BF levels.

The reproducibility of the cuff ischemia BF response
between trials 1 and 2 in each subject was tested with DCS
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DOS only: HbT measurement

DCS only: BFI measurement
1

Visit 1 0 mm H 0mmH
Cuff 50 mm Hg 50 mm Hg
(A, AY) pressure [ | Cuff pressure
’ 1 3min I1min 3min _3min 1 min2 min 3minlmin 3min__3min 1 min2 min
0 3 4 7 10.311.3 133 15 18 19 25 26.3 28.3 |
Time (min)
DCS only: BFI measurement
180 mm H 180 mm Hg
cei Cuff
Visit 2 presgure | - s .
min min min min min : i
z 5 >z —Time (min)
DOS only DOS only
isi Cuff 50 H,
\Bhs(;t; pressure mr.rLg
( &y ) 3 min 13m|2 5 min Time (min)

(a)

(b)

Fig. 2 Schematic of experimental protocols and measurement sites. (a) Visit 1, visit 2, and visit 3 meas-
urement protocols for each subject. The blood pressure cuff is inflated to 50 mm Hg (shown in green) for
1 min to create a venous occlusion, and it is inflated to 180 mm Hg (shown in red) for 3 min to create an
arterial occlusion. (b) Schematic of the four different probe positions (A, B, C, and D) for blood flow mea-
surements on the forearm. In visit 1, A and A’ denote the baseline and postarterial-occlusion measure-
ments, respectively. The visit 3 protocol is carried out three times, i.e., at positions B, C, and D.

in a second visit (about two months later). As with the first visit,
there were two cuff ischemia trials, and DCS BFI monitoring
was done for both of them (i.e., VO-DOS measurements
were not done).

During the third visit (almost a week later), we examined the
variability in DCS calibration coefficient (y) across multiple tis-
sue sites in each subject. While the subject lay supine, the opti-
cal probe was attached to the right forearm [B in Fig. 2(b)] and a
set of baseline VO-DOS and DCS measurements of BF were
carried out sequentially [Fig. 2(a)]. To determine the effect of
slight probe positional changes that could occur from subject
motion (e.g., exercise), the probe was removed and reattached
to roughly the same position on the forearm [C in Fig. 2(b)], and
the VO-DOS/DCS measurements of BF were repeated to derive
another y. Note that comparison of y measurements at sites B
and C to site A from visit 1 permits assessment of intrasubject
y variability across different days. Finally, the probe was
attached to a corresponding position on the subject’s left fore-
arm [D in Fig. 2(b)] for another set of VO-DOS and DCS mea-
surements (i.e., to examine variability between the left and right
forearm).

During the fourth visit (about two months later), the baseline
tissue optical properties (1,9, fi1,) on the right arm and left arm
of each subject [i.e., at indicated positions in Fig. 2(b)] were
measured at 830 and 785 nm using a multiple-distance fre-
quency-domain technique.’>% Specifically, a commercial ISS
Imagent connected to a multiple-distance probe (ISS Medical,
p=2,25, 3, 3.5 cm) was utilized. The instrument was cali-
brated using a solid silicon phantom (ISS Medical) with
known optical properties®>®® before the arm measurements.
As we will show, these subject-specific measurements of

absolute tissue optical properties substantially improved the cor-
relation between absolute BF and DCS BFI. Thus, for applica-
tions where it is desirable to use the DCS BFI as a measure of
absolute BF (i.e., without venous-occlusion calibration), it is
optimal to measure absolute tissue optical properties concomi-
tantly with DCS using a frequency- or time-domain DOS
instrument.

2.5 Data Analysis: Measurement of Blood Flow
and Diffuse Correlation Spectroscopy
Calibration Coefficient

As discussed in Sec. 2.2, VO-DOS BF is derived from the rate of
change of [HbT] with respect to time following the onset of
venous occlusion. The temporal changes in [HbT] are obtained
from time-dependent multispectral DOS intensity measurements
via the well-known semi-infinite medium modified Beer-
Lambert law.’353 The semi-infinite medium differential path
lengths utilized in the modified Beer-Lambert law were com-
puted from the photon diffusion model,** using subject-specific
estimates of baseline tissue absorption and reduced scattering
coefficients.

To compute absorption at all five wavelengths (685, 730,
785, 808, and 830 nm), the baseline tissue oxyhemoglobin
and deoxyhemoglobin concentrations were obtained first
from the frequency-domain baseline tissue absorption measure-
ments at 785 and 830 nm* (assuming 70% muscle water vol-
ume fraction®). The average measured tissue optical properties
at 785 and 830 nm, and the average computed tissue oxygen
saturation and total hemoglobin, are shown in Table 1. These
oxyhemoglobin and deoxyhemoglobin concentrations were

Table 1 Measured tissue optical properties in right and left arm (results reported as mean + SD; these averages are across the study population

(N =10).
Absorption coefficient u, (cm=) Scattering coefficient x5 (cm™)
Tissue oxygen Total hemoglobin
Arm 785 nm 830 nm 785 nm 830 nm saturation StO, (%) concentration (xM)
Right 0.15+0.03 0.16+0.03 4.56+0.52 3.82+0.49 57.80+7.55 68.41+£16.19
Left 0.14+0.03 0.16+0.04 4.55+0.68 3.80+0.62 58.35+8.79 67.55+17.93
Journal of Biomedical Optics 125005-4 December 2015 « Vol. 20(12)
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used to compute tissue absorption at the other three wave-
leng‘[hs.36 For baseline tissue scattering, we found the measured
reduced scattering coefficients at 785 and 830 nm to be compa-
rable. Therefore, the average of the two measurements was
used as the baseline tissue scattering coefficient for all five
wavelengths.

Figure 3 shows a temporal trace of [HbT] during venous
occlusion in a representative subject. Absolute BF is obtained
via Eq. (3), where the rate of change, d[HbT]/dt, was estimated
from the slope of the linear regression line fit to [HbT] during
venous occlusion (e.g., solid red line in Fig. 3).

Ideally, [HbT] will increase linearly following the onset of
venous occlusion. In practice, however, the inflation of the
arm cuff to 50 mm Hg is not instantaneous. Thus, the rate of
increase in [HbT] is nonlinear at the earliest times, and then
it settles to a steady rate of increase obtained at full cuff infla-
tion. Eventually, the vasculature in the muscle approaches maxi-
mal dilation, resulting in an increase in venous blood pressure
that reduces arterial inflow. At this point, [HbT] starts to level off
toward a maximal value as arterial inflow drops to zero. As
shown in Fig. 3, blood flow is determined from the slope of
[HbT] during the temporal interval Ty, just after the pressure
is increased and where the rate of increase is linear. (We note
that for some subjects, the linear regime for fitting had fewer
data points than in Fig. 3, leading to greater experimental uncer-
tainty.) This procedure provides a quantitative estimate of abso-
lute muscle BF just prior to each venous occlusion performed.
For example, in visit 1 (see Fig. 2), two venous occlusions were
done, enabling the measurement of baseline absolute BF, BF,
and measurement of the peak BF achieved from the hyperemic
overshoot following cuff ischemia, BF.

These measurements of absolute BF with VO-DOS are then
combined with corresponding measurements of DCS BFI
(Sec. 2.1) to calculate the DCS calibration coefficient, y, via
Eq. (1). Continuing with the visit 1 example, the baseline
DCS BFI, BFI,, was obtained by averaging the measured
BFI over times corresponding to baseline temporal fitting inter-
val, T o, in cuff ischemia trial 1 (i.e., that used for the baseline
VO-DOS measurement of BF, see Fig. 2). Similarly, BFI, was
obtained by averaging the measured BFI over the times corre-
sponding to overshoot fitting interval, T’ o5, used for the VO-
DOS measurement of BF,,. Two estimates of y are, therefore,
obtained from visit 1: y, = BF,/BFI, and y, = BF,/BFI.

During a separate visit on a different day (visit 3), three esti-
mates of y, i.e., yg, ¥c, and yp, were obtained from sequential

95

VO/ 0
93 /4
g o /
5‘89 // A
87 / Tig)
85 VAR
> 25 3 35 4 45 5

Time (min)

Fig. 3 Temporal [HbT] trace during baseline venous occlusion meas-
urement of a healthy subject. Ty is the time interval (shaded green
region) used for the linear regression fit of [HbT] (red solid line) during
venous occlusion (VO).
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baseline VO-DOS and DCS muscle measurements acquired at
positions B, C, and D indicated in Fig. 2(b). Positions B and C
on the right arm are roughly the same and similar to position A
(i.e., the probe was removed from position B and then reattached
in roughly the same position, C); position D is at the correspond-
ing location on the left arm.

3 Results

3.1 Venous-Occlusion Diffuse Optical Spectroscopy
Measures Resting Skeletal Muscle Blood Flow
Accurately

We first establish that our VO-DOS protocol described in
Sec. 2.5 produces reasonable estimates of resting skeletal
muscle BF. For each subject, we acquired three measurements
of resting skeletal muscle BF on the right (dominant) forearm
[see Fig. 2(b)]. On average, across 30 VO-DOS measurements
[(3 positions) x (10 subjects)], the resting forearm muscle BF
(mean + SD) in the dominant arm was BF,=1.53+
0.55 mL - 100 mL~! - min~!. The resting BF on the left (non-
dominant) arm was 1.61 0.82 mL - 100 mL~! - min~'. The
average resting BF across both right and left arms was
1.56 & 0.54 mL - 100 mL~" - min~!'. These measurements of
resting BF in the forearm are consistent with previously pub-
lished findings, which are summarized in Table 2.

3.2 Cuff Ischemia due to Arterial Occlusion
Produces a Reproducible Response

Since we do not determine flow with simultaneous measurements
of VO-DOS and DCS, we performed a second experiment to
ensure that BF measured with the arterial arm-cuff ischemia
model is repeatable (see visit 2 in protocol, Fig. 2). Figure 4
shows representative temporal dynamics of BFI estimated with
DCS from a healthy male subject during two sequential cuff
ischemia experiments. During the artery occlusions (denoted
as AO1 and AO2), DCS-BFI decreases by ~95%, and then it rap-
idly reaches a peak hyperemic overshoot above baseline follow-
ing cuff deflation. The hemodynamics of the two arterial
occlusions were characterized by the magnitudes of the peak
hyperemic overshoot, Fyo; and Fq,, and the times to reach
the peak overshoot, Tho; and T 50, [see Fig. 4(b), insets].

In the 10 healthy subjects, the peak BF overshoot (Fao1,
FAop) and the time-to-peak overshoot (Tao1, Taop) for the
two arterial occlusions are in excellent agreement (Fig. 5).
Figure 5(a) shows the comparison of the peak BF overshoot
of two arterial occlusions, plotting the peak BF overshoot of
the second arterial occlusion on the vertical axis against the
peak BF overshoot of the first arterial occlusion on the horizon-
tal axis. Figure 5(b) shows the analogous comparison of the
time-to-peak overshoot of the two arterial occlusions. Both
plots are highly linear (R? =0.99) with a slope close to
unity (0.98 for peak overshoot, 1.00 for time-to-peak). Thus,
we conclude the BF response from sequential cuff ischemia
experiments is reproducible. Interestingly, although the hypere-
mic response is reproducible for a single subject, its magnitude
is highly heterogeneous across different subjects (Fig. 5).
Similar heterogeneous responses to cuff ischemia were observed
in the leg across both healthy subjects and patients with periph-
eral artery disease.®>°
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Table 2 Comparison of our venous-occlusion diffuse optical spectroscopy (VO-DOS) measurements of resting blood flow in the forearm (bottom
row) to other forearm resting blood flow estimates in the literature measured with VO-DOS and with venous-occlusion strain-gauge plethsmography
(VO-SGP) (results reported as mean + SD; n/a, not applicable; N, number of subjects).

Resting blood flow (mL - 100 mL~" - min=")

Study Wavelength (nm) Separation (cm) VO-DOS VO-SGP
Reference 29 775, 825, 850, 3 1.9+0.8 3.4+13
%04 (N = 11, five trials per subject) (N =11)
Reference 31 770, 848, 901 3.5 1.1+1.0 224038
(N = 13, three trials per subject) (N=12)
Reference 34 905, 805, 770 3.5 1.28 +0.82 n/a
(N = 78, three trials per subject)
Reference 28 905, 805, 770 3.5, 5 0.72 £ 0.32 2.06 £0.7
(N = 26, three trials per subject) (N = 26)
Reference 27 730, 810 3,4 2.55+0.1 2.47 £0.07
(N = 25, six trials per subject) (N = 25)
Reference 35 690, 750, 780, 2,25,3 1.76 £ 0.42 n/a
830 (N =9, three trials per subject)
Present study 685, 730, 785, 25 1.56 + 0.54 n/a
808, 830 (N =10, four trials per subject)

3.3 Agreement of Blood Flow Changes Measured
by Diffuse Correlation Spectroscopy and
Venous-Occlusion Diffuse Optical Spectroscopy

One aim of this paper is to compare BF dynamics during
arm-cuff ischemia measured with VO-DOS and with DCS.
Accordingly, in another set of measurements on the same

subjects (visit 1 in Fig. 2), two sequential arterial occlusions
were carried out wherein the BF response in the first occlusion
(trial 1) was measured with VO-DOS, and the BF response
in the second occlusion (trial 2) was measured with DCS
[Fig. 6(a)]. Since the reproducibility of the cuff ischemia
response has been validated (Sec. 3.2), it is reasonable to

(a) DCS only
" 180 mm H 180 mm Hg
C
p:'lessure
3 min 3 min 10 min 3 min 5 min R
0 10° 3 6 16 19 24 Time (min)
X
(b) 3 §x10° ~x10°
AoL fA ¢ ; AO2 fj| 5 Fros
4 s |\ ; P\
7, NN B BN 2|
a0l o) | T - 1 g
§ Wl U A =/ *Taoz
E ol 88 6 62 64 68 8 19 19.2 19.4 19.6
)
1}%/"*‘%
0 1 1 1 1 1
0 3 6 9 12 15 18 21 24

Time (min)

Fig. 4 Reproducibility of blood flow response following arm-cuff ischemia. (a) Protocol of the DCS meas-
urement for assessing reproducibility of cuff ischemia response in visit 2. (b) Representative changes in
DCS blood flow index (BFI) during two consecutive artery occlusions. These responses are character-
ized by their peak hyperemic magnitudes, Fao1 and Faop, and the time durations from point of cuff defla-
tion to hyperemic peak, Tpo1 and Tap, (indicated in insets).

Journal of Biomedical Optics

125005-6

December 2015 « Vol. 20(12)



Li et al.: Calibration of diffuse correlation spectroscopy blood flow index. ..

-8 -8
x 10 x 10
8N=10 Aa) 1 (b)
2 %
R?=0.99 _
el Z 45 - 5.8e-09 (+1.96SD)
Q I £ . L]
e % = —— "= ——® 4009
S 4t 8 o [
8 o &
< < ! | -2e-09 (-1.96SD)
ol »/ | W Healthy subjects < 05
& Best-fit line
S EE One to one line
% 2 4 6 8 o 2 4 6 8
Fao1 (szls) x10° (Fao1+Fao2)/2 (CmZ/S) x10°
25¢ 1
N=10 w (C) (d)
R2-0.99
20¢ __05 - 0.47 (+1.96SD)
€
) Ve 8 P "
815 = 0 - &—0.002
= .-I 3 " u
7 <
- - ]
10t A B Healthy subjects 05 B -0.48 (-1.96SD)
Best-it line
N One to one line
54 - ‘ ‘ ‘ -1
5 10 15 20 25 5 10 15 20 25
Tao (s) (Tao1+Tao2 )/2 (s)

Fig. 5 Comparison of peak blood flow overshoot [Fao1, Faoz, (2) and (b)] and time-to-peak overshoot
[Tao1, Taoe, (c) and (d)] of two artery occlusions in healthy adult subjects (N = 10). The arterial occlu-
sions, respectively, are denoted as AO1 and AO2. The hemodynamics of the two arterial occlusions were
characterized by the magnitude of their peak hyperemic overshoot (Fao4, Fao2) and their time to reach
the peak overshoot (Tao1, Tao2)- Bland-Altman plots are shown in (b) and (d); the solid horizontal line
indicates the mean difference between the two parameters computed across the study population, which
is not significantly different than zero. The dotted lines indicate the 95% confidence interval (Cl) limits for

agreement.
(a) DOS only: HbT measurement DCS only: BFI measurement
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Fig. 6 Timetracesof HbT and BFIduring the entire measurement (visit 1). The bestlinearfit lines (black solid
lines) are used for calculation of BF, and BF .. Green shaded and red shaded regions represent the VO and
arterial occlusion (AO) periods, respectively. The purple shaded regions indicate the fit interval for determi-
nation of absolute blood flow (b) and the corresponding intervals for BFl averaging (c). For the representative
subject, the baseline and hyperemia blood flows were estimated to be BF, = 1.17 +0.05 mL - 100 mL~" -
min~! and BF,s = 2.66 4 0.35 mL - 100 mL~" - min~". The corresponding DCS estimates of BFI were
BFl, = (6.08 + 0.37) x 10~° cm? /s and BFl,s = (1.46 + 0.08) x 10~8 cm?/s. Thus, the subject’s relative
hyperemic blood flow overshoot measured with DCS and with VO-DOS are rBFl, =
BFlys/BFlg — 1 =1.39 £ 0.23 and rBF s = BF,s/BF, — 1 = 1.28 + 0.20, respectively.
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compare the BF dynamics measured with VO-DOS to the
dynamics measured with DCS. Figure 6(b) displays the tempo-
ral traces of [HbT] and BFI during trials 1 and 2, respectively, in
a representative healthy male subject. As before, the BF
response was characterized by comparing the ratio of BF during
postischemic hyperemia to a baseline value.

In trial 1, two venous occlusions were performed to
estimate the baseline BF to be BF;=1.17£0.05 mL -
100 mL~! - min~! and the blood flow during hyperemia to
be BF,, = 2.66 +0.35 mL - 100 mL~! - min~! [note that the
errors in the BF estimates were calculated by bootstrap resam-
pling of the data over the purple fitting interval in Fig. 6(b)].
As discussed in Sec. 2.5, the baseline and postocclusion DCS
BFIs (i.e., BFIj, BFI) were averaged over corresponding time
intervals during the venous occlusions of trial 1 [Fig. 6(b)].
For the representative subject in Fig. 6, the DCS measurements
in trial 2 were BFI, = (6.08 & 0.37) x 10~° cm?/s and BFI,, =
(1.46 £ 0.08) x 1078 cm?/s (mean + SD). These BFI values
were obtained from within the purple averaging interval in
Fig. 6(c). Thus, the subject’s relative hyperemic BF overshoot
measured with DCS and with VO-DOS are rBFI,, = BFI/
BFI, — 1 =1.39+0.23 and rBF, = BF,/BF, — 1 =128+
0.20, respectively.

Figure 7(a) is a plot of 1BF,; measured with VO-DOS on the
vertical axis against rBF ¢ measured with DCS on the horizontal
axis for all 10 subjects. A linear regression analysis [Fig. 7(a);
solid red regression line, dotted green one-to-one line] and
a Tukey mean-difference (or Bland-Altman) analysis®’®®
[Fig. 7(b)] show excellent agreement between the two tech-
niques, per estimation of relative BF changes. The slope
between relative BF measured by DOS (rBF,) and DCS
(rBFI,,) is 0.94 (£0.073), and the Pearsons correlation coeffi-
cient is RZ = 0.95. Further, the mean difference in relative BF of
—0.10 £ 0.45 between the two techniques was not significantly
different from zero (P = 0.2).

The observed agreement between the relative flow measured
by VO-DOS and DCS in Fig. 7 suggests that the two techniques
are sensitive to the same parameter, i.e., muscle BF. The data

also further support the notion of using VO-DOS to calibrate
DCS for accurate absolute BF monitoring in skeletal muscle.

3.4 Calibration of Diffuse Correlation Spectroscopy
Blood Flow With Venous-Occlusion Diffuse
Optical Spectroscopy for Absolute Blood Flow

We found that the absolute BF measured with VO-DOS on the
right arm significantly correlates with the absolute BFI mea-
sured with DCS [R? = 0.63, n = 30, P < 0.01, see Fig. 8(a)].
We estimate the DCS calibration coefficient [Eq. (1)] from
the slope of the best fit line, ie., y = (1.24 +0.15) x
108 (mL - 100 mL~" - min~!)/(cm?/s); here, the error is the
95% confidence interval (CI). As an important practical consid-
eration, the subject-specific measurement of baseline optical
properties is required to achieve this level of correlation signifi-
cance. By contrast, when baseline optical properties used to
compute the DCS BFI were assumed (u,0 =0.17 and
uly=6cm™)% the correlation was weaker [R?=0.15,
n =30, P = 0.032, see Fig. 8(b)].

The significant correlation in Fig. 8(a) suggests that the
DCS BFI can be used as a surrogate for absolute BF, i.e.,
BFpcs = (1.24 x 10%)BFIL. Figure 9(a) is a plot of absolute
BF measured with VO-DOS on the vertical axis against
absolute BFpcg calculated from the measured BFI [using
(1.24 x 10%)BFI] on the horizontal axis across n = 30 measure-
ments. A linear regression line [solid red line in Fig. 9(a)] and a
one-to-one line [dotted yellow line in Fig. 9(a)] exhibit moderate
correlation (R? = 0.63) between the two techniques; impor-
tantly, there exists considerable variability on a per-subject
basis. The interquartile range (75th percentile to 25th percentile,
n = 30 measurements) of the fractional difference BFpcg/BF —
1 is 44%, which is modestly smaller than the intersubject vari-
ability in BF of 75% [i.e., BF/BF, — 1 has an interquartile
range of 75%, where BF,, is the mean BF across subjects
(Table 2)]. Additionally, the Bland-Altman analysis of these
data [Fig. 9(b)] reveals a mean difference in absolute BF of
0.1 £ 1.0 mL - 100 mL~! - min~!, which is not significantly
different than zero (P = 0.3). By contrast to the relative BF

4 1YBF 1s=0.94 X rBFl,, (@) (b)
R’=0.95

._|. 3 ,N=1O . 1
<5 =°
% @ = - 0.35 (+1.96SD)
LLO 2 lw 0 —.*—.—.—-01
as)] o ™1 ]
Iy = n -0.55 (-1.96SD)
LY-O [
=1t -1
S

% 1 2 3 a2 2 1 2 3 4

rBFI,,=BFI, /BFI, -1

(rBFI +rBFos)/2

Fig. 7 (a) Relative hyperemic blood flow overshoot from cuff ischemia measured by VO-DOS (vertical
axis) and by DCS (horizontal axis) in N = 10 healthy adults. The solid red line is the linear best-fit with the
intercept forced at zero (R? = 0.95, slope = 0.94 + 0.073) and the dotted green line is the one-to-one
line. rBFls is the relative fractional DCS BFI change, i.e., BFl,s/BFly; rBF s is the relative fractional VO-
DOS blood flow change, i.e., BF . /BFy. (b) Bland-Altman plot of the difference in rBFl,s and rBF ,s versus
the mean of these two parameters. The solid horizontal line indicates the mean difference between these
two parameters computed across the study population (N = 10), which is not significantly different from
zero (P = 0.2); the dotted lines indicate the 95% CI limits for agreement.

Journal of Biomedical Optics

125005-8

December 2015 « Vol. 20(12)



Li et al.: Calibration of diffuse correlation spectroscopy blood flow index. ..

»

n=30
IR>=0.63
BF= ¥ BFI

(@)

[&)]

"-:‘
£ 41y=(1.24£0.15)X10°
= (ml-100 mI™ - min®)/(cm?/s)
= 3t
= a® 2am
£ 2} o g m
n )
g L ol = A U
17 = o - B B
) B C
00 0.5 1 15 2 25 3
BFI (cm’/s) X 10'8

BF (ml'100 ml"min™)

n=30
R?*=0.15"
BF= 7 BFI

(b)

41y=(224+0.68) X 102
(ml-100 mI™ - mif ™)/ (cm?/s)
3_
2. [
D = | ]
" oo m A
g = = @ B ||
[ I | C
% 05 1 15 2 25 3
BFI (cm?s) x10°

Fig. 8 Absolute blood flow measured by VO-DOS (vertical axis) compared to the blood flow index mea-
sured by DCS (horizontal axis) across n = 30 measurements [(A, B, C) x 10 subjects]. The labels A, B,
and C described in Fig. 2 correspond to three separate measurements on the dominant forearm in each
subject using (a) measured optical properties and (b) assumed optical properties (i.e., pgz = 0.17,
Uiy =6 cm~'). The red solid line represents the best linear fit to the data. In both panels, the estimate
of y is the slope of the best linear fit, and the error is the 95% CI for the slope.

results in Fig. 7, however, the mean difference estimated by the
95% CI of the absolute BF results is of order its mean [Fig. 9
(b)]; this finding suggests substantial variability on a per-subject
basis can exist and should be accounted for, whenever possible.

Thus, it is best to employ in situ calibration of DCS for abso-
lute BF monitoring with VO-DOS on a per-subject basis. For in
situ calibration, y is derived from the quotient of the absolute BF
measurement with VO-DOS and the corresponding BFI meas-
urement with DCS [see Sec. 2.5 and Eq. (1)]. For each subject,
we utilized this approach to obtain five estimates of y that cor-
respond to the five pairs of VO-DOS and DCS measurements
made during visits 1 and 3 (Sec. 2.5). In visit 1 (Fig. 2), two
subject-specific estimates of y corresponding to the baseline
and hyperemic overshoot BF levels were obtained on the dom-
inant arm: y, = BF,/BF], and y,- = BF,,/BFI, for each sub-
ject. In a separate visit on a different day (i.e., visit 3), three
subject-specific estimates of y were obtained: yg and yc,
acquired at roughly the same position on the dominant arm
(the probe was removed and reattached between measurements),
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and yp, acquired at the corresponding position on the nondomi-
nant arm.

The in situ measurements of y5, ya’> ¥B> Yc» and yp across
subjects are shown in Fig. 10. Interestingly, although the median
calibration coefficient is similar for different positions (and flow
speeds) on the dominant arm, it is noticeably higher on the non-
dominant arm (Fig. 10). This observation suggests that the cal-
ibration technique can be sensitive to tissue heterogeneities (e.
g., differences in tissue vascular structure between right and left
arm, discussed further in Sec. 4).

In Table 3, we quantitatively characterize the intrasubject
variability in y over four paired comparisons across different
flow levels (Rpn/), slightly different positions (Rpc), different
days (Rapc), and different arms (Rpcp). Both the weighted
mean and median were computed for each comparison. The
weight that each subject contributes in the weighted mean is
set by the inverse of the subject’s variance for the particular vari-
ability parameter (see Table 3). To estimate the variance, the
standard deviation of the variability parameter (i.e., obtained
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Fig. 9 (a) Absolute blood flow measured by VO-DOS (vertical axis; BF) and by DCS [horizontal axis;
BFpcs = (1.24 x 108)BFI, as determined from Fig. 8(a)] across n =30 measurements [(A,B,C) x
10 subjects]. The labels A, B, and C described in Fig. 2 correspond to three separate measurements
on the dominant forearm in each subject using measured optical properties). The solid red line is the
linear best-fit (R? = 0.63) and the dotted yellow line is the one-to-one line. (b) Bland-Altman plot of
the difference in BFpcg and BF versus the mean of these two parameters. The solid horizontal line indi-
cates the mean difference between these two parameters computed across n = 30 measurements
[(A, B, C) x 10 subjects]; the dotted lines indicate the 95% CI limits for agreement.
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Fig. 10 Box plots of the five DCS calibration coefficient measure-
ments (ya, ya'» 78, ¥c» ¥D; S€€ Sec. 2.5) measured on 10 healthy sub-
jects. In both panels, the central mark is the median, the edges of the
box are the 25th and 75th percentiles, the whiskers extend to the most
extreme data points not considered outliers, and the blue dots re-
present each subject measurement.

from the standard deviations of the appropriate y coefficients)
was added in quadrature with the median of R,,.”® In this pro-
cedure, we thus regard the median of R,  as a minimum sys-
tematic error to prevent overweighting of particular subjects
with small random error bars. To estimate the subject’s random
error, the standard deviations in the absolute BF and BFI mea-
surements were employed to compute the standard deviations in
the y coefficients present in the variability parameter [Eq. (1)].
Here, the standard deviation of the measured slope d[HbT]/dt
determined the standard deviation in BF, and the standard
deviation in BFI was computed across the measurements in
the appropriate venous occlusion time window (e.g., purple
shaded regions in Fig. 6).

As expected from our results in Fig. 7, intrasubject variability
in y at different BF levels but at the same site and on the same
day is small (first comparison in Table 3). Removing and reat-
taching the probe at a slightly different position on the right fore-
arm had a larger effect on the measured y coefficient (second
comparison in Table 3). The variability in y across different
days was even more substantial (notice the large SD of
Ragc). Finally, the fourth comparison in Table 3 is a comple-
mentary result to Fig. 10, indicating a systematic difference
in the y coefficient between the dominant (right) and nondomi-
nant (left) arms.

4 Discussion

To our knowledge, the present study is the first direct compari-
son and characterization of muscle BF changes measured with
the techniques of VO-DOS and DCS. An important previous
experiment employed the method,* but it made an implicit
assumption that the techniques are comparable and repeatable.
Our study rigorously tests this assumption, comprehensively
establishes limits of accuracy, provides guidelines for calibra-
tion of DCS with VO-DOS, and examines absolute BF monitor-
ing based on DCS BFI without venous-occlusion calibration.

First, we used a cuff ischemia paradigm to assess agreement
between VO-DOS and DCS per relative BF changes.
Interestingly, although the hyperemic BF response to arm-
cuff ischemia is reproducible for a single subject, it is highly
heterogeneous across different subjects (Figs. 5 and 7). Thus,
our experimental scheme facilitated comparison of the two tech-
niques over a wide range of flow levels. Specifically, across 10
subjects, peak hyperemia ranged from 100 to ~400% (Fig. 7)
and time-to-peak hyperemia ranged from 6 to 24 s (Fig. 5).
We observed a high correlation (R? =0.95, P<0.01), good
agreement [slope = 0.94 (+0.073)], and small mean difference
[i.e., —0.10 (£0.45)] in the cuff ischemia induced BF changes
measured with VO-DOS versus DCS (Fig. 7).

This observation supports the concept, initially suggested by
Gurley et al.,* of using VO-DOS to calibrate DCS for continu-
ous absolute BF monitoring. This optical technique for absolute
muscle BF monitoring is arguably more accurate than the con-
ventional SGP technique, because SGP measures global BF
across the whole limb, while VO-DOS and DCS are more local-
ized to muscle tissue,” i.e., the approximate depth of measure-
ment below the skin is half the source—detector separation
(~1.25 cm). Calibration of DCS with VO-DOS is also attractive
because both methods employ diffuse optical signals that sam-
ple approximately the same tissue volume. [Note that variation
in depth penetration from absorption differences at NIR wave-
lengths used for DOS (685 to 830 nm) and DCS (785 nm) is
comparatively small and is safely ignored.]

Underlying the accuracy of the VO-DOS/DCS BF monitor-
ing technique is the assumption that the constant of proportion-
ality between absolute BF and the DCS BFI, y, indeed remains
constant for the entire monitoring session. To test this
assumption, we measured y for muscle at rest (i.e., y,) and
for the higher hyperemic overshoot BF level following arm-
cuff ischemia (i.e., y5+). On average, y, differed from y,, by

Table 3 Comparison of intrasubject variability in the calibration coefficient y across different blood flow levels, positions, and days. Here, the
weighted mean and median are computed over the study population (N = 10). The weights used in computing the weighted mean and standard
deviation are the inverse variances of the subject measurements (see main text).

Comparison Positions Variability parameter Weighted mean (t+weighted SD) % Median (£25 percentile) %
Baseline flow versus hyperemic Same Rpar = y’—A x 100 97+10 10548
flow (visit 1) (A, A) .
Consecutive measurement Similar Rpgc = ;—2 x 100 110+23
repeatability (visit 3) (B, C)
Visit 1 versus 3 (two months Similar Ragc me 100 95+49
between visits) (A, B, C)
Right versus left arm (visit 3) Different  Rpcp = 2212779 x 100 6835
(B, C, D)
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10% (see R4, variability parameter in Table 3). Thus, when y is
assumed constant, the percent deviation in y corresponds to a
percent error in absolute BF [see Eq. (1)]. We therefore expect
the percent error in the VO-DOS/DCS measurement of absolute
muscle BF to be ~10%.

Further, during a monitoring session involving muscle
motion (e.g., exercise), the optical probe is prone to small posi-
tion changes that can induce substantial changes in y (~20%, see
Rpc variability parameter in Table 3). This result highlights the
importance of firmly securing the probe during a monitoring
session to reduce occurrence of positional error. It is also pru-
dent to track probe motion via an accelerometer to aid detection
of motion-induced y variation.

The study revealed a significant correlation between the DCS
BFI and absolute muscle BF (VO-DOS) on the dominant right
arm [R? = 0.63, Fig. 8(a)]. However, we caution that on a
per-subject basis, the computation of absolute muscle BF
from the DCS BFI using the slope of the best fit line as the
y coefficient [i.e., BFpcg = (1.24 x 103) x BFI] can deviate
considerably from the true BF measured by VO-DOS
(mean difference = 0.1 & 1.0 mL - 100 mL~" - min™', Fig. 9).
In fact, the interquartile range (75th percentile to 25th percentile,
N =30 measurements) of the fractional difference
BFpcs/BF — 1 is 44%, which is modestly smaller than the inter-
subject variability in BF of 75% [i.e., BF/BF,, — 1 has an inter-
quartile range of 75%, where BF,, is the mean BF across
subjects (Table 2)]. We will outline strategies to ameliorate
these differences below. Based on the present approach without
additional strategies (see below), we conclude that it is prefer-
able to carry out an in situ calibration of DCS with VO-DOS
prior to every monitoring session. When calibration is person-
alized to subject and session in this manner, our results suggest
that the calibration coefficient will remain roughly constant
across a wide range of BF changes (i.e., within 10%, see
Fig. 7, Table 3).

Our investigation suggests several strategies for improving
the accuracy of BFpcg for measuring absolute BF. First, we
found it important to measure and use absolute tissue optical
properties for each subject; i.e., when we assumed the same
baseline optical properties for every subject, the correlations
between DCS BFI and absolute BF were mediocre (see
Fig. 8). This conclusion and suggestion is consistent with the
findings of Irwin et al.”' Note that our study sets a lower
bound on possible improvement due to measurement of absolute
optical properties, since we measured baseline optical properties
for each subject at only one time-point. We expect further cor-
relation improvements when measurements of absolute optical
properties, using frequency- or time-domain instrumentation,
accompany each DCS measurement. We stress that these con-
comitant measurements should be done whenever using DCS
BFI to estimate absolute BF.

Second, tissue heterogeneity and measurement uniformity
across subjects is always a factor when attempting to derive pop-
ulation-averaged calibration. For example, the layer thickness of
the adipose tissue located above the muscle’” and the pressure of
the probe against the tissue* are both effects for which we did
not control in the present study. Different superficial fat thick-
nesses can affect the fraction of light that interacts with the
muscle; further, muscle typically has a higher blood volume
fraction than adipose tissue, and hence, it can have a higher
a value and higher BFI even if flow velocities in the two tissues
are similar. In our study, we did not measure the thickness of
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these layers; future studies should attempt to measure/assess tis-
sue heterogeneity. Similarly, increased pressure applied by the
probe on the tissue surface can have the effect of reducing the
superficial tissue blood flow above the muscle.* In our study, we
did not explicitly control for the probe pressure; in future stud-
ies, this effect can be ameliorated by measurement and adjust-
ment of pressure in situ and even by pressure modulation.”

Another source of calibration error can arise from breakdown
of the assumptions employed in VO-DOS measurements of BF.
The simplest of these issues concerns the factor C, i.e., the con-
centration of hemoglobin in blood, which we assumed to be
14.1 g/dL¥ for all subjects. In the future, direct measurement
or estimation of C should reduce variation in y across subjects.
More subtle errors can arise from assumptions about the effects
of the 50 mm Hg cuff inflation. VO-DOS assumes that complete
venous occlusion occurs at 50 mm Hg. However, depending on
the locations of veins and venules in the arm tissues, as well on
tissue elastic moduli, it is possible that some veins or venules
could remain partially open at 50 mm Hg. Errors associated
with this assumption could lead to an underestimation of BF
by VO-DOS. Conversely, it is also possible that some arterioles
and arteries could decrease in diameter with concomitant
increase in vascular resistance at 50 mm Hg; in this case,
blood flow at 50 mm Hg would decrease compared to normal.
Still other related phenomenology could lead to a breakdown in
the assumptions about changing vasculature volume. Indeed,
some of these effects could help explain the observed variability
in absolute BF across different cuff inflation pressures measured
by VO-DOS.* These sources of VO-DOS error very likely con-
tribute to the observed heterogeneity in our DCS calibration
coefficients (see Fig. 10, Table 3).

We observed an interesting effect in the calibration of left
versus right (dominant) arms. Specifically, substantial variabil-
ity was found between the calibration coefficients measured on
the right and left arms (~35%, Table 3), even when using tissue
optical properties measured in-situ for each arm. One potential
explanation for this difference derives from tissue microstruc-
ture. To further appreciate this argument, recall that the calibra-
tion coefficient y relates the measured DCS BFI to absolute BF.
Formally, DCS BFI is defined as BFI = an.36 Here, o is the
fraction of dynamically scattered photons, and D,, characterizes
the mean square displacement of the scattering particles (e.g.,
red blood cells). In general, D, depends on the nature of the
microscopic motions, on the spatial distributions of red blood
cell motion, and on photon light paths. The structure of the vas-
culature is probably different between the right and left arms
(the right is the dominant arm in all our subjects) as a result
of differences in muscle tone, fat content, size/diameter of
arteries/veins, etc. Similarly, D, could be different between
the right and left arms, even though we measured absolute
BF to be almost the same (1.53 +0.55 mL - 100 mL~! -
min~! for the right and 1.61 4-0.82 mL - 100 mL~! - min~!
for the left arm); this effect could arise as a result of differences
in size/diameter/distribution of tissue vasculature. The calibra-
tion coefficient implicitly accounts for these and other possible
tissue heterogeneities, and detailed explanations for these issues
will require further study.

Finally, we turn to the potential of this approach for flow
measurement in other tissues. Although venous occlusion is
easily achieved for skeletal muscle in the limbs (e.g., arms
and legs), it is difficult to implement for tissues such as the
brain. Another challenge associated with the brain is its
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depth below the skin (~1.2 cm for adults’®), which is compa-
rable to the approximate depth of measurement. Thus, although
the technique is sensitive to the brain, signal contamination from
superficial tissue layers is not negligible;”® note that for neonates
where the superficial tissue layer thickness is smaller, this issue
is less of a concern. Therefore, this VO-DOS calibration
approach of DCS is currently limited to skeletal muscle BF.
Nevertheless, absolute BF monitoring with DCS and VO-
DOS has great clinical relevance. For example, it can be applied
to measure and monitor absolute BF continuously in the legs of
patients with peripheral artery disease (PAD). Absolute BF, in
this case, will provide additional information that complements
relative flow changes. For instance, several investigators have
explored the use of the hyperemic response to cuff ischemia
to assess the health of peripheral vasculature,®>’*7 but interpre-
tation of the hyperemic response measurements as a diagnostic
tool for vascular health is complicated by significant response
heterogeneity in subjects of similar vascular health (e.g., Figs. 5
and 7). The only requirement for continuous absolute BF mea-
surements with DCS is a one-time VO-DOS calibration meas-
urement. In principle, either the VO-DOS method or the VO-
SGP method can provide this absolute BF calibration.
Importantly, and unlike the VO-DOS and VO-SGP techniques,
DCS does not interrupt BF during measurement and can provide
absolute BF continuously even during exercise.”>’® Patients
with PAD have lower than normal BF to the skeletal muscle,
resulting in a mismatch of oxygen supply and metabolic
demand.”””® Knowledge of absolute BF at rest and during exer-
cise has potential to improve diagnostic and treatment options
for muscle diseases (i.e., PAD).5>777

5 Conclusions

We have validated VO-DOS as a measure of relative BF against
DCS in humans. We also showed that VO-DOS technique can
be used to calibrate DCS for skeletal muscle BF. Provided that
baseline tissue optical properties are measured, the variability in
the calibration coefficient is small enough that there is a signifi-
cant correlation between DCS BFI and absolute BF. However,
the variability can still be an issue, and if possible, it is best to
calibrate DCS with VO-DOS prior to every BF monitoring ses-
sion. Several parameters were identified that could give rise to
calibration coefficient variation; in the future, most of these
parameters (e.g., probe pressure, C, etc.) can be measured
and controlled.
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