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Abstract. Near-infrared spectroscopy (NIRS) has been used for noninvasive assessment of oxygenation in
living tissue. For muscle measurements by NIRS, the measurement sensitivity to muscle (Sy) is strongly influ-
enced by fat thickness (FT). In this study, we investigated the influence of FT and developed a correction curve
for Sy, with an optode distance (3 cm) sufficiently large to probe the muscle. First, we measured the hemoglobin
concentration in the forearm (n = 36) and thigh (n = 6) during arterial occlusion using a time-resolved spectros-
copy (TRS) system, and then FT was measured by ultrasound. The correction curve was derived from the ratio of
partial mean optical path length of the muscle layer (L,,) to observed mean optical path length (L). There was
good correlation between FT and (L) at rest, and (L) could be used to estimate FT. The estimated FT was used to
validate the correction curve by measuring the forearm blood flow (FBF) by strain-gauge plethysmography
(SGP_FBF) and TRS (TRS_FBF) simultaneously during a reactive hyperemia test with 16 volunteers. The cor-
rected TRS_FBF results were similar to the SGP_FBF results. This is a simple method for sensitivity correction
that does not require use of ultrasound. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.19.6

.067005]
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1 Introduction

Near-infrared spectroscopy (NIRS) in the 700 to 900 nm region
is useful for continuous and noninvasive assessment of oxygena-
tion in living tissue. This method is based on the relatively high
transparency of tissue to NIR light and the dependence of light
absorption in this region on the hemoglobin (Hb) concentration
in the tissue. The conventional continuous wave (CW) method is
used to determine relative changes in Hb concentrations,'™
while time-resolved spectroscopy (TRS),>® phase modulation
spectroscopy,”'? and broadband CW' methods have been
developed for quantitation of Hb concentrations in scattering
media. However, NIRS signals also arise from other tissues,
such as scalp, bone, and cerebrospinal fluid (CSF) for head mea-
surements, and skin and fat for muscle measurements. The
effects of multilayer tissue structures have been studied in sim-
ulations and phantom experiments.'**

For brain measurement, the effects of CSF and skin blood
flow have been discussed.'***?** Many studies have shown
the feasibility of assessing cerebral hemodynamics with
NIRS.* %" Increasing the optode spacing in experimental mea-
surements can reportedly allow for brain signal detection by
NIRS.?? The contribution of intracerebral tissue at 4 cm
was ~70% in multidistance TRS measurement.>"*?

*Address all correspondence to: Etsuko Ohmae, E-mail: etuko-o @crl.hpk.co.jp
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Furthermore, the TRS method with diffusion theory® is report-
edly affected less by skin blood flow than the CW method. >~

For muscle measurements, the measurement sensitivity of
muscle (Sy,) is strongly influenced by the fat thickness
(FT).*3® There are considerable differences between individ-
uals for FT, but fat tissue structure is not as complicated as
brain tissue. A thicker fat layer decreases the partial mean opti-
cal path length of the muscle layer (L)) and results in under-
estimation of muscle oxygenation. Therefore, quantitative
comparison of NIRS data between individuals is difficult
because of FT differences. Several approaches have been pro-
posed to solve this problem, including proportional assessment
using transient arterial occlusion,® time constant (7), and the
recovery time for parameters obtained by NIRS. Additionally,
correction curves for §,, against FT have been estimated
from (L,,) of Monte Carlo simulations.'”-'%*3

In the TRS system, the distribution of mean optical path
lengths (L) can be measured directly. Its temporal profile is ana-
lyzed using diffusion theory,® which enables determination of
the Hb concentration. In recent years, TRS has been applied
in many areas, including monitoring of cerebral oxygen metabo-
lism during surgery***? and for neonates,**** bed side monitor-
ing of subarachnoid hemorrhage,*’ the study of breast cancer,*®

0091-3286/2014/$25.00 © 2014 SPIE

June 2014 « Vol. 19(6)


http://dx.doi.org/10.1117/1.JBO.19.6.067005
http://dx.doi.org/10.1117/1.JBO.19.6.067005
http://dx.doi.org/10.1117/1.JBO.19.6.067005
http://dx.doi.org/10.1117/1.JBO.19.6.067005
http://dx.doi.org/10.1117/1.JBO.19.6.067005
http://dx.doi.org/10.1117/1.JBO.19.6.067005

Ohmae et al.: Sensitivity correction for the influence of the fat layer on muscle oxygenation. ..

and hemodynamic study of muscle.*** However, the funda-
mental issue described above has remained unresolved.

In this study, we used (L,,)/(L) from TRS to develop a cor-
rection curve for Sy, for changes in the muscle. The correction
curve was validated by measuring forearm blood flow (FBF)
simultaneously by TRS and strain-gauge plethysmography
(SGP) during reactive hyperemia. We also studied the relation-
ship between (L) and FT.

2 Materials and Methods
2.1 TRS

In this study, (L), the reduced scattering coefficient (u;), the
absorption coefficient (u,), the Hb concentration, and oxygen
saturation (SO,) were measured by TRS (TRS-10 for one chan-
nel,*° TRS-20 for two channels,*’>' Hamamatsu Photonics
K.K., Hamamatsu, Japan).

Light pulses were emitted at 760, 795, and 830 nm, with full-
width at half maximum of 100 ps, pulse rate of 5 MHz, and an
average power of 200 yW. The time-correlated single-photon
counting (TCSPC) method was used to measure the temporal
profile of detected photons.

2.2 TRS Data Analysis

(L) is the mean distance that photons travel through the tissue.
This parameter is obtained directly from the mean time delay of
the temporal profile by TRS measurement, assuming that the
photons travel at a constant speed within the scattering
medium.>? Usually, a deconvolution method is used to remove
the influence of the measuring system, but this is a complicated
process. Zhang et al. proposed a simple subtraction method for
rapid and accurate calculation of (L) without deconvolution.
In this study, we used Zhang’s method, which subtracts the
center of gravity of the instrument response function (IRF)
from that of the observed temporal profile. The validity of
this method has been well proven numerically and
experimentally.

The optical parameters (u; and u,) were derived from the
temporal profiles as described below. The behavior of a photon
within scattering and absorption media, such as the human body,
is expressed by the photon diffusion equation [Eq. (1)].°

%%gb(r, 1) = DV2(r.1) + pagp(r.1) = S(r. 1), (1

where ¢(r, t) is the diffuse photon fluence rate at position r and
time ¢, D is the photon diffusion coefficient as expressed by
D = 1/3u], v is the velocity of light within the media, and
S(r,t) is the light source.

Solutions using this equation are found under different boun-
dary conditions. We used the solution of a semi-infinite homo-
geneous model with a zero boundary condition in reflectance
mode® for the TRS data analysis. In this solution, R(d, ?) is
expressed by Eq. (2) as a function of the optode spacing, p/,
and pu,.

d2 2
R(d, 1) = (4nDv) 201~ exp(—pgvt) exp (_ + zO> ,

Using the weighted nonlinear least-squares method based on
the Levenberg-Marquardt method, we fitted Eq. (2) for an
instantaneous point source to the observed temporal profiles
obtained from TRS and determined p] and u, at each
wavelength, while taking into account the effect of IRF.>*%
The weights for the least-squares calculations were obtained
from Poisson distribution because the TRS data measured by
TCSPC method have an error obeying the Poisson distribution.

We first assumed that absorption in the 700 to 900 nm range
arose from oxygenated hemoglobin (oxyHb), deoxygenated
hemoglobin (deoxyHb), and water. It is difficult to distinguish
between myoglobin (Mb) and Hb because they have similar
absorption spectra. In this study, most of the signals were
assumed to arise from Hb, and the influence of Mb was
ignored.®>’ The Hq, at the measured wavelengths 4 (760,
795, and 830 nm) is expressed as shown in Eq. (3).

Ha760 nm = €oxyHb760 nm CoxyHb + €deoxyHb760 nm CdeoxyHb
+ HaH,0760 nm>

Ha795 nm = 80xyHb795 nm CoxyHb =+ 8deoxyHb795 nm CdeoxyHb
+ HaH,0795 nm>

Ha830 nm = goxyHbSSO nm CoxyHb + gdeoxyHbSSO nmCdeoxyHb

~+ 14,0830 nm> (3)

where ¢, is the molar extinction coefficient of substance m at
wavelength 4 and C,, is the concentration of substance m. The
water absorption (¢,m0;) Was measured using a conventional
spectral photometer (U-3500, Hitachi High-Technologies
Corporation, Tokyo, Japan).

After subtracting the water absorption from g, at each wave-
length, assuming the volume fraction of the water content was
60%,® we determined the concentrations of oxyHb and
deoxyHb using the least-squares fitting method. The total con-
centration of hemoglobin (totalHb) and SO, were calculated
from Egs. (4) and (5).

totalHb = oxyHb + deoxyHb, “)
oxyHb

0, = % 100. 5

> totalHb )

2.3 Estimation of Sy,

We estimated S, based on the method of Kohri et al.*! Figure 1
shows a model of fat and muscle layers during arterial occlusion.
The optode spacing, d, was sufficient for photons to reach the
muscle layer. The regions where light passed through were di-
vided into a fat layer and a muscle layer. Each of these layers
was homogeneous within the layer, and the two layers had dif-
ferent u, and u.. FT was defined as the distance from skin sur-
face to muscle, and the influence of the skin was ignored.**=°

The observed (L) was the sum of the partial mean optical
path length of the fat layer (L) and (L), as follows:

4Dyt (L) =(Lp) + (Ly)- (6)
2 , .
Propagation of photons in the fat layer ({(L)) was regarded
where d is the optode spacing and 7y = 1/u]. as the sum of the optical distances in two directions, from the
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Fig. 1 Model of fat and muscle layers under arterial occlusion. The
photon travels from the source to the detector in curved path. FT,
fat thickness (skin + fat layer); (L), observed mean optical path length;
(Lg), partial mean optical path length of the fat layer; (L), partial
mean optical path length of the muscle layer; Au,, change in observed
absorption coefficient; Au,,., change in absorption coefficient of the fat
layer; Ap,,, change in absorption coefficient of the muscle layer; d,
optode spacing.

irradiation point to the muscle layer and from the muscle layer to
the detection point. If (Lr) depends on FT, (L) is expressed
using the differential path length factor of FT with an optode
distance d (DPFy,: partial mean path length for one direction
per unit FT), as follows:

(Lg) = 2 X FT x DPFy. )

The modified Lambert-Beer’s law for the two-layered struc-
ture is expressed as the summation of the optical density of each
layer'™ as follows:

OD=(L)Xpu,+X=(Lp) X”a;+<LM>XﬂaM +X, (3)

where p,, is the observed absorption coefficient; u,, and ,,,, are
the absorption coefficients of the fat layer and the muscle layer,
respectively; and X is the optical attenuation attributable to
scattering.

When the absorption changes only in the muscle layer in
arterial occlusion, the change in the observed absorption coef-
ficient (Apu,) is expressed as Eq. (9), where X is cancelled out.

_AOD _ (Ly) _ (L) = (L))
Fa =Ty Ty M Ty B
— Sy X Aty ©

where AOD is the change in the optical density, Ay, is the
change in the absorption coefficient of the muscle layer, and
Sy is the measurement sensitivity to muscle with optode spacing
d, which is expressed by dividing (L) by (L). The change in
absorption coefficient in the fat layer was ignored because fat
has very low blood volume and oxygen consumption.®®%

In general, deoxyHb has been used as an index of microvas-
cular O, extraction in muscle studies by NIRS.*%%° The
change in observed deoxyHb (AHb) showed an increase in
arterial occlusion, and was expressed as a function of S, and
the change in deoxyHb of muscle (AHb,,) instead of Ay,
and Ap,, [Eq. (10)], because AHb is directly proportional
to Au,.

We assumed that the differences among individuals for
muscle oxygen consumption (mVO2) at rest were small and
that the influence of FT on NIRS was larger than any differences
among individuals.*”’® Then we determined DPFy, and AHb,,
so that the value of E in Eq. (11) was minimized using the least-
squares method for all individuals.
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(L) — 2 X FT x DPFy,

AHb = S,, X AHb,, = T

X AHb,,,

(10)

E= i {AHb(i) _ [L(i) - ZXEE(;‘) XDPFyy AHbM} }2

i=1
(n = number of volunteers).

an

If FT was known, S, was estimated by dividing (L,,) by (L)
using the determined DPFy,, as shown in Eq. (12). Moreover,
AHD divided by S), provides an estimate of AHb,,.

_ (Ly)  (L)—{(Lp) (L)—2XFT x DPFy,
e T 7 -

2.4 Protocol
2.4.1 Arterial cuff occlusion test on the forearm and thigh

Informed consent was obtained from all subjects before the
experiment. Arterial cuff occlusion on the forearm was per-
formed on 21 male and 15 female healthy volunteers
(37.6 = 10.3 years of age), and on the thigh on six male healthy
volunteers (23.9 £ 5.0 years of age). The optical probe for the
forearm was attached to one point on the skin over the left bra-
chioradialis muscle using the TRS-10 system. The optical
probes for the thigh were attached to four places on the skin
over the right vastus lateralis (VL) and the rectus femoris
(RF) muscles at the distal and proximal sites using two TRS-
20 systems. All optode distances were 3 cm. Sampling times
for the forearm and thigh were 1 and 5 s, respectively.
Arterial cuff occlusion tests were performed at rest with the sub-
ject in the supine position. TRS data recorded before occlusion
were defined as the resting state. The occlusion cuff was placed
on the upper forearm or the top of the thigh and connected to a
pneumatically powered rapid inflator (E20, D. E. Hokanson
Inc., Bellevue, Washington). The cuff on the forearm was
inflated for 3 min at 250 mmHg and then deflated. The cuff
on the thigh was inflated until the changes in deoxyHb and
oxyHb plateaued at 250 mmHg, and then it was deflated.
The FT at each optical measurement point was also measured
by B-mode ultrasound (USD N-500, NIHON KOHDEN
CORP., Tokyo, Japan or Logiq 400, GE-Yokogawa Medical
Systems, Japan).

2.4.2 Simultaneous FBF measurement by SGP and TRS
during reactive hyperemia

Informed consent was obtained from all subjects before the
experiment. FBF at rest and after vascular endothelial stimulus
by arterial occlusion was measured on the left forearm of 12
male and 4 female healthy volunteers (37.9 £ 10.5 years of
age). These measurements were recorded by SGP and TRS-
10 simultaneously. The venous occlusion method was used to
measure FBE.5"! FBF was observed as an increase in blood
volume by interrupted venous flow and influx of arterial
blood. By contrast, vascular endothelial stimulus by arterial
occlusion leads to vasodilatation and an increase in FBF
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(reactive hyperemia). The volunteers were in the supine position
at rest. The cuff for venous occlusion was placed proximally on
the left arm and connected to an automatic pneumatic inflator
(E20, D. E. Hokanson Inc.) set to 40 mmHg.n’74 A second cuff
was placed above the first cuff and connected to another pneu-
matic cuff inflator to provide arterial occlusion. To record mea-
surements from the same region, wire strain-gauge for SGP (EC-
5R, D. E. Hokanson Inc.) and an optical probe were placed in
close proximity to each other on the skin over the brachioradialis
muscle. Optode spacing was 3 cm, and the sampling time was
1 s. FT was estimated from the relationship between (L) and FT
without measurement by ultrasound.

FBF measurements were performed with continuous cycles
of 10 s of occlusion and 10 s of deflation of the venous cuff.
First, three resting basal flow measurements were recorded.
Next, rapid arterial occlusion of the left arm was executed by
inflation of the arterial cuff for 3 min at 250 mmHg. This pro-
tocol stimulated reactive hyperemia. After the arterial cuff was
suddenly deflated, FBF measurements by venous occlusion
were repeated until the FBF value stabilized.

SGP is a popular method for measuring FBF using forearm
volume changes during venous occlusion. Results from FBF
obtained with SGP (SGP_FBF) are expressed in
mL/min /100 mL. By contrast, FBF obtained with TRS
(TRS_FBF) is defined as the maximum increase in totalHb
per unit time (calculated as the slope of a linear fit of
totalHb data over 5 s) during venous occlusion.
Concentration changes in totalHb (ArHb) are expressed in
pM/s and are converted to mL/ min /100 mL by taking into
account the Hb concentration (14 g/dl) of blood and the
molecular weight of Hb (64,500 g/mol), as shown in
Eq. (13). For adjusting for the influence of fat, the obtained
TRS_FBF results were corrected (cTRS_FBF) using Eq. (14).

AfHD X 64.500 X 60
TRS_FBF = x0TI XY (13)
14% 10
TRS_FBF
¢TRS_FBF = ——>= 2% (14)
Sy

2.5 Statistical Analysis

Quantitative variances are expressed as mean = standard
deviation. Comparisons of SGP_FBF and TRS_FBF before
and after correction were analyzed using the squared
Pearson’s correlation coefficient (#2) and the Bland-Altman
test. In the Bland-Altman test, the precision of the bias was
defined as two standard deviations of the mean difference,
and the presence of fixed and proportional biases was investi-
gated. The influence of FT on the TRS parameter was compared
between forearm and thigh results by multiple regression analy-
sis using a dummy variable. Statistical significance was defined
with P < 0.05.

3 Results

Figure 2 shows a typical case (case 4, M, 28 years of age, VL at
distal site) of TRS parameters ((L), u/, u, at three wavelengths),
the concentrations of oxyHb, deoxyHb, totalHb, and SO,, and
the change in concentration of Hb during arterial occlusion of
the thigh. During occlusion, although u/ at the three
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wavelengths was almost constant, (L) and p, at 760 nm
were different from that at the other wavelengths. A decrease
in oxyHb and a simultaneous increase in deoxyHb were
observed with depletion of local available O,, whereas
totalHb remained almost constant. Similar trends were observed
in the forearm data.

Figure 3 shows variations of (L), u/, and u, at 795 nm,
totalHb, and SO, in forearm and thigh under resting conditions
plotted against FT obtained by ultrasound. The FT of the forearm
was 0.49 £ 0.08 (range 0.34 to 0.64 cm), while FT of the thigh
was 0.44 £ 0.11 (range 0.25 to 0.65 cm). As FT increased, (L)
and u! increased, and p, and totalHb decreased. Moreover, the
relationships between FT and each of the TRS parameters,
except for (L), were significantly different for the forearm
and thigh results. By contrast, SO, was almost constant regard-
less of FT.

Figure 4 shows the relationship between FT and AHb and the
change in SO, (ASO,) during arterial occlusion for the forearm
and four thigh positions (VL and RF at distal and proximal
sites). Changes in these parameters were estimated in the first
2 min (selected part of totalHb is constant) during arterial occlu-
sion to avoid the effect of Mb.>*"7>”77 When FT increased, AHb
decreased and ASO, increased. Changes in these parameters in
the thigh tended to be lower than in the forearm.

DPF;, and AHb,, of the forearm and thigh were determined
by Eq. (11) using FT, AHb, and (L) at 795 nm during rest
(Table 1). These parameters were estimated in each position
because changes in mVO2 of the thigh depend on the position
of the thigh during positron emission tomography (PET).”® The
estimated DPFy,, did not vary much (average 9.57 + 0.66), but
AHb,, was substantially different between the forearm and
thigh. Figure 5 shows the relationship between FT and §,,.
Sy was obtained from Eq. (12) using DPFy,, (L) at 795 nm,
and FT. §,, decayed exponentially with FT.

Figure 6(a) shows typical (case 11, M, 30 years of age)
changes in the concentrations of oxyHb, deoxyHb, and
totalHb during the forearm reactive hyperemia test. We deter-
mined TRS_FBF from the change in totalHb by venous occlu-
sion. The FBF at the time of the first venous occlusion, which
occurred immediately after release of arterial occlusion
(250 mmHg), was excluded because the measurement condi-
tions at this time differed from those at other times in the
test. Figure 6(b) shows the results for SGP_FBF and
TRS_FBF. Both these methods showed a large increase in
FBF immediately after vascular endothelial stimulus compared
with the resting state. The FBF then reduced gradually until rest.
Additionally, we corrected TRS_FBF using the correction curve
(Fig. 5) and obtained cTRS_FBF. FT was estimated from the
relationship [Fig. 3(a)] between FT and (L) at 795 nm. FT
was not measured by ultrasound in this protocol. The result
for ¢cTRS_FBF [Fig. 6(b)] was similar to that obtained by
SGP_FBE. Table 2 shows (L) at 795 nm, FT estimated from
(L), and S); for each volunteer (n = 16). The estimated
FT was 0.43£0.08 (range 0.28 to 0.57 cm). S, was
0.43 £ 0.05 (range 0.31 to 0.56).

Figure 7 shows the linear regression plot and the Bland-
Altman plot of SGP_FBF, TRS_FBF, and ¢cTRS_FBF. The
slope improved from 0.28 [Fig. 7(a)] to 0.78 [Fig. 7(b)]. The
correlation coefficient () improved slightly from 0.45
[Fig. 7(a)] to 0.53 [Fig. 7(b)] and showed good linearity. The
bias and the precision (£2 standard deviations) were
4.64 £ 6.14 mL/ min /100 mL.  between SGP_FBF and
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Fig. 2 Time course of time-resolved spectroscopy (TRS) parameters during arterial occlusion in a typical
case [case 4, M, 28 years of age, vastus lateralis (VL) at distal site]: (a) (L), (b) s, (C) pa, (d) Hb con-
centration, (e) SO,, and (f) change in Hb concentration.

TRS_FBF [Fig. 7(c)], indicating the presence of fixed and
proportional biases. By contrast, the bias and the precision
between SGP_FBF and c¢TRS_FBF [Fig. 7(f)] were
0.48 £6.25 mL/ min /100 mL, indicating the absence of
fixed or proportional biases.

4 Discussion

4.1 Influence of FT on TRS Measurement
Parameters

The influence of the fat layer on the NIRS signal has been
reported for the CW method.**® Although the TRS method
enables estimation of the absorption of the inner layer in
media with two layers,””®* we adapted a homogeneous
model to facilitate practical application of TRS data analysis.
The observed optical parameters (u] and p,), (L), and the
Hb concentration in the resting state were all influenced by
FT (Fig. 3). As FT increased, p, increased and u, decreased.
Compared with muscle, fat causes more scattering and has a
lower blood volume (absorption).**> With increasing FT, the
forearm and thigh results showed different trends for u], u,,
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and totalHb. Similar results were reported in an earlier in
vivo study at 800 nm,% where the forearm ! was 6.9 cm™!
and p, was 0.23 cm™! and the calf u! was 8.9 cm™! and g,
was 0.17 cm™!. In contrast to the other parameters, SO, was
constant and not dependent on FT. This result shows that
SO, in the fat layer and muscle layer are similar at rest.
Even if the oxygen metabolism is different in the fat and muscle
layers,”*® a balance between oxygen supply and demand is
maintained.

4.2 Estimation of DPF, and AHby, from Arterial
Occlusion

The change in SO, with arterial occlusion was affected by FT
[Fig. 4(b)]. The change in deoxyHb showed the opposite trend
to SO, with the change in FT [Fig. 4(a)]. The changes in SO,
and deoxyHb were caused by an imbalance in O, consumption
between the fat and muscle layers because oxygen metabolism
is much higher in muscle than in fat.3¢

We estimated DPF;,; and AHb,, from AHb and FT according
to Eq. (11), assuming that AHb depends on oxygen metabolism
in the muscle layer. AHb,, values differed greatly between the

June 2014 « Vol. 19(6)
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Fig. 3 The changes in (a) (L), (b) u¢, (C) ua, (d) totalHb, and (e) SO, of forearm and thigh at rest plotted

against FT.

forearm and thigh (Table 1). We compared AHb,, with those
obtained using conventional methods and basal metabolism,
by converting AHb,; to mVO2 values.'® These values were
0.20 and 0.11 £0.01 mL/100 g/ min for the forearm and
thigh, respectively. By comparison, a resting forearm mVO?2
of 0.15 mL/100 g/ min was obtained by the conventional inva-
sive Fick method,* and 0.16 mL/100 g/ min by phosphorus
magnetic resonance spectroscopy.t’®® These values are similar
to that obtained in the present study. By contrast, earlier resting
leg mVO2 values of 0.18 mL/100 g/ min from a muscle biopsy
of human VL¥ and 0.19 mL/100 g/ min from PET’® were
higher than our result. In the PET study, images suggested
that oxygen consumption and blood volume near the surface
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Fig. 4 Relationship between FT and the change in (a) deoxyHb and
(b) SO, during arterial occlusion for the forearm and four positions [VL
and rectus femoris (RF) at distal and proximal sites] in the thigh.
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were lower than in deeper tissue.”® Because NIRS measurements
arise from relatively shallow tissue regions, the thigh
mVO2 obtained in the present study may have originated
from a different tissue depth than the values obtained by the
other methods. Johnson et al. reported that deeper tissue has
more type 1 fibers than tissue closer to the surface in VL
muscle.”® By contrast, the cross-sectional area of the forearm
is smaller than that of the thigh. Therefore, the forearm
AHb,, may reflect the signal origin from the deeper tissue of
the brachioradialis muscle.

We estimated the thigh AHb,, in four positions, specifically
for the right VL and RF muscles at distal and proximal sites.
These measurements were used to investigate the presence of
spatially heterogeneous muscle oxygen metabolism. The
thigh AHb,, at the proximal sites were smaller than those at
the distal sites. Mizuno et al.”® used PET to study thigh muscle
after exercise and reported that mVO2 changes became progres-
sively larger as sampling gradually moved from proximal to dis-
tal sites in the muscle. By contrast, in the same study, mVO2 at
rest decreased as sampling moved from proximal to distal sites.
Our result agreed with the trend observed by Mizuno et al.”®
after exercise. Arterial occlusion was performed at rest, but
we recognize rapid change occurred in transient hypoxia in
our experimental situation.

4.3 Correction Curve for Sensitivity to Muscle
Oxygenation

Our correction curve showed lower sensitivity than the results of
Niwayama et al.'® Their correction curve was obtained from a
Monte Carlo simulation and in vivo measurement (ergometer
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Table 1 DPF,; and AHby, determined using FT and AHb and (L) at 795 nm, u{ and u, at 795 nm, totalHb and SO, of each position at rest.

AHbM AHb <L>795 nm ﬂé795 nm Ha795 nm TotalHb
n DPFyy (M) FT (cm) (uM) (cm) (cm~) (em™) (M) SO, (%)
Forearm 36 894 283.77 047+0.08 6.16 £2.46 13.93+157 8.69+1.02 0.2623+0.037 125.9+19.0 73.9+2.8

VL Proximal 6 9.34 1190 0.41+0.07 4.85+1.89
Distal 6 958 1540 0.32+0.07 7.11+£2.02
Thigh RF Proximal 6 9.32 12.14 0.51+0.08 4.82+1.66

Distal 6 10.67 13.81 0.51+0.06 4.67+1.05

13.02+1.61 8.31+1.06 0.2532+0.08353 1159+ 17.1 71.1 £0.6
11254+ 0.79 6.43+0.77 0.2505+0.0270 116.0+14.4 75.7 £3.7
15.66 +1.27 10.15+0.98 0.2175+0.0211 103.9+11.3 74.0 + 3.1

16.43+1.05 10.62+0.73 0.2070+0.0192 98.0+8.8 735+1.7

VL, vastus lateralis; RF, rectus femoris.
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Fig. 5 Relationship between FT and S, with 3 cm optode spacing

directly without simulation or DPF. Because (L) is largely de-
pendent on FT [Fig. 3(a)], the correction curve obtained using
the observed (L) is expected to be more accurate than that of
Niwayama, et al.'®

4.4 Prediction of FT by (L)

Interestingly, the relationship between (L) and FT was not sig-
nificantly different between the forearm and thigh [Fig. 3(a)]. In
a preliminary examination of this relationship, (L) at 10

Table 2 (L) at 795 nm, estimated FT from (L) and S, in each vol-
unteer (n = 16).

estimated from experimental data in the forearm and four positions Case no. (L)795 nm (cm)  Estimated FT (cm) Su
(VL and RF at distal and proximal sites) in the thigh.
1 12.77 0.395 0.439
exercise and ischemia tests) by the CW method. Specifically, the 2 14.86 0.525 0.335
curve was normalized using the ratio of (L) to an FT of 0 mm,
with (L,,) calculated from simulations using optical properties 8 15.61 0.568 0.306
from the literature and in vivo data using DPF = 4.0. By com- 4 12.59 0.382 0.451
parison, our correction curve was derived from a ratio of (L) to
(L) as described in Fig. 5. With TRS, (L) can be measured 5 12.81 0.397 0.437
6 13.48 0.441 0.399
a - -
(g‘) 60 rest vasculsatri ;:?:;he"al p—— hyperemia resbomer 7 13.25 0.426 0.411
= 40 |4ommHg 10sec, | 250mmHg 3min 40mmHg 10sec,
g release 10sec q Hb release 10sec 8 13.55 0.446 0.395
2 O e e
2 o e totalHb - o Do by, 9 11.86 0.331 0.502
= B N SR
52 oxyHb 10 12.79 0.396 0.438
(b) 40 11 14.74 0.518 0.340
! —-a— SGP_FBF
TEI 30 4 ++o TRS_FBF 12 13.36 0.434 0.412
8 —e— cTRS_FBF
T 201 13 13.38 0.435 0.405
£
L R Rt A ) ass - -
w ouoeroreens T “ONO“U’ LN PP}
@ 0
w 0 > 4 5 5 10 15 13.37 0.434 0.405
Timefmin] 16 11.15 0.278 0.560
Fig. 6 Time course of changes in (a) concentration of oxyHb, Average 13.40 0.433 0.410
deoxyHb, and totalHb and (b) SGP_FBF, TRS_FBF, and g ’ ' '
cTRS_FBF during forearm reactive hyperemia tests in a typical Standard deviation 1.16 0.075 0.065
case (case 11, M, 30 years of age).
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positions on the skin over the VL and RF muscles of each vol-
unteer (n = 3) obtained using TRS and FT values obtained by
ultrasound (average 0.64 £ 0.08 cm, range 0.49 to 0.82 cm)
were used. The relationship was consistent with the results of
this study (data not shown). These results suggest that (L)
could be used to estimate FT without requiring other methods,
such as ultrasound or body fat calipers.

4.5 Validation of the Correction Curve

The correction curve was validated by comparing SGP_FBF and
TRS_FBF results obtained during a reactive hyperemia test. The
increase in blood volume from occlusion was ascribed to blood
flow. In earlier studies without correction, NIRS_FBF results
showed good agreement with SGP_FBF results,”~* although
the NIRS values were generally two-to-three times lower
than those from SGP.*%°2 In the present study, the slope of
the curve for the comparison of the SGP_FBF and TRS_FBF
results before correction was similar to these earlier reports.
The reason NIRS_FBF is underestimated is because SGP
reflects the total forearm blood flow of adipose, bone, skin,
and skeletal muscle tissues, whereas NIRS reflects only the
local flow in the region of interest and the signal primarily arises
from small vessels.

In addition to the reason discussed above, we also demon-
strated that FT had a large influence on NIRS data.
cTRS_FBF results were similar to SGP_FBF results, and
fixed and proportional biases disappeared (Fig. 7). The slope
between cTRS_FBF and SGP_FBF improved from 0.28 to

Journal of Biomedical Optics

067005-8

0.78, and this result was in agreement with reports that hemato-
crit in capillaries is underestimated by ~25% compared with
whole body results.*%

The TRS approach provides better reproducibility than SPG.
Watanabe et al. reported that intrasubject variation from day-to-
day with TRS was much lower than that with SGP, and SGP was
susceptible to small body movements.®* Therefore, the motion
error in SGP should also be considered when comparing these
techniques.

5 Conclusion

We determined S, with a 3 cm optode spacing using arterial
occlusion data obtained with a TRS system. A curve to correct
for sensitivity to changes in muscle oxygenation was obtained
using DPFy,, FT, and (L). cTRS_FBF results corrected using
this curve were similar to the SGP_FBF values in 16 volunteers.
In addition, there was good correlation between (L) and FT in
the experimental data. This result indicates FT could be esti-
mated from (L) without ultrasound. TRS is a simple method
to correct for sensitivity to muscle oxygenation without ultra-
sound. The correction curve is suitable for FT from 0.2 to
0.6 cm. Further work is required to extend the FT range and
measurement position to allow for broader application of this
method.
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