
INTRODUCTION

The tissue oxygenation represents the balance between the local
oxygen delivery and consumption, which relates to both the
organ’s metabolic activity and its blood flow (1). Near- infrared ra-
diation is capable of transmitting through the body tissues due to
the property which is scarcely absorbed by water and hemoglobin,
and the scatter of the radiation is less than that of ultraviolet or
visible radiation (2). The analysis of the near- infrared spectrum, i.e.
near- infrared spectroscopy (NIRS), therefore, allows clinicians to
evaluate the oxygenation in human brain tissues, which have some
distance from the scalp (2). Similar to transcranial Doppler sonogra-
phy or stump pressure measurements, NIRS accurately reflects
changes in cerebral blood flow,indicating that the methodology is a
clinically meaningful, non- invasive monitoring method in the
population, which, is potentially suffered from cerebral ischemia
(3). However, whether the NIRS technology can correctly detect
the changes in oxygenation related to ischemia and reperfusion of
organs and tissues other than brain remains unclear.
The changes in both temperature and blood flow of the surface
skin are known to modify the value of cerebral regional satura-
tion of oxygen (rSO2), which is determined by the NIRS employ-
ing the Beer-Lambert law (4). On the other hand, the tissue oxy-
genation index (TOI) defined by the NIRS using the spatially
resolved spectroscopy appears more reliable than rSO2 in the
evaluation of cerebral oxygenation because the tissue hemoglo-
bin concentration, situation of cutaneous circulation, skull thick-

ness, and the area of the cerebrospinal fluid layer affect rSO2, but
not TOI, at least in the brain (5, 6). However, whether the tissue
oxygenation parameters derived from different NIRS technologies
similarly reflect the changes in forearm blood flow (FBF) caused
by the brief ischemia and the subsequent reperfusion remains
unknown.
The present study was designed to examine how different tissue
oxygenation parameters derived from NIRS (TOI and rSO2), and a
white light spectroscopy method (skin tissue oxygenation ; StO2)
reflect the changes in FBF according to the brief ischemia and the
subsequent reperfusion, and whether values of these parameters
move in parallel with the medial and lateral sides of forearm. There-
fore, the results of the current study suggest if TOI and rSO2 values
are available as surrogate parameters when secure recanalization
and reperfusion have to be non- invasively monitored in the clinical
conditions including those after vascular bypass surgery and the
use of the tourniquet in the extremities.

METHODS

After institutional approval from Aichi Medical University
School of Medicine (the approved no. 13-134), this study was
registered in the UMIN Clinical Trial Registry (UMIN000026435).
The informed consent was obtained from healthy enrolled volun-
teers (n=13, 24-35 years of age). The work described has been
carried out under Declaration of Helsinki. Subjects with the his-
tory of redness or rash on their forearm were excluded from this
study.

Equipment for measurements
NIRO-200NXTM (Hamamatsu Photonics, Hamamatsu, Japan),
INVOS 5100CTM (Covidien, Tokyo, Japan), C9183TM (Hamamatsu
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Photonics, Hamamatsu, Japan) or MoorFLPI-2 TM (Moor Instru-
ments, Axminster, Devon, UK) was employed to determine the
continuous TOI (%), rSO2 (%), StO2 (%) and FBF (arbitrary perfu-
sion unit) values, respectively. NIRO-200NXTM uses three wave-
lengths of near- infrared light (735, 810 and 850 nm) and the sensor
contains two photodiodes. The monitor adopts the spatially re-
solved spectroscopy methodology, which combines multidistance
measurements of optical attenuation (7, 8). The method makes
NIRO-200NXTM possible to calculate TOI as a ratio of oxyhemoglo-
bin to total hemoglobin concentration. INVOS 5100CTM utilizes
the Beer-Lambert principle to evaluate differences in absorption of
photons returning from deep and superficial tissues using the near
infrared light at the wavelength of 730 and 810 nm (4). C9183TM
employs a white light-emitting diode as the light source, which has
the wavelength of the visible light at 520 to 580 nm, and the monitor
can detect the oxygenation only at the 1-2 mm depth from the skin
surface [The personal communication with Hamamatsu Photonics,
Hamamatsu, Japan]. The laser-speckle imaging monitor MoorFLPI-
2TM that is equipped with the class 1 near- infrared laser source with
the wavelength of 758 nm is capable of evaluating the tissue
blood flow at a distance of 30 cm above the skin surface, and the
monitor expresses tissue blood flow as the relative value (9). The
blood flow imager uses the laser speckle contrast technique to
deliver real - time, high-resolution blood flow images (9).

Protocol of Measurements
The primary outcome to measure in the current study was to
evaluate whether values of parameters including TOI and rSO2
similar to changes in the FBF according to the brief ischemia and
the subsequent reperfusion move in parallel with the medial and
lateral sides of the forearm. The measurement areas (25 mm2)
were at 3 cm distal from an elbow joint, and both 2 cm lateral at
brachioradialis muscle above the radial artery and 2 cm medial at
flexor carpi radialis muscle above the ulnar artery from the midline
of the ventral forearm. Our preliminary study verified that the
changes of FBF obtained by the MoorFLPI-2TM were same be-
tween these 2 areas (n = 3). The measurement area in the use of
NIRO-200NXTM and INVOS 5100CTM was set in the center between
the photodetection and irradiation probes and these probes always
lined parallel to avoid the photodetection interference by each
irradiation probe.
On the day of measurements, volunteers were allowed to take
clear fluids without caffeine freely until one hour before the meas-
urements. Brief ischemia was achieved using a blood pressure cuff
applied to the examined upper arm at 180 mmHg. Continuous
measurements of medial (or lateral) TOI in combination with lat-
eral (or medial) rSO2 were performed at the same time (Trial 1, n =
13) from the immediately before brief ischemia to 10 minutes
after the release of a blood pressure cuff. Thirty minutes after the
trial 1, the medial and lateral sides exchanged, and the continuous
measurements were repeated (Trial 2, n = 13). During the measure-
ments, noninvasive blood pressure in the upper limb, which was
the other side of the tested arm at a 2.5-minute interval and con-
tinuous heart rate by the electrocardiogram in addition to pulse
oximetry was monitored. Computer-generated random numbers
were used for the randomization in the order of measurements.
Measurements of StO2 (n = 13) and FBF (n = 13) in the medial and
lateral sides using two sensors were subsequently and simultane-
ously performed with a 30-minute interval.

Statistics
The data were expressed as mean�SD. The power calculation
was done using Sample Power 3.0TM (IBM Japan Inc., Tokyo,
Japan). In the current study, a sample size of 13 gave 81% power to
the detected rSO2 change of 11% at a significance level of 0.05 (SD =
9.7). Statistical analysis using PASW Statistics 18TM (IBM Japan

Inc., Tokyo, Japan) was performed by the repeated-measures
analysis of variance followed by Scheffe’s test. Differences were
considered to be statistically significant when P is�0.05.

RESULTS

Medial rSO2 values at 1 to 3 minutes after the termination of brief
ischemia were higher than lateral rSO2 and respective TOI values
(Figure 1). StO2 and FBF values quickly decreased or increased
according to brief ischemia and the termination, whereas the
values did not differ between medial and lateral sides at any meas-
urement period (Figures 2 and 3). TOI, rSO2, StO2 and FBF values
demonstrated restoration at 10 minutes to the levels at the com-
mencement of measurements according to reperfusion of the fore-
arm (Figures 1, 2 and 3).
Mean blood pressure and heart rate did not change in response to
brief ischemia and the termination in both the trials 1 and 2 and the
values were within the normal range (Figure 4). No volunteer
claimed health problems including redness or rash on the forearm
related to this study.

DISCUSSION

Medial rSO2 values at the initial phase of the forearm reperfusion
were higher than lateral rSO2, and respective TOI values whereas
FBF values did not differ between the both medial and lateral sides
during the measurements. These results suggest that the medial
rSO2 values are modified by the forearm reperfusion after brief
ischemia. The changes in skin oxygenation related to hyperther-
mia as well as vasoconstriction alter the value of cerebral rSO2 from
the Beer-Lambert NIRS, but not TOI evaluated by the spatially
resolved methodology (4-6). However, the different skin perfu-
sion in the medial and lateral sides of the forearm does not appear
the cause of the NIRS value modification because StO2 values be-
tween the both sides did not differ throughout the measurements.
Previous studies proved that TOI is more reliable than rSO2 meas-
ured by the Beer-Lambert Principle in cerebral NIRS parameters
since the tissue hemoglobin concentration, skull thickness, and
the area of the cerebrospinal fluid layer do not affect TOI (5, 6).
The current results probably add an answer to the question why an
oxygenation monitor, which is adopted the spatially resolved
methodology, has long been used to determine the human skeletal
muscle oxygenation in the physiological studies (10). However,
the reason for the difference between TOI and rSO2 in the current
study remains unclear as the algorism of the NIRS technology em-
ployed in INVOS 5100CTM has not been opened to the public.
Some surrogate parameters should be essential to evaluate FBF
when secure recanalization and reperfusion have to be non- inva-
sively monitored in the clinical conditions including those after
vascular bypass surgery and the use of the tourniquet in the ex-
tremities. Also, the noninvasive NIRS monitoring of skeletal mus-
cle oxygenation is increasingly critical as a surrogate parameter to
determine the cardiovascular and respiratory conditions of pa-
tients in the clinical practice, including the estimation of heart fail-
ure, the performance of ventilation, and successful remote precondi-
tioning (11-13). Therefore, whether the NIRS monitor employs the
Beer-Lambert or spatially resolved methodology is probably a
significant determinant that one can achieve the accurate non-
invasive evaluation of FBF using the technology. However, further
studies are required to determine whether such a difference is
clinically meaningful.
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Figure 1 Changes in medial and lateral TOI (%) as well as rSO2 (%) values in the trials 1 and 2 (n = 13 each) from the before brief ischemia to
10 minutes after the reperfusion. * : P�0.05 vs. lateral rSO2 and respective TOI values.

Figure 2 Changes in medial and lateral StO2 (%) values (n = 13) from the before brief ischemia to 10 minutes after the reperfusion.
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Figure 3 Changes in medial and lateral FBF (Arbitrary Perfusion Unit) values (n = 13) from the before brief ischemia to 10 minutes after the
reperfusion.

Figure 4 Levels of mean blood pressure (left) and heart rate (right) during the study including the trials of 1 and 2 (n = 13).
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CONCLUSIONS

In healthy volunteers, TOI and StO2, but not rSO2, reflected
changes in FBF of both medial and lateral sides simultaneously in
response to the reperfusion after brief ischemia. These results
indicate that the muscle tissue oxygenation during reperfusion
favors the use of TOI and StO2, but not rSO2 and that the NIRS
monitor using the spatially resolved methodology have to be
selected when physicians need to evaluate FBF non-invasively in
the clinical conditions.
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