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Abstract—The purpose of this study was to investigate post- to 8—9 cm of brain tissu& The method offered promise
occlusive hyperemic response using near infrared spectroscopyin measurements of changes in intravascit@moglo-

(NI.RS) and transcutaneous oximetry (TcpOFive minute ar- bin) and mitochondrial(cytochromeaa3) oxygenation
terial occlusion on the calf muscle was performed in six

healthy volunteersmean age 29, range 23—34 years, mean of the limb muscles. It was shown that it is possible to

. - 5
TcpO, at rest 53 mmHg, range 47-58 mmHg, and ankle duantify muscle oxygen consumption Y&° muscle
brachial index between 1 and L.2xygen partial pressure at  blood flow?® and venous saturatid.

rest, oxygen consumption (VD during ischemia, recovery NIRS measurements in muscle have been used to in-
times and resaturation rates after arterial occlusion were deter'vestigate diseases associated with impaired tissue oxy-

mined and new parameters for evaluation of the level of vas- . . . .
cular disorders of lower limbs are suggested. The reproducibil- genation, like heart failure and peripheral vascular

ity of the signals was studied by repeating the same protocol on diseas€. Many _studies were made to investigate periph-
each subject four to six times. Repeated measurements showedral vascular diseaséBVDs9). It was found that, at rest,
no significant difference among trials, indicating that the mea- VO, in patients with PVD was half that found in healthy
surements were reproducible. The mean values of the Coefg" controls? Another method for assessing PVD using
cient of variability for suggested parameters varied between 6% NIRS followi IKi ise is to det .

and 30%(mean value 17% Interindividual variations of pa- oflowing walking exercise IS 1o aetermine oxygen
rameters are higher and can be explained by differences inresaturation as an indicator of oxygen debt and arterial
fat/muscle ratio and in the measured tissue volume of the NIRS inflow capacity*>!° The patients with severe impairment
signal. Simultaneous measurements of NIRS and FcpO showed an earlier decrease of muscle oxygenation. The

showed different responses to ischemic conditions, due to the pynaremic response after arterial occlusion was: signifi-
different physiological levels of oxygen assessment. The com- ntlv lower in patients with PVB? In th me stud
bined use of both methods yields deeper insight into conditions cantly lowe patients ) € same study

of blood flow and tissue oxygenation. @000 Biomedical ~ hyperemic responses and recovery times following arte-
Engineering Society.S0090-6964)0)00302-1 rial occlusion were reported to be in good correlation

with the ankle brachial indexABI).

Postocclusive reactive hyperemiBORH) is a repro-
ducible transient increase in blood flow after the release
of arterial occlusion. Although it is one of a few well-
known tests in clinical practice for evaluating the func-

tional aspects of arterial blood flow in the lower limb,
INTRODUCTION not many studies have dealt with the determination of

In 1977 Jwsis first describedn vivo application of the parameters that could provide important information
near infrared spectroscogiIRS) to monitor changes in ~ about tissue oxygenation and the severity of the PVD.
the oxygenation of the brain in the intact cat héad. For validation of the parameters obtained a study of
Initial studies using this optical technique showed that reproducibility of the NIRS measurement is necessary.
cerebral oxygenation and blood flow in preterm babies  The purpose of this study was therefore to explore the
can be monitored!%**?°Technical developments in the ~Postocclusive hyperemic response using NIRS in combi-
instrumentation made it possible to measure absorptionnation with transcutaneous partial pressure oximetry

changes across a total of 10 optical densities equivalent(TcpO,). We (1) examined the applicability of NIRS for
quantification of PORH of healthy human limkg) sug-
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FIGURE 1. Experimental setup.

the NIRS signals with the results of Tcp@neasure-
ments.

MATERIALS AND METHODS

Subjects

Six healthy, nonsmoking volunteergnean age 29,
range 23-34 years, mean Tcpé&l rest 53 mm Hg, range
47-58 mmHg, and ABI between 1 and JLiBok part in
the study, after giving informed consent. All subjects
were asked not to perform any extensive physical activ-
ity on the day of the test. All the experiments were
carried out at the ambient temperature of 21 °C.

The study was approved by the Ethical Committee of
the Institute of the Republic of Slovenia for Rehabilita-
tion.

Methods

NIRS is a noninvasive and continuous optical method
for measuring tissue oxygenation and hemo-
dynamicst?1829|n this study it was used for the assess-
ment of tissue oxygenation in the distal parts of the
lower limbs. The technique is based on two fundamental
characteristics:(a) the relative transparency of human
tissue to light in the near infrared regi@A00—1000 nm
and (b) the oxygenation-dependent absorption of oxy-
hemoglobin (HbGQ), deoxyhemoglobin(Hb) and cyto-
chrome-c-oxidase(CytOx). By measuring changes in
light absorption at different wavelengths tissue oxygen-
ation can be measured continuously. The relation be-
tween light absorption and concentration changes of the
chroYmophore is described by the modified Beer-Lambert
law.

A NIRO,-X2 instrument(Keele University, UK was
used for simultaneous monitoring of concentration
changes of oxy- and deoxyhemoglobin (Hb&nd Hb.
Summation of the changes in the concentrations of HbO
and Hb provides a measure of changes in the total tissue
hemoglobin Hbtot and reflects changes in the tissue
blood volume. From the difference of HbCGand Hb
signals the oxygenation indd€®©l) signal can be derived.

It gives an indication of the net hemoglobin oxygenation
statust®

subsequent recovery

time point of the start of arterial occlusion;
the end of arterial occlusion
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FIGURE 2. Parameters evaluated.

Experimental Protocol

Figure 1 shows the experimental setup. All subjects
were in a supine position during the measurement. The
optical fibers (optodes of the NIRS instrument were
positioned on the dorsal and lateral surfaces of the foot
between fourth and fifth digits. The measurement was
performed in the transmission mode. The optodes were
attached to the skin by a support that allowed both the
distance and the angle between the optodes to be main-
tained constant. The distance between optodes was ap-
proximately 4 cm in all subjects. The sampling time was
1 s. Data collected by NIRS were transferred on line to
the computer(IBM compatible XT/AT) for storage and
subsequent analysis. Data collection program NIRDCU
4.81 (Keele University, UK was used for instrument
control and data acquisition. A transcutaneous oxygen
partial pressure metefTCM2, Radiometer, Denmark
was used for oxygen partial pressure (Tgp@onitor-
ing. The electrode was positioned on the upper surface of

A tg tc

de / pmol/100 mt

Tep

time / min

FIGURE 3. NIRS and TcpO, responses from the foot of a
representative subject during 5 min arterial occlusion and
(ty, time point of cuff inflation; tg,
tc, time point of

).
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TABLE 1. Mean individual values of the parameters of oxygenation

(AVG*S.E.). [S.E.,

standard error; range (min/max).]

HbO, Hb ol Tcpo,
VO, tr ty HR te th HR tr twy HR Tcpo, t
Swject mITmnt () ® ) () © %) () (& ) mmHg (g
1 0.80*£0.12 162 39x5 194*17 29+x2 66=*1 146+8 21+*1 54*3 163+9 48+1 58*2
2 0.79%+0.09 174 50+x6 236*x20 31*x2 64*8 159+5 24+3 56+x7 193+13 58+2 76+3
3 0.70%£0.10 23+3 53x5 224*25 33£3 75=*3 161+6 27x3 57x3 182*11 51+1 100£7
4 0.81+0.06 19+2 516 178+x12 415 68=*6 126+1 282 60x8 142+4 53*3 54+1
5 0.79+0.06 234 55*6 213*x20 374 80*1 159+5 29*+4 66*6 1777 58+4 56+1
6 0.78+0.05 151 53*x6 172+24 40+x4 78=*9 132+5 253 63*5 138+4 47+4 701
Mean 0.78 19 50 203 35 72 147 26 59 166 53 69
S.E. 0.02 1 2 10 2 3 6 1 2 9 2 7
Range 0.70/0.81 15/23  39/55  172/236  29/41  64/80 126/161 21/29 54/66  138/193 47/58 54/100

the same foot between the second and the third digits.
The measurements were performed at an electrode tem
perature of 43°C.

Arterial occlusion was achieved by inflating a thigh
cuff (CC17, Hokansonto a pressure of 30 mm Hg above
the value of the individual systolic pressure of each sub-
ject. The cuff was placed above knee on the thigh and
inflated, using a standard cuff inflatéfD312, Hokan-
son), in less than 1 min to the pressure needed for the
arterial occlusion. The cuff remained inflated for 5 min
and then rapidly released.

A 10 min rest period was allowed after the placement
of all necessary equipment. In order to check the repro-
ducibility of the measurements all subjects underwent the
same protocol from four to six times on different days
during a period of 3 months.

Signal Analysis

Different parameters obtained by the two noninvasive
methods were studie(Fig. 2):

(1) VO,, oxygen consumption, calculated from the gra-
dient of the HbQ signal during the first 60 s of
decrease of the HbGsignal during arterial occlusion
and converted to ml ' min~! as was already de-
scribed by Cheatlet al.?

(2) tgr, time of recovery, time after release of the cuff
until the initial values of Hb@ Hb and Ol signals
before the test are reached,

(3) ty, time to peak value, time after release of the cuff
until the peak value of the signals are reached,

(4) HR, hyperemic responsgumol/100 m), maximum
change of the signal after the release of the cuff,

Statistical Analysis

The coefficient of variability(CV) was used as the
measure of the reproducibility of the chosen parameters.
It was determined as the ratio between the standard de-
viation and average value of the parameter in each indi-
vidual.

The reproducibility of the measurement in each sub-
ject and the homogeneity of the group of volunteers were
statistically evaluated by Friedman repeated measures
ANOVA on ranks test. The statistically significant level
of difference was considered to be @ 0.05.

RESULTS

Figure 3 shows a typical example of Tcp@nd NIRS
measurements. At the time poity inflation of the cuff
was started. In less than 60 s the pressure in the cuff
reached the desired value needed for arterial occlusion
(time point tg). The HbQ signal decreased from the
beginning of the arterial occlusion. This decrease was
mirrored by the increase of the Hb signal. During the
occlusion a small increase in the Hbtot signal was ob-
served. At time pointtc the cuff was released and a
hyperemic response was observed. The Hbtot signal,
which is correlated with total blood volume, increased
above the base line within 30 s after the release of
arterial occlusion. The increase in the Hb8ignal ex-
ceeded the decrease in the Hb signal in the first minute
of hyperemia. All signals returned to or near the starting
base line by the end of the 7 min recovery time. The
value of TcpQ decreased faster than the Hpb®ignal
and reached the minimum value within 2—3 min of ar-
terial occlusion. After the relief of occlusion TcpQe-

expressed as the percentage of change of the signatovered more slowly than the Hh@ignals.

during arterial occlusion,

(5) TcpO,, oxygen partial pressure valuenm Hg) ob-
tained before the arterial occlusion started,

(6) ty, the time after release of the cuff until 50% of the
initial TcpO, is reached.

Oxygen consumption (V§, hyperemic response
(HR) and recovery timestg,ty ,ty) after arterial occlu-
sion as well as the absolute Tcp@alues at rest are
listed in Table 1. The parameters of oxygenation of re-
peated measurements in a single individual were aver-
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TABLE 2. Coefficients of variability ~ (CV in %) for all evaluated parameters of NIRS and TcpO , measurements. [S.E., standard error;
range (min/max).]

HbO, Hb Ol TcpO,
Subject VO, tr ty HR tr tm HR tr ty HR TcpO, ty
1 33 23 27 19 14 4 12 14 13 12 3 6
2 29 55 29 21 18 32 7 27 31 17 7 12
3 28 27 19 23 20 7 7 20 12 12 3 9
4 15 22 22 13 22 16 2 15 28 5 9 2
5 15 36 23 19 21 3 6 28 18 8 15 5
6 14 18 28 35 10 28 8 25 18 18 22 4
Range 14/33 18/55 19/29 13/35 10/22 4/32 2/12 14/28 12/31 5/18 3/22 2/12

aged. For the group of subjects the mean values, stan-larger, indicated by lowelp values, compared to the
dard errors and the range for each parameter are alsadifference among the repeated measurements. A statisti-
given in Table 1. cally significant difference among the subjects was found
The coefficients of variability were calculated from in four parameters in spite of the fact that the group of
the set of repeated measurements in each subject. Indithealthy volunteers was carefully chosen and supposed to
vidual results and range values are presented in Table 2he homogeneous with regard to their age, mean FcpO
The coefficients of variability varied from 2% to 35% yajue at rest and ankle brachial index. One of the factors
except for one parameter in one subject where the valueyhich could play a role in the interindividual variation is
was highgr than 50%. the optical pathlength although special care was taken to
The Friedman repeated measures ANOVA on ranks ynsition the optodes on the same place in all subjects.

test was used to calculate the differences among mea-pygpapiy a more important factor could be the interindi-
SF‘reme”tS repeated on d|ff_erent days and to calculate the\/idual difference in the amount of tissue contributing to
difference among the subjects for each parameter. Re—the NIRS signaf

sults of statistical analysis of the reproducibility of NIRS In almost all .subjects an increase in total blood vol-

and Tcpqlmeasurements, expressed pnvalues_, are ume, increase in Hbtot signal, was observed, although it
presented in Table 3. The results showed no significant. . . . S

. . s almost impossible that there was still arterial inflow
differences between repeated measurements on differen . . .

L Into the leg. An increase in the Hbtot signal was found

days, indicating that the measurements were reproduc- . . .
. i . also in other studies and explained as the consequence of
ible. The results of the test among different subjects

showed no significant differences in 8 out of 12 deter- blood . red3|slt4r|but|on in-the muscle during arterial
mined parameters, suggesting that the group of subjectsOCdUS'onz'.y.'. .
was not entirely homogeneous. _ One criticism _of the study could be the relatively Iong
time needed to inflate the cuff to the pressure of arterial
DISCUSSION occlusion. More than 30 s of inflation with the standard
cuff inflator, widely used in the clinical environment,
In the study we described the measurement and theprobably caused undesired venous occlusion prior to ar-
derivation of different parameters of tissue oxygenation. terial occlusion. Using a rapid cuff inflator, which is
The results proved to be reproducible. Statistical analysis capable of inflating the cuff within 1 s, would probably
showed that there is good reproducibility among the re- lead to more precise observations and improved repro-
peated measurements. The interindividual variation was ducibility.

TABLE 3. Statistical analysis of differences among repeated sets of treatments and among
different subjects.

HbO, Hb (e]] TcpO,
Statistical
analysis VO, tr fm HR g ty HR Iy HR  TcepO, ¢,

Among 043 026 039 0.88 007 020 065 033 052 089 072 0.96

treatments

Among * * * *
: 085 056 0.36 0.28 0.03* 033 <0.01* 052 069 <0.01* 011 <0.01

subjects

*Statistically significant difference (p<0.05).
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In this study we found lower V@values(mean value
0.78, range 0.70—0.81 mitmin~?) than those reported
in previous studie$*!°The difference can be explained
by the different location of the optodes of NIRS. In the
above mentioned studies the optodes were positioned
either on gastrocnemius muscle or on the forearm. We  This research was supported by the Ministry of Sci-
performed the measurement on the distal part of the foot ence and Technology of the Republic of Slovenia. The
where there is a relative paucity of muscle tissue and measurements were performed at the Institute of the Re-
blood flow is lower than in calf muscle. public of Slovenia for Rehabilitation.

surement, the origin of the NIRS signal should be known
better.
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