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and DAMIJAN MIKLAVČ IČ1
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Abstract—The main purpose of our study was to determi
the parameters of the postocclusive reactive hyperemia test
could help and provide the clinician with information about t
tissue oxygenation, the severity of the disease, and the re
of the applied therapies. Near infrared spectroscopy~NIRS!
proved to be a valid noninvasive trend monitor useful for
vestigating the physiology of oxygen transport to tissue. I
portant advantages of NIRS over transcutaneous oxim
(TcpO2) are: ~a! a more dynamic nature of the NIRS signa
which reflects more closely the actual response of the per
eral vasculature to the occlusive provocation;~b! larger sam-
pling volume; and~c! the ability of assessing tissue oxyge
ation at deeper tissue levels. We demonstrated that the
parameters of reactive hyperemia, the rate of reactive hy
emia, and the maximal change during reactive hyperemia
calculated from the oxyhemoglobin (HbO2) signal of the NIRS,
clearly distinguish between healthy volunteers and patients w
vascular disorder. The time parameters of reactive hypere
were significantly longer (p,0.01), and the rate of reactiv
hyperemia (p50.01) as well as the maximal change durin
reactive hyperemia (p50.02) were significantly lower in pa
tient group compared to healthy volunteers. These parame
were also in good correlation with the values of ankle brach
index ~ABI ! and the resting values of oxygen partial press
(TcpO2). Values of the chosen parameters obtained from
HbO2 signal were further compared between groups of diab
and nondiabetic patients with peripheral vascular disease.
though longer time parameters of reactive hyperemia and lo
rates of hyperemic response were detected, the difference
tween both groups was not statistically significant. ©2001
Biomedical Engineering Society.@DOI: 10.1114/1.1359451#

Keywords—Noninvasive methods, Near infrared spectrosco
Transcutaneous oximetry, Tissue oxygenation, Ischemia,
ripheral vascular disease.

INTRODUCTION

Atherosclerosis, the principal cause of diseases s
as heart attack, stroke, and gangrene of the extremitie
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responsible for 50% of all mortality in the USA, Europ
and Japan.30 Disorders of the peripheral vascular syste
are one of the most common symptoms of the develo
atherosclerotic process. Early detection of the vascu
abnormalities is therefore important to prevent t
progress of the disease to its severe forms~critical limb
ischemia, gangrene, and finally amputation of the
tremity! or to predict coincidence of the atherosclero
changes in vasculature of vital organs.

In patients with lower limb ischemia, not only th
circulation through the larger blood vessels, but also
microcirculatory perfusion is disturbed.34 The microvas-
cular disturbance, characterized by reduced blood flow
capillaries and impaired tissue oxygenation, plays a k
role in tissue viability and in most cases leads to tiss
necrosis or gangrene.18,34 The local microcirculation of
the tissue at risk cannot be evaluated by perfusion
flow measurements on the level of macrocirculation. T
number and diversity of the various techniques indica
that absolute assessment of microcirculation is no
simple problem and to date no ‘‘gold standard
exists.1,31 Laser doppler flowmetry gives relative value
of blood perfusion in skin capillaries but the limitation
of the technique~unknown origin of the signal! restrict
its clinical usefulness.23,25,33 Transcutaneous oximetr
(TcpO2) is widely used by vascular surgeons and an
ologists. TcpO2 values are used to indicate indirectly th
skin perfusion, define amputation levels in some patie
and predict the healing of ulcers,1,34 although it is still
not clear if the TcpO2 value reflects the underlying tissu
oxygen partial pressure.31

Obstructions of the vascular system either on the m
rocirculatory or the microcirculatory level reduce oxyge
availability. Impaired oxygen transport, where oxyg
supply does not meet the demand, can lead to functio
and structural disturbances of organs and tissues.32 Con-
ventional noninvasive methods measure variables, s
as blood flow and partial pressure of oxygen. In order
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TABLE 1. Clinical characteristics of the group of PVD patients and the group of healthy
volunteers. Values are presented as means „minimal Õmaximal value …. Results of the Mann–
Whitney Rank Sum Test are presented as exact p values. The statistically significant level of
difference was considered to be at pË0.05. „n, number of subjects; M, male; F, female, * ,

statistically significant difference. …

Age
(yr)

TcpO2
(mmHg) ABI

Diabetic
patients

(n)
Hypertension

(n)
Smokers

(n)

PVD patients n524
(20M/4F)

63.7
(47/77)

37.6
(23/48)

0.59
(0.35/1.05)

13 3 13

Healthy
volunteers

n518
(11M/7F)

61.3
(47/75)

54.4*
(43/67)

1.16*
(0.92/1.40)

0 0 3

p50.34 p,0.01 p,0.01
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assess the balance between oxygen delivery from b
to tissue and oxygen demand, a technique that co
measure the oxygen levels within the intact tissu
would be ideal.24

Near-infrared spectroscopy~NIRS! is a relatively new
optical technique for noninvasive monitoring of tiss
oxygenation and hemodynamics on different physiolo
cal levels.2,4,15,17,36,38It allows the simultaneous measur
ment of changes in intravascular~hemoglobin!, intramus-
cular ~myoglobin!, and mitochondrial~cytochrome aa3)
oxygenation in 2–6 cm3 of the limb tissue.13 First clini-
cal applications of this technique have principally be
focused on the cerebral circulation.12,17,38,39More recent
studies indicate the clinical relevance of NIRS measu
ment on muscle. The NIRS technique has been use
quantify human skeletal muscle oxygen consumption5,8

blood flow,9,11 and venous saturation.40 Trends in human
skeletal muscle deoxygenation have been studied du
cuff ischemia and excessive exercise.6,7,16 Many studies
were made to investigate the peripheral vascular dise
~PVD!. Oxygen consumption (VO2) was reported to be
lower in PVD patients compared to healthy subject5

Several groups used a standardized treadmill exercis
investigate the calf oxygenation of patients with interm
tent claudication.20,28 Oxygen resaturation, as an indic
tion of oxygen debt and arterial inflow capacity, w
highly correlated with ankle brachial index~ABI ! at rest.
Kooijman et al.21 found significant correlation betwee
oxygen resaturation and ABI measured during and a
the walking test. Muscle NIRS might also play a role
investigating the therapeutic efficacy of vasoactive s
stances on muscle oxygenation.26

One of the well-known tests in clinical practice fo
evaluating the functional aspects of the arterial blo
flow in a limb is the reactive hyperemic response afte
certain period of arterial occlusion. During the last d
cade several studies have been performed using the
of postocclusive reactive hyperemia~PORH! in patients
with PVD,5,20,21,24,28however the designs of these studi
have varied from one study to another. It is difficult
get a specific conception regarding the validity of t
e

o

st

technique for evaluating tissue oxygenation and blo
perfusion in patients with PVD. Therefore there is
evident necessity to standardize the test of PORH.

The main purpose of the study was to determine
PORH parameters at different levels of arterial dise
that could help and provide the clinician and/or r
searcher with important information about tissue oxyge
ation, the severity of the disease, and the results of
applied therapy and the wound healing potential of
limb with an open wound or one that may need amp
tation. In order to fulfill the task we:~1! examined the
applicability of NIRS for quantification of PORH;~2!
calculated the parameters of the PORH test in a group
healthy volunteers and a group of PVD patients;~3!
proposed the most useful parameters that can be use
evaluate the state of the peripheral vasculature;~4! com-
pared these results with the values of ABI index a
with the results of TcpO2 measurement; and~5! com-
pared values of the selected parameters on the group
diabetic and nondiabetic PVD patients.

MATERIALS AND METHODS

Subjects

A group of 24 patients with PVD and a group of 1
healthy volunteers were included in the study, after g
ing informed consent. The study was approved by
Ethical Committee of the Ministry of Health of the Re
public of Slovenia. The measurements were performed
the morning. All subjects were asked to refrain fro
caffeine, nicotine, alcohol, and not to perform any exte
sive physical activity prior to the test. All the exper
ments were performed at the ambient temperature
21 °C.

Clinical characteristics of the group of PVD patien
and the group of healthy volunteers are presented
Table 1. All PVD patients were classified as havin
Fontain stage II PVD. The control group consisted of
age-matched healthy volunteers. None of them ha
history of cardiovascular disease and no signs of PV
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313Parameters of Postocclusive Reactive Hyperemia
The group of patients was divided into a subgroup
diabetic patients~13 patients mean age 65.4, ran
47–77 yr, mean TcpO2 value at rest 37.8 mm Hg, rang
23–48, and mean ABI 0.58, range 0.35–1.00!, and a
subgroup of patients without signs and history of diab
tes mellitus~11 patients mean age 61.7, range 55–74
p50.27, mean TcpO2 value at rest 37.4 mm Hg, rang
27–45, p50.76, and mean ABI 0.61, range 0.37–1.0
p50.89).

Near Infrared Spectroscopy

NIRS is a noninvasive optical method for continuo
measurement of tissue oxygenation and hemodynam
In this study it was used for the assessment of tis
oxygenation in the distal parts of the lower limbs. T
technique is based on two fundamental characteris
~a! relative transparency of human tissue to light in t
near infrared region ~700–1000 nm! and ~b! the
oxygenation-dependent absorption of oxyhemoglobin
oxymyoglobin (HbO2, MbO2), deoxyhemoglobin and
deoxymyoglobin ~Hb, Mb!. By measuring changes i
light absorption at different wavelengths~775, 805, 845,
and 905 nm! changes in tissue oxygenation can be m
sured continuously. The relation between light absorpt
and concentration changes of chromophores is descr
by the modified Beer–Lambert law.10

A NIRO2-X2 instrument~Keele University, UK! was
used for simultaneous monitoring of concentrati
changes of oxy- and deoxy hemoglobin (HbO2 and Hb!.
Summation of the changes in the concentration of Hb2

and Hb provides a measure of changes in the total tis
hemoglobin Hbtot, which reflects changes in the tiss
blood volume. From the difference of HbO2 and Hb
signals the oxygenation index~OI! can be derived. It
gives an indication of the net hemoglobin oxygenati
status.32

Experimental Protocol

Figure 1 shows the experimental setup. All subje
were in a supine position during the measurement. T
optical fibers ~optodes! of the NIRS instrument were
positioned on the dorsal and lateral surfaces of the f

FIGURE 1. Schematical representation of the experimental
setup „A… and location of the NIRS optodes and TcpO 2 elec-
trode „B….
.

:

d

e

between the fourth and the fifth digit@Fig. 1~B!#. The
measurement was performed in the transmission mo
The optodes were attached to the skin by a support
allowed both the distance and the angle between
optodes to be maintained constant during the test. G
metrical distance between the optodes was approxima
4 cm in all subjects. The differential pathlength fact
value was 4.3.9 The sampling rate was 1 Hz. The da
collected by NIRS were transferred online to a perso
computer for storage and subsequent analysis. Data
lection programNIRDCU 4.81 ~Keele University, UK! was
used for instrument control and data acquisition. A tra
scutaneous oxygen partial pressure meter~TCM2, Radi-
ometer, Denmark! was used for oxygen partial pressu
(TcpO2) monitoring. The electrode was positioned o
the upper surface of the same foot between the sec
and the third digits. The measurements were perform
at an electrode temperature of 43 °C.

A 10 min rest period was allowed after the placeme
of all necessary equipment. Arterial occlusion w
achieved by inflating a thigh cuff~CC17, Hokanson! to a
pressure of 30 mm Hg above the value of the individu
systolic pressure of each subject. The cuff was pla
above the knee on the thigh and inflated in less tha
min to the pressure needed for the arterial occlusion
standard cuff inflator~TD312, Hokanson! was used for
this purpose. The cuff remained inflated for 5 min a
then rapidly released.

Parameter Evaluation

Different parameters obtained by the two noninvas
methods were studied~Fig. 2!:

~i! VO2, oxygen consumption, calculated from th

FIGURE 2. Parameters of postocclusive reactive hyperemia
evaluated from NIRS and TcpO 2 signals †„HbO2… oxyhemo-
globin; „TcpO2… transcutaneous oxygen partial pressure;
„VO2… oxygen consumption; „t R… time of recovery; „t M… time
to peak value; „Dc hip … maximal change of the NIRS signal;
„HR… maximal hyperemic response; „t H… half time of the re-
sponse ‡.
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FIGURE 3. NIRS and TcpO 2 responses from the foot of representative subjects from the group of patients with peripheral
vascular disease and the group of healthy volunteers during 5 min arterial occlusion and subsequent recovery. †„t A… time point
of cuff inflation; „t B… time point of the start of arterial occlusion; „t C… time point of the end of arterial occlusion; „HbO2…

oxyhemoglobin; „Hb… deoxyhemoglobin; „Hbtot … total hemoglobin; „OI… oxygenation index ‡.
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gradient of the HbO2 signal during arterial occlu-
sion and converted to ml 121 min21 as described
elsewhere;5,21

~ii ! tR , time of recovery~s!, the time interval after
release of the cuff until the initial values of HbO2,
Hb, and OI signals are reached;

~iii ! tM , time to peak value~s!, the time interval after
release of the cuff until 95% of the signals pe
values are reached;

~iv! HR, maximal hyperemic response~%!, maximal
change of the signal after the release of the cu
expressed as the percentage of the signal cha
during arterial occlusion;

~v! Dchip , maximal change of the NIRS signal durin
the phase of reactive hyperemia expressed
mmol 100 ml21;

~vi! TcpO2, oxygen partial pressure value~mm Hg!
measured prior to arterial occlusion; and

~vii ! tH , half time of the response, the time interv
after release of the cuff until 50% of the initia
TcpO2 is reached.

Statistical Analysis

In each group of subjects mean values, standard
rors, minimal, and maximal values of oxygenation p
rameters obtained from NIRS and TcpO2 signals were
calculated. Statistical significance between groups w
e

-

tested by the Mann–Whitney Rank Sum Test. Exacp
values are given. The statistically significant level
difference was considered to be atp,0.05.

Regression analysis and the Spearman Rank O
test were used to compare the NIRS and TcpO2 param-
eters with the ABI parameters.

RESULTS

Figure 3 shows typical examples of NIRS and Tcp2

measurements obtained from a representative hea
volunteer and from a representative patient with PVD.
the time pointtA , after a 10 min rest period, inflation o
the cuff was started. In less than 60 s the pressure in
cuff reached the desired value needed for arterial oc
sion ~time point tB). The cuff remained inflated for 5
min and then it was rapidly released~time point tC).

The HbO2 signal decreased from the beginning of t
arterial occlusion. This decrease was mirrored by
increase of the Hb signal. The Hbtot signal, which co
responds to the changes of blood volume, increa
slightly during a period of arterial occlusion. The O
signal showed a trend similar to the HbO2 signal, how-
ever the changes were larger as they are calculated f
the difference of the HbO2 and Hb changes. No signifi
cant difference could be seen among the signals of P
patients and healthy volunteers. At the time pointtC the
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TABLE 2. Mean values, standard errors of the mean, minimal, and maximal values of the PORH parameters for the group of healthy
volunteers and PVD patients. Results of the Mann–Whitney Rank Sum Test are presented as exact p values. The statistically
significant level of difference was considered to be at pË0.05. „X̄, mean value; S.E., standard error; Min., minimal value; Max.,

maximal value; * , statistically significant difference. …

HbO2 Hb OI TcpO2

VO2
(mll21

min21)
tR

(s)
tM

(s)
HR
(%)

Dchip
(mmol

100 ml21)
tR

(s)
tM

(s)
HR
(%)

Dchip
(mmol

100 ml21)
tR

(s)
tM

(s)
HR
(%)

Dchip
(mmol

100 ml21)
TcpO2

(mmHg)
tH

(s)

Healthy volunteers

X̄ 0.74 13 32 222 3.81 29 57 146 4.57 20 39 159 8.10 53.1 78.8

S.E 0.04 2 3 15 0.24 3 3 6 0.23 2 5 9 0.43 1.7 5
Min 0.50 5 18 137 2.31 14 38 101 3.09 10 19 108 5.07 42.0 45
Max 0.97 33 66 387 6.13 67 99 194 6.39 39 90 232 11.96 64.0 100

PVD patients

X̄ 0.68 109 153 138 2.93 159 184 134 3.65 130 167 142 6.39 37.7 152

S.E. 0.04 13 16 9 0.22 18 19 4 0.18 15 16 10 0.37 1.8 13
Min 0.21 18 36 49 0.38 27 41 104 1.29 54 76 86 2.62 24.0 80
Max 0.90 286 405 242 5.14 400 420 180 5.17 334 406 232 10.38 55.0 375

p 0.45 ,0.01* ,0.01* 0.01* 0.02* ,0.01* ,0.01* 0.10* ,0.01* ,0.01* ,0.01* 0.07 ,0.01* ,0.01* ,0.01*
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cuff was released and a hyperemic response was
served. The shape of the signals after the release of
arterial occlusion differs significantly between the gro
of PVD patients and the group of healthy volunteers.
healthy volunteers the increase of the HbO2 signal ex-
ceeded the decrease of the Hb signal immediately a
the occlusion. This phenomena cannot be observed in
PVD patient group, where a decrease of Hbtot signal
be seen throughout the recovery period. In the hea
volunteer group a rapid reperfusion followed the relea
of the cuff. The reperfusion in the patient group
slower and in many subjects no hyperemic response
observed.

The value of TcpO2 decreased faster during the art
rial occlusion in PVD patients compared to healthy v
unteers. After the release of the arterial occlusion Tcp2

recovered slower in patients compared to healthy vol
teers. No significant increase over the preocclusion va
was observed in either patients or healthy voluntee
Comparison of the NIRS and TcpO2 signals showed tha
the TcpO2 method responded slower to the chang
caused by the sudden release of the arterial occlu
~Fig. 3!.

Values of the parameters of oxygen consumpt
(VO2), recovery time parameters (tR and tM), percent-
ages of the HR, and maximal absolute changes du
reactive hyperemia (Dchip) were calculated from the
HbO2, Hb, and OI signals. From the TcpO2 signals the
absolute TcpO2 value at rest and half time of the re
sponse (tH) for each subject were determined. For bo
groups of subjects the mean value, standard error of
mean, the minimal, and the maximal value of all para
eters are listed in Table 2. Individual values as well
the mean values and standard errors of the mean for
parameters obtained from HbO2 and TcpO2 in PVD pa-
-
e

r
e

s

e

tients and healthy volunteers are presented in Fig.
Oxygen Consumption. The VO2 parameter, calculated
from the decrease of the HbO2 signal, was lower in
patients compared to healthy volunteers although the
ference was not statistically significant (p50.45).
Recovery Time Parameters. Recovery times after arteria
occlusion, expressed with parameterstR and tM for
HbO2, Hb, and OI signals, parameters were significan
longer in patients, and there was almost no overlap
between both groups (p,0.01).
Reoxygenation Rates. The mean value of the paramet
HR was lower in PVD patients compared to healt
volunteers. The difference between the group of PV
patients and the group of healthy volunteers was sta
tically significant for the parameter obtained from th
HbO2 signal (p50.02), whereas the difference was n
statistically significant for the parameters HR obtain
from Hb (p50.10) and OI (p50.07) signals. The Maxi-
mal change of the HbO2, Hb, and OI signal during the
reactive hyperemiaDchip was significantly lower in pa-
tients compared to healthy volunteers.
TcpO2. Absolute TcpO2 value and the half time of the
responsetH were significantly increased after the relea
of the arterial occlusion in PVD patients compared
healthy volunteers (p,0.01).

The Spearman Rank Order Test was used to calcu
correlation coefficients among the selected parame
and the values of the ABI index and TcpO2 measured at
rest prior to the beginning of the PORH Test. Times
reactive hyperemia (tR and tM) obtained from signals
HbO2, Hb, and OI, HR obtained from HbO2 signal, and
half time of the TcpO2 (tH) correlated well with the ABI
index and TcpO2 value. Values of the Spearman corr
lation coefficient for these parameters varied from 0.
to 0.73. The other parameters did not correlate sign
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FIGURE 4. Individual values, mean values, and standard errors of the PORH parameters obtained from the HbO 2 and TcpO 2
signals of PVD patients and healthy volunteers.
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cantly with the ABI index and the TcpO2 value measured
at rest prior to the beginning of the PORH Test. Cor
lation for the parameters obtained from the HbO2 signal
and thetH parameter obtained from the TcpO2 is shown
in Fig. 5.

PVD patients were further divided into two subgrou
of diabetic and nondiabetic patients. A comparison of
ABI index, oxygenation parameters obtained from t
HbO2 signals, and TcpO2 values between diabetic an
nondiabetic patients was performed. Although there i
broad overlap between the two patients subgroups m
values showed delayed hyperemic response and lo
reoxygenation rates in diabetic patients. The differen
between selected parameters was however not sta
cally significant.

DISCUSSION

In this study we described the measurement and
determination of different parameters of the PORH t
obtained by NIRS and TcpO2. NIRS proved to be a valid
noninvasive trend monitor useful for investigating t
physiology of oxygen transport to tissue. The poten
n
r

i-

importance of this new technique lies in the fact that
was found to be sensitive to changes in tissue oxyg
ation at the microcirculatory level.3,5,16 NIRS absorption
changes are primarily attributed to the absorption of lig
in small blood vessels, such as capillary, arteriolar, a
venular beds.27

The interpretation of the NIRS signals is based on
following assumptions. The NIRS technique measu
the combined effect of changes in concentration of
and myoglobin ~Mb!. Myoglobin has almost identica
absorption spectra to hemoglobin at NIRS waveleng
and the two chromophores cannot be separated by NI
It was found that in human muscles myoglobin contr
uted less than 25% to the NIRS signal3 and that deoxy-
genation of Mb occurs only after almost complete deox
genation of HbO2.

35 The other assumption is that ski
and subcutaneous fat contributed a negligible amoun
the signal. It was shown that skin contributed less th
5% to the NIRS signal of the transilluminated hum
forearm.29

In our study NIRS was compared with a techniq
currently used clinically for noninvasive monitoring o
oxygenation. Simultaneously with the NIRS measu
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FIGURE 5. Correlation, represented as a linear regression, between the parameters of the HbO 2 signal „t R ,t M ,HR in Dc hip … and
values of the ABI index and TcpO 2, measured at rest prior to the beginning of the PORH Test „A…. Correlation between the
parameter t H of the TcpO 2 signal and values of the ABI index and TcpO 2, measured prior to the beginning of the PORH Test „B….
Parameter r represents the values of the Spearman correlation coefficient between the selected parameters.
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ment the oxygen partial pressure was measured tran
taneously. An important advantage of NIRS over Tcp2

is that the more dynamic nature of the NIRS signals
comparison to the TcpO2 signal ~Fig. 3! reflects more
closely the actual response of the peripheral vascula
to the occlusive provocation. Due to larger measur
volume, with the possibility of detecting oxygenatio
changes in deeper tissue levels and better signal dyn
-

-

ics, the NIRS provides new valuable information th
cannot be obtained by the TcpO2 alone.

One criticism of the study could be aimed at th
relatively long time needed to inflate the cuff to th
pressure of arterial occlusion. More than 30 s of inflati
with the standard cuff inflator widely used in the clinic
environment probably caused undesired venous occlu
prior to arterial occlusion. The resulting venous occ
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318 KRAGELJ et al.
sion could probably lead to a wrong estimation of ox
gen consumption5 and could in principle alter the tissu
optical optical properties.9 Using a rapid cuff inflator,
which will be capable of inflating the cuff within 1 s
would probably lead to more precise observation.

VO2 at rest was not significantly different between t
patients and the group of healthy volunteers (p50.45).
Cheatleet al.5 found the difference between both grou
but reported a broad overlap of results. Kooijmanet al.21

also reported no significant difference between b
groups but found increased VO2 measured after walking
exercise in PVD patients.

Recovery timestR and tM obtained from HbO2, Hb,
and OI index are significantly (p,0.01) longer in PVD
patients. Longer recovery times in PVD patients co
pared to healthy volunteers can be explained by slo
resynthesis of phosphocreatine in this type of patien19

Two other important reasons for the delayed respons
PVD patients are probably rigidity and maximal vaso
latation of arterioles and capillaries. The mean tim
taken to reach 95% of the maximal HbO2 levels ~153 s,
range 36–405 s! was longer than recovery times report
by other studies where it was found to be 81 s21 or 40 s.5

Maximal hyperemic response expressed as the
centage of the signal change during arterial occlus
~HR! could be used as a measure of resaturation
could give some additional information about blood i
flow and oxygen delivery to tissue after the release of
occlusion. The mean value of this parameter is lower
PVD patients compared to healthy volunteers, althou
the difference is statistically significant only for the p
rameter HR obtained from the HbO2 signal. Maximal
changes of the HbO2, Hb, and OI signals, expressed wi
the parameterDchip , were significantly lower in patients
Significance of the parameterDchip is still not clear be-
cause of the principal limitation of NIRS that it cann
provide quantitative data but only reflects relati
changes in oxygen transport to tissues.

A comparison of the PORH parameters revealed t
the time parameters of reactive hyperemia most cle
distinguish between the group of PVD patients and
group of healthy volunteers. Furthermore the resu
showed that parameterstR , tM , HR, andDchip obtained
from the HbO2 signal are significantly different in PVD
patients compared to healthy volunteers. From the res
of the Spearman Rank Order Correlation Test it can
concluded that times of reactive hyperemia (tR and tM)
obtained from HbO2, Hb, and OI signals showed the be
correlation with the values of the ABI index and TcpO2.
The values of the correlation coefficients did not diff
from those obtained by correlation of TcpO2 parameters
and the ABI index. Although we presented the para
eters calculated from different NIRS signals, the para
eters obtained from the HbO2 signal are of the greates
importance. Results of our previous study showed t
-

these parameters were suitably reproducible with the
efficient of variability varying from 5% to 35%.22 These
results are also supported by the results of ot
groups.20,21,28

Diabetic patients, mainly because of their high leve
of circulating cholesterol and other lipids, develop at
erosclerosis and multiple microcirculatory lesions f
more easily than do normal people. Late complicatio
in diabetes mainly reflect disorders in microcirculation14

Study of the parameters obtained from HbO2 signal in
PVD patients with diabetes compared to PVD patie
without signs and history of this disease showed dela
recovery times and lower reoxygenation rates in diabe
patients. Although the difference is not statistically si
nificant, it supports previously reported results of oth
studies on diabetic patients.18,33 Joerneskoget al.18 stud-
ied skin capillary circulation in the foot of diabetic pa
tients using laser Doppler flowmetry and also fou
lower and more delayed response in capillaries dur
the PORH Test. The reduced capillary circulation duri
reactive hyperemia can be explained as a consequenc
several alterations in microcirculation, such as inabil
to dilate precapillary vessels, increased stiffness a
thickness of capillary walls, endothelial cellular disfun
tion, etc. All these structural and functional changes
microcirculation of diabetic patients are more pr
nounced in the leg, most likely due to the higher hydr
static pressure in this part of the body.37

From the results of this study it can be concluded t
NIRS can be used to obtain valuable new informati
about the condition of peripheral vasculature, confirm
tion of disease diagnosis, assessment of the effect
disease on circulatory functions, and evaluation of
efficacy of vasoactive substances and therapies on
peripheral circulation. The main limitation of the tech
nique in our case remains the incapability of measur
the absolute concentrations of the chromophores.
accuracy of quantitative data produced by NIRS is li
ited by inaccuracies in the estimation of optical pa
length for light transmitted through tissue. Until real tim
pathlength measurements are incorporated into the N
system, relative changes in chromophore concentra
will form the basis of most NIRS studies.40
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