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Abstract Near-infrared spectroscopy (NIRS) is an opti-
cal technique able to assess blood oxygen saturation (StO,)
non-invasively. StO, of peripheral blood (blood contained
in small vessels in strict contact with tissue cells) reflects
the adequacy of blood flow and O, supply for tissue
metabolism. Recent studies have tested the clinical utility
of NIRS for studying peripheral microcirculation with the
use of a NIRS probe, exploring a limited portion of hand
skin (generally the thenar eminence), combined with vas-
cular occlusion testing (VOT). In order to gain information
from much larger tissue areas, the present study evaluates
the possibility of using a NIRS two-dimensional (2D)
camera for whole-hand imaging. Twelve healthy adults
were tested. A NIRS camera was used to acquire the
hemoglobin StO, 2D mapping of the whole-hand inner
surface during VOT. Several parameters were calculated
from the StO, trend obtained from the NIRS image set,
using two exemplifying regions of interest on the thenar
eminence and the middle finger.
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1 Introduction

Adequacy of blood flow and thus of oxygen supply for
tissue metabolic demand is fundamental for the viability
and survival of an entire organism, single organ, or part of
an organ. An imbalance between blood supply and oxygen
need may result from systemic or regional diseases.
Microcirculatory diseases may affect tissue oxygenation by
functional and/or structural alterations of the small vessels
(microvasculature) with very different distributions, vari-
able diffusion, and progression in different patients and in
different pathological conditions [1]. Microvessels dis-
tribute blood to all tissues, delivering oxygen and energetic
substrates while removing products of catabolism. Vaso-
motricity (i.e., selective constriction or dilation) of differ-
ent portions of the microvascular net, by complex local
and/or systemic humoral and nervous control mechanisms,
warrants the continuous fine matching between blood
delivery and tissue metabolic demand. Alterations in the
number and/or size of microvessels alter blood-tissue
exchange, leading to temporary or permanent tissue dam-
age. Functional microvascular alterations secondary to
defects of vasomotricity are potentially reversible and
sensitive to treatment, and generally precede structural
alterations, which conversely lead to irreversible changes
in vessel structure.

In the attempt to assess and identify microcirculatory
alterations, several non-invasive techniques have been
developed [1], including laser doppler flowmetry, which
focuses on blood velocity across microvessels, echocolor-
doppler, which can assess flow and morphology in med-
ium-size digital arteries, plethysmography, which can
assess total flow to the hand or single finger, and ther-
mography, which is intended to provide indirect informa-
tion on tissue perfusion and metabolism through
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measurement of local temperature. Finally, nail-fold cap-
illaroscopy allows the accurate morphological analysis of
nail-fold capillaries [1-3]. None of these tools, however,
has been accepted as the gold standard method for the
investigation of microcirculation and, at present, they are
used in different ways depending on the specific clinical
question.

The level of O, saturation of hemoglobin (StO,) in the
peripheral blood (i.e., blood contained in the small vessels
(microcirculation) in strict contact with the tissue cells)
reflects the tissue O, content and in this sense its estimation
can be very useful as a “sensor” of microcirculatory
insufficiency, especially when normal O, content can be
assessed in the systemic arterial blood.

Recently, near-infrared spectroscopy (NIRS) has been
proposed for the evaluation of tissue oxygenation and
microcirculatory function. More specifically, NIRS has
been used to evaluate the hand skin of healthy subjects [4—
6] and for patients with peripheral vascular disease or
sepsis [7-10].

NIRS utilizes near-infrared light to measure chro-
mophores, including oxyhemoglobin (HbO,) and deoxy-
hemoglobin (Hb) [11]. The NIRS signal mainly derives
from the blood hemoglobin contained in the small vessels
embedded in the sampled tissue. By measuring changes in
light absorption at different wavelengths, changes in tissue
oxygenation can be measured in different physiological
conditions. The relation between light absorption and
concentration changes of chromophores is described by the
modified Beer-Lambert law [12].

First described by Jobsis in 1977 [11], NIRS has been
largely used for measuring changes in intravascular
hemoglobin and intramuscular myoglobin for many appli-
cations [13-16]. First clinical applications of this technique
principally focused on cerebral circulation [11, 17-19].
More recent studies have indicated the clinical relevance of
NIRS measurement for superficial tissues. The NIRS
technique has been used to quantify human skeletal muscle
oxygen consumption [20, 21], blood flow [22, 23], and
venous O, saturation [24, 25]. Trends in human skeletal
muscle deoxygenation have been studied during cuff
ischemia and excessive exercise [26, 27]. Many studies
have investigated peripheral vascular disease [28].

Generally, a NIRS probe that includes illumination and
detection optical fibers is used. The probe uses reflectance
mode to measure scattered light reflected at some distance
from where the light was transmitted into the tissue. The
probe is usually placed adhesively on the thenar eminence
of the hand (i.e., thumb muscle) [29]. It has been demon-
strated that adipose tissue thickness as well as the presence
of edema can affect NIRS-derived measurements [20, 30].
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The thenar eminence has thus been used in the majority of
studies since it seems to be less influenced by edema with
respect to other muscles and it less affected by adipose
tissue differences between subjects [30]. Tissue oxygen
saturation in the microvasculature of explored tissue is
measured continuously and then the values are transferred
to a computer and analyzed with dedicated software. In
order to evaluate dynamic parameters in addition to resting
StO,, a vascular occlusion test (VOT) is performed. VOT
involves inflating a pneumatic cuff around the upper arm in
order to arrest blood circulation, keeping it inflated for a
certain period, and then rapidly deflating it. During cuff
inflation, the arterial and venous circulations are inter-
rupted so that StO, decreases, according to the consump-
tion rate of the available O, by the non-perfused tissue,
until the circulation is restored after cuff deflation. The
desaturation rate during ischemia (blood flow deprivation)
and its reactive hyperemia (post-ischemia blood flow
overshoot) represent tissue oxygen extraction and local
small vessel dilation and recruitment, respectively [31].
The reoxygenation rate at reperfusion reflects the ability of
the microcirculation to supply extra flow (reactive hyper-
emia), up to the restoration of the balance between blood
inflow and tissue oxygen demand [8]. Based on their
physiological meanings, all the above parameters derived
from a sequence of StO, images during VOT might be of
diagnostic utility for patients affected by various vascular
diseases [32, 33].

The aim of the present study was to test the feasibility of
using NIRS two-dimensional (2D) whole-hand imaging
combined with VOT to evaluate microcirculatory dys-
function, in the perspective of its potential use in a clinical
setting. A NIRS camera (Kent Camera, Kent Imaging Inc.,
Calgary, Canada) was used to acquire the oxygen satura-
tion 2D maps of the inner surface of the whole hand. As
compared to existing techniques for the clinical investi-
gation of microvascular diseases, NIRS whole-hand
imaging has the significant advantage of allowing the study
of large portions of skin tissue (dozen of square centimeters
vs. a few square millimeters). This is particularly impor-
tant, for example, in the case of collagen diseases, where
microvascular alteration is, at least initially, limited to
patchy and unpredictable areas of the microvascular net-
work. An additional substantial advantage of NIRS is the
nature of the biological variable measured (i.e., the
hemoglobin O, saturation of the portion of vascular blood
pool that exchanges O, with tissue). This parameter better
reflects the metabolic state of the tissue, the most clinically
relevant information, as compared to the other parameters
such as blood flow, blood velocity, and capillary density
provided by alternative techniques.
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2 Materials and Methods
2.1 2D NIRS Imaging

This work used a NIRS camera (Kent Camera, Kent
Imaging Inc.) to acquire the oxygen saturation 2D maps of
whole-hand superficial tissues. This camera is a non-inva-
sive tissue oxygenation measurement system that reports
the value of StO, calculated starting from the HbO, and Hb
levels in tissue. It is based on an array of 5-mm-diameter
light-emitting diodes (LEDs) with four wavelengths (670,
730, 890, and 940 nm) and a charge-coupled device (CCD)
sensor. The LEDs are distributed randomly within a rect-
angular area approximately 190 mm x 115 mm. Allowing
for the central clear area of diameter approximately 35 mm
at the CCD sensor location, the total area of the LED array
is about 200 cm?. Individual LEDs are located on 7 mm
centers in a hexagonal close-packed array. The total
numbers of LEDs for wavelengths of 670, 735, 890, and
940 nm are 48, 30, 120, and 272, respectively. As stated by
the manufacturer, the penetration depth of the NIR light is
approximately 3 mm, so the camera permits the measure-
ment of StO, in subcutaneous tissues [34]. The camera is
mounted on a routable head (190 mm x 115 mm) at the
extremity of an articulated arm. The camera can produce,
in less than one second, the 2D color-coded image of tissue
oxygenation of the scanned surface and reports multi-
spectral tissue oxygenation measurements for selected tis-
sue regions. Using a touch-screen, immediately after
acquisition, the user may visualize the StO, value in any
region of interest (ROI). The acquired images can be
exported in DICOM standard format for further analysis.
Each image has a resolution of 750 x 480 pixels.

2.2 Subjects

We enrolled twelve healthy volunteers (6 females, 6 males,
26 + 3 years old, non-smokers) in this study. This study
was done at the Institute of Clinical Physiology and was
approved by our Institutional Review Board. Informed
consent was obtained from all volunteers. A pre-partici-
pation questionnaire confirmed the absence of any known
diseases. None of the volunteers were on vasoactive med-
ication. The main characteristics of these volunteers are
reported in Table 1 as the mean + standard deviation (SD)
(minimum-maximum). NIRS images were acquired on the
non-dominant hand (i.e., left hand for all subjects). Sub-
jects were requested to refrain from consuming caffeine-
containing beverages for 12 h prior to the experiment.
Before starting the test, the subjects rested in a comfort-
able position for at least 5 min, sitting with the forearm
leaning on the table and the palm facing up. Room

Table 1 Main characteristics of study subjects

Characteristic Healthy volunteers (n = 12)

Age (years) 26 + 3 (22-33)

Gender (male/female) 6/6

Height (m) 1.70 + 0.10 (1.56-1.83)
Weight (kg) 65 + 11 (49-79)

Body mass index (kg/mz) 22 £ 2 (20-26)

115 £ 15 (83-138)

73 £ 10 (59-91)

Systolic pressure (mmHg)
Diastolic pressure (mmHg)

temperature was carefully maintained during each experi-
ment at 20 °C.

2.3 Experimental Protocol

NIRS oxygen saturation images of the non-dominant hand
were acquired for all subjects during VOT. To this purpose,
a pneumatic cuff was positioned around the upper arm and
inflated with a sphygmomanometer to > 50 mmHg above
the baseline systolic arterial pressure, measured at the
beginning of the session. Testing consisted of 5 min of
occlusion and 7 min of reperfusion. NIRS images were
acquired at baseline, during 5 min of ischemia (blood flow
cessation), and during 7 min of reperfusion. Four images
were acquired at the baseline condition. During both
ischemic and reperfusion phases, images were acquired
every 10 s in the first minute and every 30 s thereafter. A
total of 40 images were acquired for each subject. The total
duration of each test (including preparation time) was
about 30 min.

2.4 Image Post-processing

For further analysis of NIRS images, we developed a
home-made tool using IDL (Version 8.0, Exelis Visual
Information Solutions, Boulder, CO, USA). Using a
graphical interface, the user was able to select any number
and size of ROISs, calculate predefined parameters in each
ROI, and save the results. Figure 1 shows two example
ROIs selected in this study: ROI 1 on the thenar eminence
and ROI 2 on the middle finger.

For each ROI, the mean StO, value (mean of pixels’
values) was calculated at each time. Figure 2 shows a
typical trend of StO, obtained during the experimental
protocol. During the ischemic phase, the StO, level slowly
decreased until its minimum value. Generally, after the cuff
release, StO, rapidly increased and remained stable for a
couple of seconds at the maximum value. Finally, it slowly
returned to baseline values (Fig. 2). From the StO, curve,
several parameters were calculated:
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Fig. 1 Selected ROIs for image processing
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Baseline StO, (%): averaged from the four pre-VOT
values

Minimum StO, (%): at the end of the ischemic phase
Descending rate (oxygen consumption rate) (%/
min): an index of the tissue metabolism confronted
with local O, store [31]. It is defined by the
regression line of the decrease in StO, during the
first minute after cuff inflation

Ascending rate (reperfusion rate) (%/s): it depends
on the dilating response of microvasculature to
ischemia and in particular reflects the integrity and
functionality of the vascular endothelium [8]. It is
defined by the regression line of the increase in StO,
after the cuff deflation

Hyperemic area (%*min): the area under the curve
above the baseline value, after the deflation of the
pneumatic cuff. It reflects the hyperemic response, as
confronted to O, tissue re-payment, and can be used
as an estimate of vascular dilation [5, 35]. It is
calculated as the definite integral of the StO, values

1 ,baseline

\/ L

exceeding the baseline value during reperfusion
(from tl to t2 in Fig. 2) using a five-point New-
ton—Cotes integration formula. The time taken for
oxygen saturation recovery after cuff deflation did
not result superimposable for all subjects, being in
some longer than the experimental session; in such
instances, the hyperemic area was not calculated.

All variables are expressed as the mean £ SD. Vari-
ables were tested for normality using the Lilliefors nor-
mality test. Afterward, all variables calculated respectively
for thenar eminence and middle finger ROIs were com-
pared using a ¢ test for paired samples to assess statistical
differences. Finally, a correlation analysis was performed
between some variables on the thenar eminence ROI using
Pearson’s analysis. We considered p <0.05 to be
significant.

3 Results and Discussion

Table 2 reports all the calculated variables from StO,
trends for the thenar eminence and the middle finger. Data
are expressed as the mean + SD (minimum-maximum).
The stars indicate variables that are significantly different
between the thenar eminence ROI and the middle finger
ROI (i.e., p value < 0.05). The area under the hyperemic
curve was calculated for eight subjects only since four
subjects did not reach the baseline value after 7 min of
reperfusion.

Figure 3 shows five example NIRS images extracted
from the 40-image series obtained for one healthy control.
The color scale indicates the StO, saturation in %. Figure 4
shows the StO, (%) curves obtained during the experi-
mental protocol in the two selected ROIs. Time O corre-
sponds to cuff occlusion.
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Fig. 2 Trend of StO, and calculated parameters
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Table 2 Tissue oxygen

. . . Variables (n = 12)
saturation curve variables in

Thenar eminence

Middle finger

selected ROIs Baseline StO, (%)

Minimum StO, (%)
Descending rate (%/min)
Ascending rate (%/s)

Hyperemic area (% min) (n = 8)*

74.73 £ 6.55 (61.18-82.95)
45.07 + 10.98 (25.85-60.57)
—8.16 + 1.80 (6.59-12.99)
2.63 £ 0.55 (2.06-3.79)
15.91 £ 6.79 (5.80-28.98)

65.34 £ 14.27 (25.81-79.59)*
41.8 £ 13.5 (5.66-55.18)

—6.68 £ 1.62 (4.89-9.88)*
1.98 £+ 0.64 (0.98-2.74)*

32.98 £ 18.19 (16.98-59.69)*

*p <005

Baseline 5 minutes ischemia

10 seconds reperfusion

0%

1 minute reperfusion 7 minutes reperfusion

Fig. 3 Selected NIRS images of healthy subject. From left to right: baseline StO, image, end of ischemia, immediately after deflation of

pneumatic cuff, 1 min after cuff deflation, and end of reperfusion phase
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Fig. 4 StO, trend for each ROI: comparison between thenar eminence and middle finger

All the StO, variables had a normal distribution for both
ROIs. The results of the #-test for paired samples, used to
assess differences in variables between thenar eminence
and middle finger ROIs, showed significant differences
between baseline StO, (p = 0.0106), descending rate
(p = 0.0051), ascending rate (p = 0.0079), and hyperemic
area (p = 0.0431). The minimum StO, of the thenar ROI
was not statistically different compared to that of the
middle finger ROI. Figure 5 shows the individual values of
the calculated parameters in thenar eminence and middle
finger ROIs.

To investigate the relationship between the extent of
ischemia and the StO, parameters of reperfusion and
hyperemia, a correlation analysis (Pearson’s analysis) was
performed for minimum StO, versus the reperfusion
parameter (i.e., StO, recovery slope) and hyperemic

parameter (i.e., hyperemic area). Moreover, the correlation
between descending and ascending rates was determined in
the thenar eminence ROI only.

StO, ascending rate was significantly correlated with the
minimum StO, (n = 12, r* = 0.4994, p < 0.01) while the
area under the hyperemic curve was not (n =38,
2 = 0.0653, p > 0.05). The descending rate was signifi-
cantly correlated with the ascending rate (n = 12,
? = 0.6869, p < 0.001).

Figure 6a shows the correlation curve between mini-
mum tissue oxygen saturation and ascending rate (StO,
recovery slope) in the thenar eminence ROI of healthy
subjects. Figure 6b shows the correlation curve between
the descending and ascending rates in the same ROI.

The aim of this study was to test in healthy volunteers
the feasibility of using NIRS 2D whole-hand imaging

@ Springer



92

V. Hartwig et al.

100

S0

80
70 - =

S ~—y
60 -
g 50 .\
B a0 \
2 ., N
~u
20
10
0
thenar middle

i 3
2 ﬁ
" A‘
®
w 2
c
5 ‘ﬁ
c
2
< 1 |
0
thenar middle

14
12
£
Em
&
v g
g
af
£ 6
5
c
g
@
o
2
Q
thenar middle
60 =
p— s0 A
£
£ /
;2 40
] 30 e
L
£ .
g 20 \/ )
o
£ 10 */ N
/ -
0
thenar middle

Fig. 5 Individual values of calculated parameters in thenar eminence and middle finger ROIs

combined with VOT for the non-invasive assessment of
microvascular function in a segment of the peripheral cir-
culation (i.e., the hand) traditionally object of clinical
interrogation in this respect. This was done in the per-
spective of a putative use of NIRS 2D in the workup of
patients with overt or subclinical microvascular diseases.

As microcirculatory alterations are frequently charac-
terized by a very heterogeneous spatial distribution [1], it is
easy to appreciate the potential of a diagnostic tool able to
explore a large field of view with high spatial resolution.
The utility of the NIRS approach for the assessment of
hand skin microcirculation has been already demonstrated
for patients with peripheral vascular disease [7] and sepsis
[8-10]. However, to our knowledge, this is the first study
on the use of NIRS 2D imaging in place of a topic spec-
trometer probe.

Studies in the literature conducted with various NIRS
devices report very different results as NIRS measurements
depend on the wavelength, number of wavelengths used,
optode spacing, and algorithms used [36]. This absence of
standardization limits comparisons of different trials.
Moreover, various VOT protocols have been utilized, with
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different duration of vascular occlusion and thus different
severity of ischemic insult (3 or 5 min of occlusion or
duration linked to a predefined minimum value of StO,,
between 10 and 40 %). As StO, was not continuously
measured in our study, the duration of ischemia was fixed
rather than linked to a threshold StO, value. We chose a
duration of 5 min, as all study participants were healthy
and young. None of them reported discomfort during
testing. For studies on patients affected by vascular dis-
eases, a 3-min occlusion would likely be more appropriate
in order to acquire all variables needed without inducing
discomfort.

In our study, two ROIs were chosen in two different
areas of the palm: the thenar eminence and the middle
finger. The thenar eminence was chosen to compare our
results with data in the literature and in particular to
establish the feasibility of a dynamic test with an imaging
device. Our results in the thenar ROI show lower values of
StO, at rest as compared to the literature data for healthy
subjects [5, 6, 10, 37]: this is probably related to the lower
depth of light penetration of our system as compared to that
of the spectrometer probe.



Assessment of Microvascular Function Using Near-Infrared Spectroscopic 2D Imaging of Whole... 93

Flg.'6. Correlation curves 210 | (@)
a minimum StO, versus
ascending rate in thenar >
eminence and b descending rate -
versus ascending rate in thenar 60 1 R*=0,4994
eminence " p<0.01
RS *
2
N
o 10 1
+
o]
—
2
5 60 -
c
[
]
w
< 10
1,60 T T T T T T T ]
25,00 30,00 35,00 40,00 45,00 50,00 55,00 60,00 65,00
Minimum StO: (%)
4,1 1 (b)
¢
3,6
S
% ®
S 31 R2=0,6869
w ’
< p<0.001
[
2
5 2,6 1
=
[
v
w
DX TS B SR
1,6 T T T T T T 1
6 7 g 10 11 12 13 14

Altough in healthy subjects microcirculation hetero-
geneity is minimal [38], comparison of thenar eminence and
middle finger ROIs showed statistically different values both
at rest and during dynamic saturation changes. This finding
underlines the importance of exploring a large portion of
tissue, rather than tiny, generally single, samples [1].

4 Conclusion

NIRS 2D imaging is a promising diagnostic tool, especially
for patients with microvascular diseases typically charac-
terized by heterogeneously distributed blood flow disor-
ders, where some areas are deprived of oxygen while others
are not [39]. In this regard, it is noteworthy that the num-
ber, size, and anatomical location of the ROIs chosen in the
present study were by way of example but not limited

Descending rate (%/min)

thereto. Any other number, size, and site of ROIs could
have been selected from the same set of experimental data.
Moreover, one should consider that preservation of pixel
data allows unlimited re-analyses of the experimental data
set, based on different anatomical criteria or comparison
with novel acquisitions during the follow-up.

We found a negative correlation between minimum
StO, and StO, ascending rate in the thenar eminence,
demonstrating that the lower the oxygen saturation level is
at the end of ischemia, the higher is the resaturation rate at
reperfusion. Resaturation is the return of low values of
HbO, saturation toward normal (baseline) values; it indi-
cates the restoration of normal O, tension in the tissue. This
result is in accordance with previous reports [6, 37, 40] and
supports the view that the ascending rate (i.e., recovery
slope) of StO, following temporary blood cessation may
well represent an index of microvascular function (i.e., the
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physiological ability of the microvessels to dilate in
response to metabolic challenges, to promptly restore tissue
metabolic balance). Structural microvascular alterations as
well as impairment of endothelial function can profoundly
alter the vasodilation of microvessels.

The area under the hyperemic curve was not correlated
with the minimum StO, value in our study. Only one study
in the literature reported a significant correlation between
these two variables [40]. With respect to this inconsistency,
one should consider that the ‘recovery curve’ of StO, does
not reproduce the hyperemic curve of blood flow, but is
markedly dumped due to the fact that high saturation val-
ues (close to the upper limit of 100 %) do not reflect the
actual increase in tissue perfusion, as is the case for values
in the low range of the scale.

The descending rate of StO, had a strong positive cor-
relation with the ascending rate of StO, in the thenar
eminence. In the absence of flow, the descending rate of
StO, reflects tissue consumption of available O,. The
oxygen consumption rate has been used in the literature as
an estimate of the basic metabolism of thenar muscle [4, 5].
The correlation we found for this variable with the
ascending rate reasonably reflects the ability of microcir-
culation to dilate in response to ischemia, and could be
used to document microvascular dysfunction.

The results of the present study allow us to state that the
acquisition of whole-hand 2D map of hemoglobin oxygen
saturation associated with the analysis of saturation chan-
ges in selected ROIs during VOT provides information on
the functionality of the microvasculature and, importantly,
on its spatial heterogeneity (information unavailable using
existing clinical techniques). These findings, obtained for
healthy volunteers, represent the basis for the clinical use
of 2D NIRS in the workup of patients with suspected or
overt microvascular disorders. It is important to stress that,
different from existing techniques, the analysis of NIRS
images can be applied at any time, without repeating the
experiment, to different ROIs for differential diagnosis by
region, or follow-up considerations on disease progression.

In conclusion, the results of this study support the use of
NIRS hand imaging for the study of microcirculatory
dysfunction. It is a non-invasive technique, easy to use, and
reproducible, and might be a new tool for diagnosing
microvascular dysfunction and evaluating its response to
physical or therapeutic interventions.
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