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Abstract—Diffuse optical multipatch technique is used to assess
spatial variations in absorption and scattering in biological tissue,
by monitoring changes in the concentration of oxyhemoglobin and
deoxyhemoglobin. In our preliminary study, the temporal tracings
of tissue oxygenation are measured using diffuse optical multi-
patch measurement and a venous occlusion test, employing nor-
mal subjects and ICU patients suffering from sepsis and heart
failure. In experiments, obvious differences in tissue oxygenation
signals were observed among all three groups. This paper discusses
the physiological relevance of tissue oxygenation with respect to
disease.

Index Terms—Diffuse optical multipatch technique, diffuse op-
tical spectroscopic imaging (DOSI), heart failure, intensive care
medicine, near-infrared spectroscopy (NIRS), oxygenation dynam-
ics, sepsis, venous occlusion test (VOT).

I. INTRODUCTION

IN intensive care medicine, real-time physiological monitor-
ing of vital signs plays an important role in diagnosis and
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therapy, particularly for the cardiovascular assessment of pa-
tients with heart failure and/or sepsis. To maintain central blood
pressure and vital organ perfusion, cardiovascular insufficiency
may be overcome by increasing sympathetic output through
the vasoconstriction of lesser vital organs and muscles. Unfor-
tunately, this compensatory mechanism often masks profound
hypovolemia. Currently, bedside assessment of cardiovascular
adequacy involves either the measurement of the vital signs,
blood lactate levels, and capillary refill, or the monitoring of
tissue oxygenation using invasive techniques [1]. The ability
to characterize tissue oxygenation through noninvasive means
would be of immense benefit in the ICU.

Over the past decade, diffuse optical spectroscopic imaging
(DOSI) with near-infrared light has been shown to be an effec-
tive tool for measuring local changes in tissue oxygenation and
perfusion [2], [3]. Diffuse photons (the propagation of photons
through multiple scattering) penetrate through several centime-
ters of tissue, measuring differences in the concentrations of
oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb). This tech-
nique illuminates a banana-shaped region of the penetrated tis-
sue to a maximum depth of d/2 from the surface of the skin (d
is the distance between the light source and the detector) [28].
Oxygenation signals are the result of light traveling through
the skin and muscle, and fluctuations in the volume of blood
in the tissue or changes in tissue oxygenation during vascular
occlusion alter optical absorption.

Since 1986, DOSI has been utilized in the assessment of mus-
cle perfusion [4]–[6]. To avoid having to use exogenous tracers,
the analysis of abrupt changes in HbO2 and Hb in response to
vascular occlusion has been proposed [7]. This technique has
demonstrated a strong correlation with xenon and plethysmo-
graphic methods, both in resting and exercising subjects [8]. In
recent years, signal channel near-infrared spectroscopy (NIRS)
has been applied in fields as diverse as kinematics and kid-
ney disease; however, its low reproducibility remains problem-
atic because oxygenation signals are influenced by the loca-
tion at which the probing is performed [9], [10]. The region
of the cephalic vein responds effectively to venous occlusion
test (VOT); however, it cannot be located consistently in every
patient [11]. This paper demonstrates that the DOSI system is
capable of providing 2-D imagery of local tissue oxygenation,
in which the dominant response area of concomitant oxygena-
tion dynamics with venous occlusion may be highlighted for
analysis. Because this method reduces the error associated with
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probing location, the signal-to-noise ratio can be improved con-
siderably.

In addition to reducing error resulting from probing location,
DOSI also provides dynamic imaging, wherein changes in op-
tical properties and/or physiological parameters are identified
as they occur. The most prominent example may be the imag-
ing of hemodynamic effects during functional or drug-induced
stimulation of the brain [11], [13]. The advantage of dynamic
over static imaging is that the images represent changes against
a baseline defined by the system itself, and such changes are
usually immune to static measurement error [14].

In our study, a diffuse optical multipatch technique with con-
tinuous wave (CW) setup was built using dual-wavelength laser
diodes (LDs) as a near-infrared light source. We hypothesize
that 1) noninvasive monitoring of dynamic changes in tissue
oxygenation in response to venous occlusion provides an accu-
rate representation of local metabolic rate and perfusion in local
tissue; 2) this method reduces the error associated with probing
in different locations; and 3) the recovery of O2 saturation in
tissue following venous occlusion characterizes preexisting car-
diovascular reserves. This study provides a preliminary report
on the oxygenation of muscles in the extremities measured dur-
ing vessel occlusion testing in normal subjects and ICU patients
suffering from sepsis and heart failure.

II. MATERIAL AND METHOD

A. Patients

This clinical study was designed as a prospective case-
controlled clinical investigation, receiving approval from the
local institutional review board. Informed consent was obtained
from normal volunteers but waived for patients. In the pre-
liminary study, five patients with sepsis and seven patients
with heart failure were examined in the ICU of a tertiary
hospital.

Sepsis is defined as a condition characterized by whole-body
inflammation due to the presence of a known or suspected in-
fection [15]. Heart failure is the inability of the heart to supply
sufficient blood flow to the human body. Patients were excluded
if they had systolic blood pressure below 50 mmHg, were mov-
able but unable to control their limbs on command, or had skin
defects in the upper extremities in which the DOSI probe would
be placed. Eleven healthy volunteers without cardiovascular or
its related diseases, diabetes and sepsis, were treated as control
subjects.

In previous studies, the thickness of adipose tissue was a fac-
tor influencing the detection of diffuse light signals [16]–[18];
however, in this study, all ICU patients appeared to underweight.
The average body mass indices of patients and healthy volun-
teers were 20.6 and 23.6, respectively. Thus, the concomitant
effect of adipose variation in DOSI measurement was disre-
garded.

B. Experimental Setup

DOSI depends on three critical characteristics related to the
absorption spectra of tissue. First, compared to other wave-

lengths, near-infrared light (650–950 nm) is less susceptible to
absorption by tissue, allowing it to penetrate several centimeters
and still be detected. As a result, light at these wavelengths is of-
ten referred to as an “optical window” into biological tissue. The
second critical characteristic of near-infrared (NIR) light is the
fact that it is absorbed only by hemoglobin, myoglobin, or oxi-
dized cytochrome; however, the contribution of the latter two to
the light attenuation signal is very small. Hence, the DOSI signal
is derived predominantly from hemoglobin present within the
volume of tissue penetrated by NIR light. The last critical char-
acteristic is the difference in absorption spectra between oxyhe-
moglobin and deoxyhemoglobin. Deoxyhemoglobin dominates
the absorption below 805 nm, while oxyhemoglobin dominates
above 805 nm [19], [20]. Hence, the DOSI setup included four
pairs of LDs (QL78D6S and QL85D6S, QSI) as light sources at
780 and 850 nm. The optical power of LDs at both wavelengths
was 1 mW, with a 5-nm bandwidth, 4 mm in diameter. The
backscattered optical signals from human tissue were detected
using nine photodiodes (S2387-33R, HAMAMATSU), 6 mm in
diameter, arranged as four squares on a flexible probe, with the
light sources placed in the center of each square. The distance
of source–detector separation was 2 cm on the optode and a data
acquisition card was used as a PC–optode interface, with LDs
driving, multiplexing, and detected signals demultiplexing from
photodiodes.

C. Venous Occlusion Test

Although inducing ischemia through arterial occlusion pro-
vides additional information on local muscular metabolic en-
ergy [21], [22], this process runs the risk of tissue necrosis
in critical patients. Thus, a VOT was adopted to estimate the
consumption of oxygen by muscles and blood flow using the
same techniques of conventional venous plethysmography [23].
VOT was performed using a controllable pneumatic tourniquet
around the upper arm, causing an increase in the volume of
blood in the forearm due to undisturbed forearm arterial inflow
and interrupted venous outflow. Thus, changes in HbO2 , Hb,
and THb during venous occlusion were induced only through
arterial inflow and the consumption of oxygen by tissue [24].

D. Protocol

In a quiet environment, subjects rested in a semirecumbent
position, prohibited from moving during optical measurements
of the VOT. A controllable pneumatic tourniquet provided 50
mmHg of pressure on the upper arm for venous occlusion, which
was maintained for 70 s before being released. The optode of
DOSI was placed on the skin of the brachioradialis muscle
for the assessment of oxygenation and blood volume, through
optical detection. During measurement, the optical probe was
brought in close contact with the skin to prevent noise from the
environmental and surface backscattering.

An initial manual blood pressure assessment was taken on the
same arm to define baseline perfusion pressure using a sphyg-
momanometer. The sphygmomanometer was then placed on the
forearm above the probe to avoid discomfort during VOT and
minimize the total vascular space from which the redistribution



WANG et al.: DIFFUSE OPTICAL MULTIPATCH TECHNIQUE FOR TISSUE OXYGENATION MONITORING 89

TABLE I
PHYSIOLOGICAL PARAMETERS OF SUBJECTS IN THE STUDY

Fig. 1. (a) Schematic of DOSI system. (b) Geometrical arrangement of optode.

of blood volume might occur [25]. During the DOSI measure-
ment, several physiological parameters such as heart rate, mean
arterial pressure, oxyhemoglobin saturation were measured us-
ing pulse oximetry (SpO2) and monitored concomitantly (see
Table I).

E. Calibration

The fundamental measurement associated with the DOSI sys-
tem is the intensity of light after traveling through the tissue. To
ensure that the measured intensity is influenced only by the prop-
erties of the tissue, the DOSI system must be calibrated prior
to measurement, by placing the optode on two different turbid
materials using a known μa and μs . The intensity of the light
signals was measured and analyzed according to the modified
Beer–Lambert law. This enabled the extraction of experimental
values of μa and μs to ensure that the degree of error between
theoretical values and experimental results was less than 1%.

F. Beer–Lambert Law

All optical signals are analyzed according to the modified
Beer–Lambert law with various source–detector separations on
the optode (see Fig. 1). The modified Beer-Lambert law [26] is
as follows:

OD = − log
(

I

Io

)
= εCLB + G (1)

where OD is the optical density. I0 and I are the intensities
of incident light and detected light, respectively. ε represents
the extinction coefficient of the tissue; C is the concentration
of the tissue. L represents the mean path length of detected
photons. B is the path length factor set for the compensation
of various effective path lengths of various wavelengths. G is
defined as a geometric factor used to compensate the objective
with different geometrical shapes. Typically, L, B, and G are
constants with monochromatic illumination in a turbid media
with unchanging geometry. Changes in optical signaling were

measured concomitantly with changes in the oxygenation of
tissue. Then, (1) can be rewritten as

ΔOD = ODFinal − ODInitial = − log
(

If

Ii

)
= εΔCLB

(2)
where ΔOD is the change in optical density. ODFinal and
ODInitial are the detected optical density and the optical density
of incident light. If and Ii are the measured intensities before
and after the change in concentration; ΔC is the change in
concentration. Changes in detected light intensity were domi-
nated by changes in the concentration of oxyhemoglobin and
deoxyhemoglobin in the tissue. Therefore, the description can
be treated as follows:

ΔODλ =
(
ελHbO2

· Δ[HbO2] + ελHb · Δ[Hb]
)
BλL (3)

Δ[HbO2] =
ελ1

Hb ·
(
ΔODλ2/Bλ2

)
− ελ2

Hb ·
(
ΔODλ1/Bλ1

)
ελ1

Hb · ελ2
HbO2

− ελ2
Hb · ελ1

HbO2

(4)

Δ[Hb]=
ελ2

HbO2
·
(
ΔODλ2/Bλ1

)
− ελ1

HbO2
·
(
ΔODλ1/Bλ2

)
ελ1

Hb · ελ2
HbO2

− ελ2
Hb · ελ1

HbO2

.

(5)

The oxygenation saturation StO2 and the concentration of
total hemoglobin can be calculated from concentrations of oxy-
hemoglobin and deoxyhemoglobin based on

THb = HbO2 + Hb (6)

StO2 =
HbO2

(HbO2 + Hb)
. (7)

G. Analysis

In our DOSI system, all detected signals were analyzed ac-
cording to the modified Beer–Lambert law for 2-D image map-
ping with respect to the geometry of the source–detector. The
data acquisition of optical signal is achieved by using near-
est neighbor source–detector measurement. The intensity of
detected light can be mapped as 4 × 4 image via optode ar-
rangement [as shown in Fig. 2(b)]. For detail interpretation of
oxygenation distribution in tissue, the linear interpolation pro-
cessing was adopted [see Fig. 2(c)]. An average of the pixel val-
ues was used to derive temporal profiles to characterize signals
associated with the oxygenation of tissue. Fig. 3 presents images
showing dynamic changes in oxygenation in a normal subject.
The obvious response area in the image is the region of the
cephalic vein. In a previous discussion, the amplitude of signals
as they pertain to tissue oxygenation was related to the position
from which measurements were taken. The area of weak im-
age response did not necessarily reveal useful information with
which to evaluate tissue oxygenation while monitoring VOT.
To improve the signal-to-noise ratio, this study adopted a bina-
rized segmentation method for the postprocessing of images. A
threshold value [27] provided a baseline for binarized segmen-
tation. Each image pixel could be divided into two parts: one
above the threshold value and the other below. In experiments,
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Fig. 2. Reconstructed values that are calculated with the data measured by
nearest neighbor source–detector pairs. (a) Optode geometry. (b) 4 × 4 pixels
image mapping. (c) Linearly interpolated imaging.

Fig. 3. Image of deoxyhemoglobin (Hb), oxyhemoglobin (HbO2 ), total
hemoglobin (THb), and tissue oxygen saturation (StO2 ) during VOT for a
normal subject.

Fig. 4. Illustration of tissue oxygenation analysis with binarized segmentation
from a normal subject.

the threshold value is set as average value of all pixel detected
image for each subject. Fig. 4 shows the scheme used for signal
processing based on a binarized segmentation method to moni-
tor oxygenation dynamics in a DOSI system. The black area in
the image represents areas without obvious detection through
the tissue during VOT, due to the lower density of vessels. To
observe the regional perfusion using the VOT, the average in-
tensity of the entire DOSI image was calculated as the baseline
and only the parts of the image with intensity greater than that of
the baseline were then segmented. The average intensity of the
segmented areas was redefined as our measured signal of tissue
oxygenation. Fig. 4 shows that the VOT-induced oxygenation
response improved by more than 27% following the process

Fig. 5. Hb, HbO2 , StO2 , and THb response of a normal subject during VOT.

Fig. 6. Temporal tracings of a normal control tissue oxygen saturation (StO2 )
and total hemoglobin (THb) response to a VOT assessment (the error bar indi-
cates the standard deviation in the group).

of binarized segmentation. The area of dominant response of
concomitant oxygenation dynamics with venous occlusion was
then enhanced using binarized segmentation, because the pro-
cess consumed much of the VOT correlated signal to improve
the signal-to-noise ratio. This method enabled a reduction in ex-
perimental error due to probing measurement taken in different
locations; that is, the oxygenation signal could be maintained
even with a slight shift in the area probed. This implies that the
data obtained from DOSI measurements are more useful than
those derived through the detection of hemoglobin from a single
source–detector pair.

III. EXPERIMENTAL RESULTS

Fig. 5 shows temporal tracings of O2 saturation in tissue
(StO2), total hemoglobin (THb), oxyhemoglobin (HbO2), and
deoxyhemoglobin (Hb), in response to a VOT of a normal rep-
resentative subject. The THb signal, indicating the local volume
of blood in the tissue, increased during the VOT process. The
StO2 response was covaried with changes in tissue oxygena-
tion. Fig. 6 shows the group average response with a standard
deviation of THb and StO2 for the VOT of normal subjects.

Fig. 7 shows the THb and StO2 curves in response to the VOT
in patients with heart failure. Obviously, the average response
of THb for patients with heart failure is lower and more slurred
than that of normal subjects. A stepwise decreasing pattern in
patients with heart failure characterized StO2 tracing.

Tracings of oxygenation in tissue during the VOT of patients
with sepsis are shown in Fig. 8. The curves show a slight, slow
increase in the THb tracing and a decrease in StO2 tracing.
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Fig. 7. Temporal tracings of the VOT response from heart failure patients (the
error bar indicates the standard deviation in the group).

Fig. 8. Temporal tracings of the VOT response from septic patients (the error
bar indicates the standard deviation in the group).

Fig. 9. Temporal differentials of (a) THb and (b) StO2 from various subjects.
Zoom in curves from (c) occlusion (30 s) to (d) release (100 s).

Fig. 9(a) and (b) shows temporal differentials of THb/StO2
from all subjects in the VOT experiments including 17 normal
subjects, 13 patients with heart failure, 11 patients with sepsis,
a recuperative patient with sepsis, and a critical patient with se-
rious sepsis. Fig. 9(c) and (d) shows the zoomed in curves from
occlusion (30 s) to release (100 s). The lower rate of change in
the oxygenation of patients with heart failure or sepsis than that
of the controlled group indicates an insufficient supply of oxy-
gen to the extremities. Although we had only one recuperative
patient with sepsis, the increases in THb and StO2 were higher
than those of patients with sepsis (see Fig. 10). Fig. 11 shows

Fig. 10. Temporal tracings of the VOT response from a recuperative patient
of sepsis.

Fig. 11. Temporal tracings of the VOT response from a critical sepsis patient.

the oxygenation dynamics from VOT for a patient in critical
condition. The weak response of THb and StO2 indicate that the
patient was in extremis. Based on the major two characteristics:
1) the responded intensity of oxygenation change during VOT
and 2) the temporal differentials of oxygenation dynamics at
occlusion and release period (as shown in Fig. 9), the experi-
mental results imply that the pattern of oxygenation might be
used as a helpful tool for clinical diagnosis.

IV. DISCUSSIONS

Generally, temporally applied low cuff pressures (50 mmHg
in our cases) occlude venous outflow while minimizing the ob-
struction of arterial inflow [28]. An increase in deoxygenated
blood is then used to determine the level of oxygenation in mus-
cle [29]. NIRS assesses the level of oxygenation and the volume
of blood in local tissue, and VOT has been shown to provide
results in agreement with those obtained from traditional mea-
surements employing plethysmography with calculations based
on the Fick principle [30]. Traditional measures are unable to
provide local detection within muscle tissue; however, the DOSI
is capable of accessing the spatial distribution of tissue oxygena-
tion, and to do so in real time [31].

The experimental data of the healthy subjects are consistent
with previous studies [32]. StO2 is strongly correlated with
central venous saturation [33], implying that patients suffering
from heart failure exhibit a lower degree of deoxygenation or
oxygenation compared with the controls, due to the failure of the
heart to pump resulting in musculoskeletal hypoperfusion [34].

Sepsis is considered a microcirculation disease that induces
microvascular dysfunction. Due to decreases in microcircula-
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tory vascular density resulting from derangement caused by
sepsis [22], [32], the signal associated with the oxygenation of
tissue changes slowly, implying that the vessels are intermit-
tently perfused. Thus, these experimental results imply a faulty
autoregulation of local blood flow. In Fig. 10, the results indi-
cate a recovery of microcirculation, suggesting the feasibility of
clinical diagnosis based on DOSI measurements. For qualitative
comparisons, the greatest change in tissue oxygenation occurred
at the beginning of VOT in healthy subjects, particularly with
regard to changes in the concentration of oxyhemoglobin. More-
over, changes in the curves related to the concentration deoxy-
hemoglobin differed considerably among the three groups. As
previously mentioned, different temporal tracings revealed dif-
ferent physiological conditions. Nevertheless, the recovery time
of total hemoglobin was longer in septic patients than in others.
Although the number of subjects in this study was small, the
measurement of tissue oxygenation during VOT based on DOSI
revealed the possibility of wide ranging clinical applications.

In conclusion, we determined the following. 1) Different tem-
poral tracings reveal different physiological conditions. We were
able to build a database of several physiological conditions and
speculate that this technique could render an index capable of
providing assistance in clinical diagnosis. Such an approach
would be highly valuable for examining the effects of medica-
tion in the ICU. 2) The application of the binarized segmentation
method from a 2-D image could reduce error due to artifacts re-
sulting from probing in different locations, thereby increasing
the accuracy of DOSI. 3) The diffuse optical multipatch system
comprises commercially available electronic components such
as LDs and photodiodes, thereby minimizing instrumentation
and costs [35]. Thus, the system could be used as a homecare
device in the same manner as sphygmomanometers or blood
sugar monitors.
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