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Abstract

In this paper, the biological tissue oxygen saturation (rSO,) is obtained non-invasively and in real time based on near infrared spec-
troscopy (NIRS) using two emitting wavelengths and two detectors, where the tissue is covered with overlying tissues. Our group devel-
oped an NIRS oximeter based on the above principle independently, and validated it using liquid tissue model calibrations and animal
experiments. The results indicate that (1) in the normal range of tissue oxygen saturation (40-70%), the rSO, measured by NIRS is accu-
rate enough and little influenced by the background absorptions (such as the absorption of water) and overlying tissues (such as fat); (2)
during cerebral hypoxia and recovery of three piglets, there is excellent correlation (p < 0.001) between cerebral rSO, and jugular venous
oxygen saturation (SjO,), meaning that the rSO, can be indicated by the SjO, to a large extent; during the death of the three piglets
induced by heart beat stopping, cerebral rSO, decreases continuously to significantly low levels (<25%) because cerebral blood supply
does not exist any more. All the above results are of explicit physiological importance.
© 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction centration of hemoglobin, Cup = Cupo, + Cup; (2) the
regional tissue oxygen saturation, rSO,, is defined as

In clinic it is significantly important to assess tissue oxy-

genation accurately in real time and to maintain it in the nor- Chvo, Chpvo,
. . L . SO, = ——2—x 100% = x 100% (1)

mal range accordingly. In biological tissue, oxygen combines Crvo, + Chp Cip
mainly with deoxygenated hemoglobin (Hb) into oxygen-
ated hemoglobin (HbO,). Tissue oxygenation parameters ) ) )
include (1) the concentrations of Hb and HbO, in the tissue, ~ AAMong the above tissue oxygenation parameters, rSO; is
Ci and Cripo,, which are the amount of Hb and HbO, in the mostly concerned in clinic. In biological tissue, there are

unit volume of the tissue, respectively; and also the total con- @ large amount of arterioles, venules and capillaries. The
rSO, is actually the weighted average of the oxygen satura-

tion in the above microvessels. Because the blood in the
* Corresponding author. Tel.: +86 10 62773223 82. venules flows relatively slowly, its oxygen saturation is
E-mail address: dhs-dea@tsinghua.edu.cn (H. Ding). dominant in the rSO,. For example, 60-80% of the blood
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in the brain cortex is from the venules, 15-20% is from the
arterioles, and the other is from the capillaries [1].

Nowadays there are mainly two indirect methods for
assessing tissue oxygenation especially tissue rSO,. One is
invasive blood gas analysis, which extracts the blood from
large vessels and measures its oxygen saturation to assess tis-
sue rSO,. Even though blood gas analysis is a “golden crite-
ria” in measuring blood oxygen saturation, it is invasive
because large vessels need to be intubated, and unavailable
for continuous monitoring. Moreover, tissue rSO is still dif-
ferent with the blood oxygen saturation from the large ves-
sels. The other is monitoring the pulse oxygen saturation
(SpO») at the finger tip non-invasively [2]. The principle of
SpO, depends on the pulsation of the arterioles at the finger
tip. Therefore, the SpO, is actually arterial blood oxygen
saturation and essentially different with tissue rSO,.

According to the above defects, it is clinically required to
monitor tissue oxygenation non-invasively, continuously,
directly and in real time. Near infrared spectroscopy (NIRS),
whose basic principle is based on the absorption spectra of
Hb and HbO, in the near infrared band of 700-900 nm [3],
is such a method. Using the incident light with constant
intensity, continuous-wave (CW) NIRS [4] is suitable for
clinical monitoring because of its convenience. Now CW
NIRS has been clinically applied in many areas by some
groups [5-8].

There are still some defects in the CW NIRS nowadays.
Firstly, only the concentration changes of tissue Cyp and
Chpo, comparing with their original values, while not the
value of tissue rSO,, are obtained generally. Secondly, the
detected tissues (such as the brain cortex and skeletal mus-
cle) are generally covered with the overlying tissues (such
as the skin, skull, and fat), and the influences by the latter
cannot be ignored in many cases. According to the above
problems, we use CW NIRS under two wavelengths and
two detectors to non-invasively obtain the rSO, of the tissue
being covered with the overlying tissues. Our group devel-
oped a CW NIRS oximeter independently (TSAH-100).
To validate the above CW NIRS for clinical applications,
we measured the rSO, using the NIRS oximeter during
liquid tissue model calibrations and animal experiments.
The results indicate that the rSO, is accurate enough and lit-
tle influenced by the background absorptions and overlying
tissues. And that, during cerebral hypoxia and recovery of
three piglets, there is excellent correlation between the cere-
bral rSO, measured by the NIRS oximeter and the jugular
venous oxygen saturation (SjO,) measured by blood gas
analysis; during the death of the piglets induced by heart
beat stopping, the cerebral rSO, decreases continuously to
significantly low levels (all <25%). All the above results
are of explicit physiological importance.

2. Basic principles of tissue rSO,
In the near infrared band of 700-900 nm, biological tis-

sue is strongly scattering. If a beam of near infrared light is
incident into biological tissue, the average propagation

trace of large amount of photons is curved and the partial
pathlength (PPL) in the detected tissue (covered with the
overlying tissues) is different from the distance (r) between
the light source and the detector (Fig. 1). In this band, Hb
and HbO, are the main absorbers in biological tissue and
their absorption spectra are significantly different [3]. Using
the incident light with constant intensity, the light attenua-
tion by the tissue can be described by the modified Lam-
bert—Beer law [4]

0D = log(Io/I)
= (&mb0, Crivo, + euvCrp) - 7- DPF + G (2)

Here, 1) and 7 are the light intensity of the incident and emit-
ted light; OD is the optical density and describes the light
attenuation; ¢’s are the extinction coefficients, which are
dependent on the absorbers and the wavelengths [3]; DPF
is named as the differential pathlength factor, which is equal
to PPL/r and is generally independent on the wavelengths in
the near infrared band [9]; and Gis the unknown background
attenuation, which is the attenuation by the background sub-
stances (mainly water) besides Hb and HbO,.

To eliminate the influences of G in Eq. (2), we use two
detectors and ensure that the distance between each one
and the light source (r; and r; for the nearer and the farther
detector, respectively) is large enough that the emitted light
received by each one may propagate across the detected tis-
sue (Fig. 2). If the distance between the two detectors is not
very large (approximately 10 mm would be OK), it can be
considered that the G’s corresponding to the two detectors
under the same wavelength are approximately equal, and
the DPF is independent on the distance. Subtracting Eq.
(2) under r; and r,, we can obtain

cOD = OD, — OD,
= (&mb0,Crvo, + émpCrp) - DPF - (r; — 1) (3)

Here, the subscripts 1 and 2 correspond to the two detec-
tors. The ¢OD can be optically detected. Because there
are two unknown parameters (Cyp and Cypo,), tWo wave-
lengths (4; and 4,) need to be used, and the rSO, can be ob-
tained by substituting Eq. (1) to Eq. (3)

Light source Detector

P
/A/ PPL\,_\
/Overlying tissue 1 \
\/ Overlying tissue 2 \/

Detected tissue

Fig. 1. The average propagation trace of large amount of photons, where
the PPL and r are marked. When the detected tissue is the skeletal muscle,
the overlying tissues 1 and 2 are the skin and the fat, respectively. When
the detected tissue is the brain cortex, the overlying tissues 1 and 2 are the
scalp and the skull, respectively.
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Two-wavelength

light source Detector 2

r
Detector 1
r

Overlying tissue 1

\ Overlying tissue 2 / /

Detected tissue

Fig. 2. The outline of measuring tissue rSO, using two wavelengths and
two detectors.
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3. Instrumentation

The non-invasive CW NIRS tissue oximeter (TSAH-
100, Fig. 3) developed by our group was used, and tissue
rSO, was detected based on the above principles. The
probe of TSAH-100 consisted of a two-wavelength light
source (760 nm and 850 nm) and two detectors.

4. Experimental protocol
4.1. Liquid tissue model calibrations

We calibrated the NIRS oximeter (TSAH-100) using the
blood gas analyzer (Nova m7, Nova Co. US). The oxygen

a

TSAH-100

Fig. 3. (a) The non-invasive CW NIRS tissue oximeter (TSAH-100); (b)
the probe.

saturation of the in vitro liquid tissue model was measured
by the above two instruments simultaneously, in order to
assess the influences of the background absorptions and
the overlying tissues. The oxygen saturations of the model
detected by the oximeter and the analyzer were denoted by
S and S, respectively, where S, was considered to be the
accurate value. The total volume of the model was
1000 ml, including 40 ml human whole blood (its volume
ratio is 4%), 25 ml scattering media (intralipid-20%) and
935 ml buffer solution, so that the optical characteristics of
the model was close to biological tissues in the near infrared
band. On the probe, the distances between the light source
and the two detectors were 30 mm and 40 mm, respectively.

4.1.1. Without the overlying tissue

Firstly, the model was sufficiently oxygenated by inflating
pure oxygen into it for 5 min at 300 ml/min. Then the oxim-
eter was turned on after its probe was tightly fixed onto the
liquid surface. To decrease the oxygen saturation of the
model, we used sodium hydrosulfite (Na,S,04) as the redu-
cer, which was soluble in the model. Every time Na,S,04 of
about 10 mg was added into the model by stirring at the
same time, the oxygen saturation of the model decreased
rapidly for about 10 percentage points and then could be
stable at this lower level for about 30 min. Therefore, multi-
ple steady oxygenation levels decreasing stepwise could be
obtained. On each oxygenation level, Sy was measured using
blood gas analysis, and S was measured using the NIRS
oximeter simultaneously. Repeating this procedure until
S was close to 0%, the calibration line (S = kS, + b) could
be obtained by linear regression, where k, b and the correla-
tion coefficient (R) could all be calculated.

4.1.2. With the overlying tissue

We covered a 5 mm-thick piece of pig fat onto the model
surface, and then fixed the NIRS probe tightly onto the
upper surface of the fat. Repeating the procedures in the
above section, the calibration results with the overlying tis-
sue could also be obtained, including S = kS, + b and R.

4.2. Animal experiments

The animal experiments were cooperatively carried out
by our group, Taipei Veterans General Hospital, and Tai-
pei Yang Ming University, in the operation room of Taipei
Veterans General Hospital. Three piglets (9, 10, and 12
days after birth, weighted 2.2, 2.4, 2.0 kg, respectively) were
studied. Anesthesia was firstly induced by intravascular
injection of ketamine (33 mg/kg). By trachea incision and
intubation, pure oxygen was inhaled at 40/min by the ven-
tilator (Harvard Rodent Ventilator Model 683). Cerebral
SO, of each piglet was monitored using our NIRS oxime-
ter non-invasively in real time, where the probe was fixed
onto the forehead. The blood pressure, the heart rate and
the SpO, of each piglet were detected using the multi-
parameter monitor (Aligent Co.) simultaneously. The envi-
ronmental temperature was 25 °C constantly.
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For each piglet after the rSO, was stable for 4-6 min,
cerebral hypoxia was induced by changing the oxygen ratio
of the inhaling air into 21% and decreasing the respiration
rate for 5/min stepwise using the ventilator. The time dura-
tion of each step was 5 min. When the heart rate was lower
than 60/min, cerebral oxygenation was recovered by inhal-
ing pure oxygen and resuming the respiration rate to 40/
min again. During the whole procedure including the
above hypoxia and recovery, cerebral rSO, was non-inva-
sively recorded every 5 min, and the jugular venous oxygen
saturation (SjO,) was invasively detected also every 5 min
simultaneously using the blood gas analyzer (GASTAT-
3). Then the correlation between the rSO, and the SjO,
was calculated and statistically discussed [10]. After the
recovery of cerebral oxygenation, each piglet was sacrificed
by injecting 10% KCI for 5 ml. During this stage, the heart
beat stopped, and the rSO, was monitored in real time and
recorded every minute.

All the animal experiments were approved by the Exper-
iment Animal Care and Use Committee of Taipei Veterans
General Hospital.

5. Results
5.1. Liquid tissue model calibrations

Three times of the calibration results between S and S,
as well as their average result without the overlying tissue
(the 5 mm-thick fat), and all those results with the overly-
ing tissue, are shown in Table 1. Therefore, under each con-
dition (without or with the overlying tissue), each of the
three calibration lines is very close to the corresponding
average.

Fig. 4 shows the ideal calibration line, which is S =S,
and the average calibration lines without and with the over-
lying tissue. When S, was in the range of 40-70%, the
above three lines are very close to each other. Only when
So 1s close to 0% or 100%, there is a certain error among
them, which is more obvious with the overlying tissue.

5.2. Animal experiments

5.2.1. Cerebral rSO> vs. jugular SjO,

During cerebral hypoxia of the three piglets induced by
decreasing the respiration rate stepwise, both cerebral rSO,
and jugular SjO, decrease significantly. At the beginning
moment of the recovery of cerebral oxygenation (the

Table 1
The calibration results
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Fig. 4. The ideal calibration line (S = S) and the average calibration lines
without and with the overlying tissue.

hypoxia has been kept for 30-40 min), both the rSO, and
the SjO, are lower than 30%. After this moment, because
of inhaling pure oxygen, both of them increase signifi-
cantly. During the whole procedure including the above
hypoxia and recovery, there is excellent statistical correla-
tion between the rSO, and the SjO, for each piglet
(R =10.900, 0.896, and 0.853, respectively, and p < 0.001
for each one, see Fig. 5).

5.2.2. Cerebral rSO> during death

For each piglet, during the death induced by the heart
beat stopping after KCI injection, its cerebral rSO,
decreases significantly and is less than 25% finally
(Fig. 6). The SpO, cannot be detected during death.
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Fig. 5. The rSO, and the SjO, of the three piglets during the whole
procedure including the hypoxia and recovery.

No. Without the overlying tissue With the overlying tissue

k b R k b R
1 0.91 3.70 0.998 0.73 11.18 0.998
2 0.93 5.43 0.991 0.74 10.47 0.985
3 0.95 5.35 0.970 0.81 12.45 0.994
Average (mean + SD) 0.93 +0.02 4.83 +£0.98 0.76 + 0.05 11.37 £1.01
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6. Discussion and conclusion

Tissue SO, is of great clinical importance and can be
monitored non-invasively, continuously and in real time
using CW NIRS with two wavelengths and two detectors.
Generally, the detected tissue is covered with overlying tis-
sues. If the distances between the light source and the
detectors are too small, the average penetration depth of
a large amount of photons is also too small to penetrate
the detected tissue. Therefore, the rSO, of the detected tis-
sue cannot be derived from the detected light. On the con-
trary, if the above distances are too large, the detected light
is attenuated too much because the average propagation
pathlength in the tissue (including the detected and the
overlying tissues) is too long. Therefore, there may be obvi-
ous errors in the rSO, because the detected light is too
weak. To obtain the rSO, of the detected tissue accurately
against the influences by the overlying tissues, the above
distances must be rationally selected so that the optimal
coupling between the probe and the detected tissue may
be achieved. In our previous research on detecting the oxy-
genation of the skeletal muscle (the skin and the fat are the
overlying tissues), we discussed the optimal distances under
different thicknesses of the overlying tissues using Monte-
Carlo simulation [11] and ergometer experiments [12]. Sim-
ilarly, we also discussed the optimal distances on detecting
cerebral oxygenation (the scalp and the skull are the over-
lying tissues). The results indicate that the optimal dis-
tances between the light source and the two detectors are
30 mm and 40 mm during detecting adult cerebral rSO,,
while the optimal distances are 20 mm and 30 mm during
detecting neonatal cerebral rSO..

For clinical applications of the NIRS and the oximeter
(TSAH-100), liquid tissue model calibrations and animal
experiments are made for validation.

6.1. Liquid tissue model calibrations.: accessing the accuracy
of rSO,

6.1.1. Without the overlying tissue

From Table 1, the average -calibration line is
S =0.93S, + 4.83. The continuous line depicted in Fig. 7
shows the error between it and the ideal calibration line
(S =Sp) when S is 0-100%. Thus, the error exists mainly
when Sy is close to 100% or 0%, which is caused by the
background absorptions. Here, we define p,, as the back-
ground absorption coefficient, which is generally indepen-
dent on wavelength in the near infrared band [13] and
much lower than the absorption coefficients of Hb and
HbO,. Then the background attenuation G in Eq. (2) can
be described as G = p,, - r - DPF, and so

OD = (&mv0,Chvo, + euvCrp) - 7 - DPF + p, - 7- DPF  (5)

Subtracting Eq. (5) under r; and r, and from Eq. (1), the
accurate value of oxygen saturation (also denoted by Sj)
can be obtained

811 _ 8)'2 cOD*
Hb Hb sop*~2
Sp=—
gOD*1 ( 7 _ 8)'2 ) _ (8)'1 _ 8)“] )
~0D2 \eHbO, ~ Hb HbO, — €Hb

te (1 — 20104
Cip aOD"™2

o 7 p 7
Zggf:l (eHbo, — €in) — (b0, — &Hb)
fy (1 _ aOD’}l)
Cimp cOD"”2
=S5+— - : (6)
; 7 7
Zgg:'; (¢1tb0, — €in) — (EHibo, — EHb)

Here, S is the rSO, derived from Eq. (4), where the influ-
ences of the background absorptions are not considered.
Then the error E between S and S, can be derived

ty  (gODM 1
Cip \0OD”2
cOD* ( /2

1 i A
soD2 \ €HbO, — 8Hb> - (SHboz — &)

E=S—-S,= (7)

It is difficult to obtain S, from Eq. (6), because p,, is gen-
erally unknown. But in the liquid tissue model, the back-
ground attenuation is mainly caused by water. The u,, of
water in the near infrared band is about 0.01/cm [13].
The concentration of the total hemoglobin in human whole
blood is generally about 150 g/I. Because the blood volume
ratio of the liquid tissue model is 4% and the molecular
weight of hemoglobin is about 64,500, it can be calculated
that the Cyp of the model is about 93 umol/l. Therefore,
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Fig. 6. Cerebral rSO, of the three piglets during death.
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Fig. 7. The error between S and S, (E=S-S,) obtained by the
simulation using Eq. (7) and the calibrations.
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when S is in the range of 0-100%, the error £ can be sim-
ulated from Eq. (7) (the dashed line shown in Fig. 7). Here,
the two wavelengths are A; = 760 nm and 4, = 850 nm.

The two lines shown in Fig. 7 are consistent (the differ-
ence between them is less than 2%). When S|, is close to 0%,
there is S > Sy; when Sy is close to 100%, there is S < .S
Therefore, when the changing range of the Sy is 0-100%,
the corresponding changing range of S is less than that
of Sy because of the background absorptions. However,
when S is in the range of 40-70% which includes the nor-
mal range of biological tissue rSO,, the error £ obtained by
both the simulation (using Eq. (7)) and the calibrations is
very small (in the range of +2%). Therefore, the influences
of the background absorptions can be ignored as detecting
biological tissue rSO,.

6.1.2. With the overlying tissue

Here, the distances between the light source and the two
detectors are 30 mm and 40 mm, respectively, and the thick-
ness of the overlying tissue is 5 mm. The results by Monte-
Carlo simulations indicate that the optimal coupling
between the probe and the detected liquid tissue model
can be achieved, and the oxygen saturation of the model
can be derived from the received light by the two detectors.
Fig. 4 shows that the influence of the overlying tissue is also
relatively obvious when Sy is close to 100% or 0%, namely
the changing range of S'is also less than that of Sy. Note that
here the error E between S and S; is more obvious than the
condition without the overlying tissue. The reason is that £
is induced not only by the overlying tissue but also by the
background absorptions in the model. Similarly, when S,
is in the range of 40-70% which includes the normal range
of biological tissue rSO,, E is also small. Therefore, the
influences of the overlying tissues can also be ignored as
detecting biological tissue rSO, when the optimal coupling
between the probe and the detected tissue is achieved.

6.2. Animal experiments: Assessing the physiological
meanings of rSO»

For each piglet during the whole procedure including
cerebral hypoxia and recovery, there is excellent correlation
between cerebral rSO; and jugular SjO, (p <0.001, Fig. 5).
According to its definition, cerebral rSO, can be indicated
by jugular SjO, to a large extent because the blood in the
cerebral venules flows firstly into the jugular venous and then
into the superior vena cava. Therefore, the rSO, measured by
the NIRS oximeter is of explicit physiological importance.
But the rSO, and the SjO, are not absolutely consistent,
which may be caused by the following two aspects. Firstly,
the venous blood that flows into the jugular is not only from
the brain cortex but also from other parts on the head such as
the face and the scalp. Therefore, the rSO, and the SjO, are
not absolutely equal. Secondly, cerebral edema and ecchy-
moma may be induced by hypoxia. The oxygen saturation
of the ecchymoma is generally very low, and its contribution
to cerebral rSO, cannot be reflected by the SjO,.

During the death of each piglet induced by the heart
beat stopping, cerebral rSO, decreases significantly and
continuously and is finally less than 25% (Fig. 6). The rea-
son is that cerebral oxygen supply does not exist any more
induced by the stopping of the arterial blood flow. At the
same time, the SpO, cannot be detected because its princi-
ple depends on the pulsation of the arterioles at the finger
tip and that pulsation is very weak during death. This also
indicates the explicit physiological meanings of the rSO,
and its advantages comparing with the SpO,. In summary,
according to the results of the animal experiments, the CW
NIRS as well as the TSAH-100 oximeter is accurate
enough for clinical applications.
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