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Abstract. We present a study using a method able to assess tissue
oxygenation, taking into account the absorption and the level of scat-
tering in myocardial tissue using a calibrated fiber optic probe. With
this method, interindividual comparisons of oxygenation can be made
despite varying tissue optical properties during coronary artery bypass
grafting (CABG). During CABG, there are needs for methods allowing
continuous monitoring and prediction of the metabolism in the myo-
cardial tissue. 14 patients undergoing CABG are investigated for tissue
oxygenation during different surgical phases using a handheld fiber
optic spectroscopic probe with a source-detector distance of less than
1 mm. The probe is calibrated using a light transport model, relating
the absorption and reduced scattering coefficients (u, and u.) to the
measured spectra. By solving the inverse problem, absolute measures
of tissue oxygenation are evaluated by the sum of oxygenized hemo-
globin and myoglobin. Agreement between the model and measure-
ments is obtained with an average correlation coefficient R? of 0.96.
Oxygenation is found to be significantly elevated after aorta cross-
clamping and cardioplegic infusion, as well as after reperfusion, com-
pared to a baseline (p<<0.05). Tissue oxygenation decreases during

cardiac arrest and increases after reperfusion. © 2008 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.2976433]
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1 Introduction

The surgery technique, coronary artery bypass grafting
(CABG), is carried out on more than 800,000 patients
annually.' During the CABG procedure, the heart is exposed
to both mechanical and physiological workloads, where the
interaction of myocardial circulation and metabolic needs will
affect tissue oxygenation. It is essential that heart metabolism
is minimal when coronary circulation is abolished during the
transfer of systemic circulation from the heart to the extracor-
poreal circulation system (ECC). Furthermore, during the re-
establishment of coronary circulation, it is important that the
blood flow and oxygen supply meet the requirements of the
increased tissue metabolism. Consequently, there are needs
for methods allowing continuous monitoring and prediction of
the metabolism and perfusion parameters during surgery and
postoperatively. Local perfusion in myocardial tissue micro-
circulation can be measured with ECG-triggered laser Dop-
pler ﬂowmetry.2 However, the estimation of perfusion is af-
fected by motion artifacts when heart movement is irregular.
Intramyocardial partial oxygen pressure, an indicator of oxy-
gen supply and demand, has been measured using a polaro-
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graphic technique.” This method is based on diffusion equi-
librium across a membrane, which introduces a time constant
and may cause protein adhesion. Diffuse reflectance spectros-
copy (DRS), which has previously been used in other studies
on the heart,*” utilizes the characteristic spectral absorption
of the oxygen-dependent chromophores, hemoglobin, and
myoglobin, as well as the cytochromes. These chromophores
depict the oxygen transport from blood to myoglobin in the
myocardial tissue and the last step in the electron transfer
chain during mitochondrial respiration. However, myoglobin
and hemoglobin spectra are similar, so their sum is often
assessed,” although their relative importance to oxygen trans-
port can be estimated by carefully studying the spectral peaks
and troughs in the 540 to 580-nm band.” Cytochrome aa3,
being the last step in the electron transfer chain, is often as-
sessed as relative changes in its reduction-oxidation state by
determining the absorption around 830 nm.* In our study, we
used a calibrated DRS fiber optic surface probe for spectral
determination of the absorption (w,) and the reduced scatter-
ing coefficients (u;) in the myocardial tissue reflecting
changes in myocardial metabolism. The technique has previ-
ously been proposed by Jacques, Bargo, and Engelking.9 Re-
corded spectra are normalized using a custom-built solid
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Fig. 1 (a) The probe design indicating the different fiber distances and the fiber sizes. A hatched fiber indicates an emitting fiber and numbers
indicate spectroscopic channels used for each fiber separation distance. (b) A cut-out view of the solid phantom used for day-to-day calibration of
light intensity and color. The enclosing housing is of black plastic and the illuminated area (white) is of polyacetal plastic with a medium grained

surface, ensuring diffusively reflected light.

phantom and are white-corrected using a white reference.
Calibration is performed using a set of liquid optical phan-
toms with known optical properties covering those present in
the tissue of interest. Thereafter, the light transport model for
absorption (u,) and reduced scattering (u!) is fitted to the
recorded spectra. The u, in the model is a linear combination
of the chosen chromophores and can consequently be frac-
tionally decomposed.

The aim of this study was to develop a calibrated DRS
system for assessment of myocardial tissue oxygenation
during CABG.

2 Material and Methods
2.1 Subjects

14 patients (10 males, 4 females), age 54 to 81, were enrolled
after giving informed consent. The chosen patients underwent
CABG and the number of grafts sutured varied between three
and six. This study was approved by the Regional Ethical
Review Board for Medical Research in Linkdping (number
LiU486/03-14).

2.2 Surgical Procedure

Following normal clinical routines, patients were anesthetized
and intubated before a midline sternotomy was performed to
expose the heart. Simultaneously, the left internal mammary
artery (LIMA) and the saphenous vein were harvested to be
used as bypass grafts. As a preparation, the heart-lung ma-
chine was primed with 1.5-L cold crystalloid cadioplegic so-
lution and connected to the patient after full heparinization.
Extracorporeal circulation (ECC) was established, and at full
flow, the ascending aorta was cross-clamped. Cardioplegic so-
lIution was immediately introduced into the coronary arteries
via a small cannula at the aortic root. This infusion of potas-
sium causes a rapid washout of blood in the coronary artery
circulation system and a subsequent cardiac arrest. The time
from aortic cross-clamping and cardioplegic infusion until
cardiac arrest varied between 30 to 50 s, as estimated by the
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surgeon. Thereafter the required numbers of anastomoses
were performed. Cardioplegic solution was administered
every 20 min to maintain low myocardial metabolism and
temperature throughout the surgical procedure.

Myocardial reperfusion is initiated by partial blood-filling
of the heart, and subsequent removal of the aortic cross-
clamp. Simultaneously, additional clamps used to prevent
blood from flowing into the coronary system through the su-
tured grafts were removed. In most cases, both the proximal
and distal anastomoses were performed before releasing the
aortic cross-clamp. However, in two patients (cases 1 and 2),
the aortic cross-clamp was released before performing the
proximal anastomoses; alternatively, only a small segment of
the ascending aorta wall was clamped to enable suturing of
the proximal part of the grafts. Subsequently, the partial
clamping of the aorta was released, and blood perfusion es-
tablished in the area was supported by each specific graft.
This procedure of partial clamping reduces the time of no
blood flow to the myocardial tissue, since blood is allowed to
enter the heart through partial blood-filling via the ECC while
performing the proximal anastomoses.

After achieving a stable heart condition for the patient, the
ECC was gradually phased out until removal, and finally the
chest was closed.

2.3 Equipment

During the measurements we used a multichannel spectrom-
eter (AvaSpec 2048-5-RM, Avantes BV, The Netherlands) op-
erating in the visible wavelength region (400 to 900 nm, grat-
ing VB 600 lines/mm). The emitting light source was a
broadband tungsten halogen lamp (HL-2000, Ocean Optics
Incorporated). The custom-built fiber optic surface probe
comprised one bifurcated illuminating fiber (@=230 wm)
and a fiber design that enabled four different detection dis-
tances of the probe (230, 460, 790, and 1170 wm) shown in
Fig. 1(a). An increasing emitting-receiving fiber distance en-
ables a deeper sampling depth and hence gives a possibility to
study different volumes of the tissue. To account for varia-
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Fig. 2 Calibrated diffuse reflectance measurements (circles) in rela-
tion to the surgical procedure. The comparisons evaluated in the data
analysis are indicated by the curves joining the circles.

tions in detected light intensity, we have used a custom-built
solid phantom with a polyacetal plastic (Delrin®) surface en-
closed in a black PVC plastic housing, ensuring the exact
positioning of the probe each time [Fig. 1(b)]. Additionally,
white reference spectra were recorded using contact measure-
ments on a diffuse polytetrafluoroethylene plastic white refer-
ence tile (WS-2, Top Sensor Systems, Eerbeek, The Nether-
lands) with reflectivity higher than 98% in the
400 to 900-nm range. In-house designed algorithms and
software were developed for the data recording and the analy-
sis using LabView (National Instruments, Austin, Texas), and
Matlab (Mathworks Incorporated, Natick, Massachusetts),
respectively.

2.4 Protocol and Spectral Recordings

Prior to the measurements, the probe was sterilized using the
Sterrad™ process.'™!" Diffuse reflectance spectroscopy re-
cordings were performed in relation to the following five sur-
gical phases: before aortic cross-clamping (baseline); after
aortic cross-clamping and cardioplegic infusion (postcar-
dioplegic infusion); before the release of the aortic cross-
clamp (prereperfusion); after the release of the aortic cross-
clamp (postreperfusion); and after surgery when the ECC is
completely phased out (postCABG) (Fig. 2). During every
phase, data were recorded during 10 s for each of the six
different locations, three proximal and three distal sites in
relation to the left anterior descending coronary artery steno-
sis (Fig. 3). However, when the stenosis was situated too close
to the aortic root, proximal measurements were not possible,
and as a consequence, only distal recordings were performed.
Anatomical markers were used to ensure a similar measure-
ment site for each DRS recording in the different phases. Dur-
ing the recording of spectra, the probe was held in contact
with the myocardial tissue by the surgeon at the predefined

Fig. 3 The measurement sites on the heart. Sites 1, 2, and 3 are proxi-
mal to the stenosis, and sites 4, 5, and 6 are distal to the stenosis.
Actual sites for each patient were determined by the surgeon using
anatomical markers for identification.
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sites. Spectra were recorded with an integration time of
200 ms. As reference measurements for each case, three DRS
recordings of 10 s each were performed immediately after the
last patient measurement, before leaving the operating theater,
using the custom built solid phantom. To calibrate the system,
three consecutive measurements over 10 s, were recorded us-
ing the white reference tile, as well as three intensity refer-
ence measurements on the solid phantom on a separate occa-
sion. For all measurements, spectra were recorded in channels
2 to 5 of the spectrometer, where an increasing number cor-
responds to an increased fiber separation distance [Fig. 1(a)].
Simultaneously, spectra of the light source were recorded in
channel 1 through the bifurcated fiber.

2.5 Data Analysis

To eliminate any influences of temporal variations in the light
source intensity and color, each recorded tissue spectra
(M i4sue) Were normalized with simultaneously recorded spec-
tra from the light source (Mg i) and were time-averaged
over 10 s, forming a single spectrum ((M jsque/ M tissue))- The
intensity reference measurements (M, ;) were likewise nor-
malized by the light source (M inrer) and time-averaged to a
single spectrum ((Minyet/ Mg intrer))- The obtained spectrum
was finally normalized by white reflectance tile spectra nor-
malized with the corresponding light source spectra
(M pieres’ M whiterep))- Note that the prime notation is used
to indicate that the intensity reference recordings during tissue
measurements and those during white reference tile record-
ings were made on different occasions. The complete normal-
ization procedure is summarized in Eq. (1), where M ;ssue norm
represents the spectra subjected to the analysis of the myocar-
dial tissue oxygenation:
M!
intref

Mtissue norm — MliSSLle -7 1 7 M{,S’imref N
' Mls,lissue < Mintref > < Mwhiteref >
M[&imfef Ml/s,whiteref
(1)

The light transport in tissue (7) was modeled according to
Jacques, Bargo, and Engelking,” as Eq. (2):

T(,LL;,,LLH) =K- exp[— (Iu'a : L)]’ (2)

where

K=a+b-u +c-pl?

L=d+e-p +f pm’. 3)

This modified Beer-Lambert model takes into account both
light absorption and scattering. Our measurement system was
calibrated (coefficients a to f) against a liquid optical phan-
tom grid, with well-defined optical parameters, using Vaso-
lipid (B. Braun Melsungen AG, Melsungen, Germany) as a
scatterer, Coloris Ink (Stefan Kupietz GmbH and CoKG, Old-
enburg, Germany) as an absorber, and distilled water as
a dilutant. The anisotropy (g-value) for the vasolipid was set
to 0.7 based on previous studies.'>® The liquid optical
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phantom grid was made using seven scattering coeffi-
cient values: u,=[20,30,40,50,60,80,100],_6328 nm cM ",
and eight absorption coefficient values: Ma
=[0.1,0.2,0.4,0.8,1.6,3.2,9.6,28.8],¢30.8 nm cm~'.  For
each combination of u, and u,, the diffuse reflectance spectra
from the liquid optical phantoms (M phanom). recorded
during 10 sec, were normalized similar to M sgye norms
obtaining M ppantom,norm- The probe-specific fitting parameters
a to f in Eqgs. (3) were estimated by nonlinear curve fitting,
utilizing  the  Levenberg-Marquardt  algorithm  and
Mphantom,norm = T(Mg’ ’ lu“a) .

The major chromophores present in heart tissue are oxy-
genized and deoxygenized hemoglobin and myoglobin
(HbO,, Hb, MbO,, and Mb, respectively), fat (lipid), and
water (H,0). Due to the similarity of hemoglobin and myo-
globin absorption spectra,’ only the sum of the tissue fractions
of the chromophores (fypsm,) Was assessed in the spectral
fitting described next, using the spectra of hemoglobin. Ab-
sorption values for the hemoglobin derivatives have been
compiled from data in Tables 8.1 and 8.2 in Zijlstra, Buursma,
and van Assendelft,* averaging data where overlapping data
were found in the two tables. Data were further interpolated
around 710 nm to minimize the influence of an irregularity in
the tabulated data. The absorption coefficient of fat consti-
tuted values provided by Prahl" originating from the study
presented by van Veen et al.'® Data for the absorption coeffi-
cient of water were taken from the compilation made by Prahl
from data presented by Seg:{elstein.17 The reduced scattering
coefficient spectra and the total absorption spectra of heart
tissue were hence modeled as Egs. (4) and (5):

\ B ( \ )—ﬂ
Nz ——=a- | —] 4
Hapean N = @ Za0s5=a | 355 @

aneartN) = fravemn * [S + amvo,(N) + (1= 8) - py gp(N)]
+ fuater - Ba,0(N) + fiipia - Hatipia(N), (5)

where «a and (3 are fitting parameters relating to light scatter-
ing, fup+Mmp 1S the fraction of hemoglobin and myoglobin, S
the tissue oxygenation, fyr the fraction of water, and fjipiq
the fraction of fat. The fraction of water was assumed to be
75% in human heart tissue.” The scattering expression in
Eq. (4) is modified from Ref. 9 by the normalization with
1/7007A. The new normalization will make 8 independent of
the absolute level of w!. Thus a governs the level and 3 the
wavelength dependence of w;, something we found that
improved the fitting procedure.

A recorded normalized spectrum M e norm Was fitted us-
ing the light transport model in Egs. (2) and (3) with param-
eters a to f established from calibrating the probe as described
previously. The w, and w, in Egs. (2) and (3) are further
modeled by Egs. (4) and (5). The remaining unknown param-
eters in Egs. (4) and (5) were determined in two steps using
the Levenberg-Marquardt algorithm on selected wavelength
intervals. In the first step, the scattering properties & and
were determined for 700 <\ <800 nm using Egs. (2) and the
first half of Eq. (3). In this wavelength range, the influence
from absorption is small. Hence, we assumed u,=0. In the
second step, the estimated « and 3 were used for estimating
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Subemps S, and fiipig for 530 <A <585 nm. In this wavelength
range, the spectral shapes for oxygenized and deoxygenized
Hb+Mb differ in a prominent characteristic way, thereby op-
timizing the estimation of S. The goodness of fit was calcu-
lated for 510<<A <800 nm using the Pearson product-
moment correlation coefficient R2. The choice of the upper
limit was to allow for some margin against influences from
the surgical head lamp, appearing as peaks around 820 nm;
the lower limit was chosen close to the range where the esti-
mation of fipmp, S, and fiipig was carried out.

To study the temporal change in tissue oxygenation, four
comparisons were made between the averages of the measure-
ments in the different surgical phases, postcardioplegic infu-
sion versus baseline; prereperfusion versus postcardioplegic
infusion; postreperfusion versus prereperfusion; and postrep-
erfusion versus baseline. When comparing changes in tissue
oxygenation, we arbitrarily chose a 5% cutoff value as an
indication for increased or decreased oxygenation.

2.6 Data Exclusion and Statistical Analysis

Data from four patients were excluded before analysis, one
due to compromised sterility of the probe (patient 3), one due
to a broken detection fiber (6), and two where the heart was
heavily embedded in fatty tissue, as noted by the surgeon, (5
and 14), giving no signature of hemoglobin in the recorded
spectra. The remaining ten patients were included in the final
analysis. For five patients, the stenosis was placed low enough
to facilitate proximal measurements. The recorded intensity in
the receiving fiber with the shortest distance from the source
fiber (230 wm) displayed acceptable signal-to-noise ratio
(SNR) in the wavelength range 510 to 600 nm for varying
concentrations of blood in the sampling volume. For the
larger fiber separations, the recorded intensity in this wave-
length range was close to the dark current level. Random
variations in the dark current, as a function of wavelength,
may then cause nonlinear effects for low signal levels. There-
fore, numerical data are further presented only for the fiber
with the shortest separation distance (230 wm). Myocardial
tissue motion occasionally caused probe-tissue contact prob-
lems, resulting in nonphysiological intensity variations.
Therefore, spectra were discarded if showing an intensity
variation, at 640 nm, of more than 30% from the median
intensity of the measurement to exclude spectra recorded
without surface contact (Fig. 4). At this wavelength, physi-
ological variations in blood volume and tissue oxygenation
influence the recorded intensity only to a minor extent, but
large fluctuations were found and could be attributed to move-
ment.

Statistical analysis was carried out using Statistica 6.1
(Statsoft Incorporated, Tulsa, Oklahoma). Data were checked
for normality using the Lilliefors normality test, and homoge-
neity of variances between groups were compared using the
F-test. The Wilcoxon’s matched pairs test was used for com-
paring groups, where a p-value less than 0.05 was considered
significant. The measurements recorded postCABG were not
evaluated statistically due to the exclusion criteria leaving too
few measurements. For the same reason the proximal mea-
surements were left without statistical analysis.
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Fig. 4 Diffuse reflectance spectra recorded distal to the stenosis for case 2 during baseline measurements: (a) before and (b) after exclusion of
spectra with nonphysiological variations in intensity due to probe-tissue contact problems.

3 Results

The raw spectra from a typical 10-s recording are presented in
Fig. 4(a), before and Fig. 4(b) after exclusion of spectra due to
probe-tissue contact problems. On average, 9 out of 51 spec-
tra recorded during the 10-s measurements were excluded.
The normalized spectrum M ;ggye norm COrresponding to data in
Fig. 4, and the light transport model T(u, , u,), are shown in
Fig. 5(a); R>=0.99 indicates a good model fit. For some re-
cordings, the light transport model showed a systematic de-
viation from measured data, as represented by Fig. 5(b); R?
=0.90. In these cases, the model overestimated the intensity
for wavelengths near A=510 nm and near A=620 nm. The
average R? for the distal recordings was 0.96, ranging from
0.86 to 0.99.

The estimated tissue optical properties covered a
large range. For the distal recordings: u, €[2.0,21.7] cm™!

and . e€[42,13.0]cm™ for the wavelength range
N €[530,585] nm, and pu,€[0.1,03]cm™ and !
€[3.8,11.0)cm™"  for the wavelength range A

€ [700,800] nm. The fraction of hemoglobin and myoglobin
was in the range fipsmp €[1.0,7.5]%. The wavelength-
dependent slope parameter B in Eq. (4) was in the range 8
€[0.00,0.81] cm™" with nine out of 40 individual values for

Baseline measurement, distal to stenosis, case #2
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the surgical phases, excluding the postCABG phase, being
above 0.5. It should be noted that 8 was limited to positive
values, although for some recordings the intensity increased
with N in the B wavelength fitting range (A
€ [700,800] nm). The results of the B parameter were simi-
lar for spectra recorded with fibers having longer source-
detector distances compared with the fiber closest to the
source used in the data analysis.

Results of the tissue oxygenation are summarized in Tables
1 and 2 for all the cases. For the data recorded proximal to the
stenosis, the mean (standard deviation) tissue oxygenation
changed from 48 (16)% at baseline to 76 (10)% postcar-
dioplegic infusion, 58 (17)% postreperfusion, and 62 (8)%
postCABG (Table 1). The distal data displayed a tissue oxy-
genation of 55 (9)% at baseline, 68 (23)% postcardioplegic
infusion, 58 (23)% prereperfusion, 70 (14)% postreperfusion,
and 68 (12)% postCABG (Table 2). Statistical analysis of dis-
tal data showed that the variance differed between the surgical
phases (F=7.2, prereperfusion versus baseline, p<<0.005).
Tissue oxygenation was significantly higher postcardioplegic
infusion and postreperfusion than at baseline (p<<0.05), and
borderline significantly higher postreperfusion than prereper-
fusion (p<<0.06). Individual comparisons of distal data

] Baseline measurement, proximal to stenosis, case #1
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Fig. 5 (a) Normalized tissue spectrum My e norm [EQ. (1); X-marks] and the fitted spectra using the light transport model T(u., w,) [Eq. (2); solid
line] with good fit, R?=0.99. (b) Normalized tissue spectrum Msge nom LEQ- (1); X-marks] and the fitted spectra using the light transport model

T(ul, o) [Eq. (2); solid line] with poor fit, R2=0.90.
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Table 1 Tissue oxygenation (percent) for measurements proximal to
the stenosis.

Case Baseline Postcardioplegic infusion Postreperfusion PostCABG

1 62.5 87.0 68.9 68.2
2 57.2 62.5 50.7 —
11 31.5 69.8 45.8 69.4
12 58.5 77.7 81.3 56.7
13 28.8 84.1 41.6 54.0
Mean 47.7 76.2 57.7 62.1
SD 16.2 10.1 16.8 7.8

showed that tissue oxygenation increased during aortic clamp-
ing versus baseline in 7 out of 10 cases [Fig. 6(a)]. Tissue
oxygenation decreased in 6 out of 10 cases during cardiac
arrest [Fig. 6(b)]. Tissue oxygenation increased in 7 out of 10
cases after reperfusion [Fig. 6(c)]. Finally, tissue oxygenation
increased in 8 out of 10 cases postreperfusion versus baseline
[Fig. 6(d)]. For the proximal measurements, 5 out of 5 cases
showed increased tissue oxygenation during aortic clamping
and cardioplegic infusion [Fig. 7(a)], and 4 out of 5 cases
increased comparing postreperfusion versus baseline [Fig.
7(b)]. The comparisons of the different phases are summa-
rized in Table 3.

4 Discussion

We have presented a method for estimating the oxygenation
of heart tissue using a calibrated probe with source-detector
distances less than 1 mm. The light transport algorithm pro-
posed by Jacques, Bargo, and Engelking9 fits a model in terms
of light scattering and absorption (u. and u,) to a measured
spectrum. We have shown good agreement between the model
and the measured spectra (average R?=0.96). The used
method has proved to work satisfactorily in the operating the-
ater during bypass surgery, despite the complex measurement
situation.

The ability to calibrate the probe in absolute units of wu,
and u, using the light transport model has provided us with
estimates, not only of the absorption values for the major
chromophores included in the tissue model, but also for the
scattering properties of the tissue. Another approach using the
second derivative of the spectrum can diminish the influence
of the scattering effects when calculating fractional
saturation.® However, the model used in this study not only
gives the tissue saturation, but also the concentration of the
chromophores and level of scattering. This is of paramount
importance when modeling the tissue and its contents, but
foremost it enables comparisons between individuals despite
varying tissue optical properties. This comparison has not
been previously possible, since variations in the optical pa-
rameters result in differences in photon path lengths and in-
fluence the measurement realdings.]8 The estimated values for
the optical parameters have been found conformant to the
findings in pig hearts by Gandjbakhche et al."” (u, of about
8 cm™! and u/=12 cm™..

Table 2 Tissue oxygenation (percent) for measurements distal to the stenosis. The mean SD values of
68.1 and 70.1 for postcardioplegic infusion and postreperfusion are p<<0.05 versus baseline.

Case Baseline  Postcardioplegic infusion  Prereperfusion  Postreperfusion ~ PostCABG
1 48.0 41.1 56.4 82.9 80.7
2 59.0 34.4 83.7 64.9 —
4 48.5 75.5 51.7 62.3 —
7 53.4 36.0 24.0 38.1 —
8 63.4 89.4 67.0 79.0 —
9 62.0 87.5 62.3 74.0 —
10 57.3 71.7 21.9 67.9 —
11 37.2 70.0 88.4 79.3 52.7
12 50.8 83.4 81.1 83.5 73.5
13 65.4 92.2 46.1 69.5 63.2
Mean 54.5 68.1+ 58.3 70.1+ 67.5
SD 8.6 22.6 23.2 13.5 12.2
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Fig. 6 Tissue oxygenation for the distal measurements comparing different phases in the surgical procedure.

The probe used in the study was designed to enable differ-
ent sampling volumes; however, the intensity was generally
insufficient for longer fiber separations giving unacceptable
SNR. The use of a handheld surface probe has not been opti-
mal in achieving stable measurement recordings without data
due to motion artifacts. Another study by Perko and
Bay-Nielsen” showed that despite the use of a stabilizing
plate with a rough surface, it is still difficult to eliminate such
artifacts. However, this study was designed to compare re-
cordings proximal and distal to the stenosis, and therefore a
handheld probe was used despite the inherent drawback. Nev-
ertheless, an intramuscular probe would diminish the move-
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ment artifacts, and it would also avoid fatty tissue that might
surround the heart muscle. At the same time, an intramuscular
probe can induce bleeding at the insertion site, which could
affect the measurements, something that has been avoided
with a surface probe.

During bypass surgery, the tissue oxygenation at the distal
sites increased for a majority of the cases when comparing
baseline and postcardioplegic infusion. These findings are
compatible with previous studies,” which state that myoglobin
oxygenation is stable at a level of 91 to 92% during normal
cardiac workloads, and only releases oxygen to the mitochon-
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Fig. 7 Tissue oxygenation for the proximal measurements comparing different phases in the surgical procedure.
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Table 3 Tissue oxygenation trends during different surgical phases: column 1, postcardioplegic infusion versus baseline; column 2, prereperfusion
versus postcardioplegic infusion; column 3 postreperfusion versus prereperfusion; and column 4 postreperfusion versus baseline measurements.
The symbols denote: 1} increase >5%, || decrease >5%, and +0 no change (change within £5%) in tissue oxygenation.

1 2 3 4
Trend Proximal Distal Proximal Proximal Distal Proximal Distal
N 5/5 7/10 — 3/10 — 7/10 4/5 8/10
+0 — — — — 1/10 — 1/10
U — 3/10 — 6/10 — 2/10 1/5 1/10

dria at very low pO, (<2.5 mm Hg).”' The increase in tissue
oxygenation during reperfusion is probably attributed to the
large amount of oxygenated blood inflow from the heart-lung
machine. Comparing cardioplegic infusion measurements
with measurements before reperfusion demonstrates that the
majority of the cases show a decrease in oxygenation at the
distal measurement sites. This decrease in tissue oxygenation
indicates that the myocardial tissue consumes the oxygen
stored in the myoglobin when there is no inflow of blood to
the heart muscle. At the proximal sites, it is in general more
difficult to form any conclusions, since there are only five
eligible cases. Nevertheless, all of the proximal cases show an
increase in tissue oxygenation when comparing baseline mea-
surements with postcardioplegic infusion measurements, as
well as 4 out of 5 cases showing an increase when comparing
measurements postreperfusion with postCABG measure-
ments. Distal to the stenosis, we observed a tissue oxygen-
ation of 55% at baseline, increasing to 68% PostCABG,
which is comparable to the increase from 40% at baseline to
50% after revascularization, as observed by Perko and
Bay-Nielsen.”

We chose not to separately include both the myoglobin and
hemoglobin in the light transport model, but rather represent
these oxygen-dependent chromophores with the hemoglobin
absorption spectra due to the resemblance of the two
chromophores.” This is a drawback of the current method if
there is a need to differentiate between bound oxygen in the
myoglobin and the oxygen supply of the blood, which can
vary independently.(”7 If the volume fraction of red blood cells
is higher than 2%, a red shift of the spectra postcardioplegic
infusion versus baseline is expected due to the absence of
hemoglobin."

Investigation of the absorption peak around 575 nm did
not show this shift, indicating a lower fraction of blood, or
that the method cannot resolve such a small shift in measured
spectral peaks. Other influences on the recorded spectra might
originate from the presence of cytochromes. However, this
influence is expected to be less than 10% on the recorded
spectra.7 In addition, the contribution from fat and water to
the total absorption coefficient of the model fit spectra is also
considered to be of minor importance, because of the much
lower absorption compared to those of oxyhemoglobin and
hemoglobin.

In conclusion, we have presented a method using a cali-
brated probe, accounting for both scattering and absorbing
properties of the tissue, for measuring myocardial tissue oxy-
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genation during CABG. The method can be applied to a small
and flexible probe for intramuscular measurements to mini-
mize motion effects, and for studying temporal changes in
oxygenation during CABG and postoperatively.
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