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Time-resolved spectroscopy (TRS-20) measures tissue oxygen saturation (%) by
evaluating the absolute concentrations of oxygenated, deoxygenated and total hae-
moglobin based on measurement of the transit time of individual photons
through a tissue of interest. We measured tissue oxygen saturation in the prefron-
tal lobes of the brain by TRS-20 in eighteen pregnant women during caesarean
section. In a case of placenta previa, massive bleeding immediately decreased cere-
bral oxygen saturation from 67:2% to 54-2%, but did not alter peripheral tissue
oxygenation as measured by pulse oximetry. Four cases of pre-eclampsia revealed
chronic changes in elevated base levels of cerebral oxygen saturation, though
peripheral oxygen saturation was similar to that in normotensive pregnant
women. Average cerebral oxygen saturation in the cases of pre-eclampsia before
the introduction of anaesthesia was 73-6 £ 4-4 (SD)% (n=4), significantly
higher than in normotensive pregnant women, 67-2 = 4-3% (n = 13, P<0-05).
Z-scores of cerebral oxygen saturation prior to anaesthesia positively correlated
with those of systolic or diastolic blood pressure. TRS-20 could detect acute as
well as chronic changes in brain oxygen saturation in response to pregnancy-asso-

ciated complications.

Introduction

Caesarean section is the most frequently performed laparot-
omy in modern medicine. However, during the procedure,
pregnancy-specific complications can suddenly affect maternal
brain circulation, such as hypertensive encephalopathy associ-
ated with eclampsia (Marik, 2009), intracerebral haemorrhage
(Marik, 2009), cardiopulmonary shock caused by amniotic
fluid embolism (Lee et al., 2010), disseminated intravascular
coagulation, massive blood loss as a result of uterine atonic
bleeding or operative procedure of placenta previa or accreta
(Nisar & Schoo, 2009), etc., in addition to compilations from
the anaesthesia, such as hypotension, desaturation, anaphy-
laxis, etc. (Chau-in et d., 2010; Chow et ., 2011). These
complications can occur suddenly even in low-risk pregnan-
cies. Indeed, maternal brain damage during caesarean section
has been reported (Roopnarinesingh et al., 1991). Moreover,
it is recommended that a perimortem caesarean delivery be
performed within 4 min of maternal cardiac arrest, which
could improve maternal as well as neonatal outcomes (Katz
© 2012 The Authors

et ., 1986, 2005). Therefore, appropriate monitoring of the
oxygenation of organs critical to maternal mortality and motil-
ity, that is, the brain, is needed to prepare for any sudden
deterioration in maternal cerebral circulation.

The monitoring of brain oxygenation in perioperative care
has undergone radical change in recent years owing to the
introduction of non-invasive measurement techniques, partic-
ularly near-infrared spectroscopy (NIRS) (Jobsis, 1977) and
its subsequent application to the assessment of tissue oxygen-
ation during anaesthesia (Lovell et al., 1997a,b; (Madsen &
Secher, 1999). In NIRS, the different absorptive properties of
oxygenated and deoxygenated haemoglobin are used to eval-
uate oxygen metabolism. NIRS has been utilized in various
clinical fields all over the world (Mathieu & Mani, 2007;
Vardi & Nini, 2008). A number of approaches to measuring
tissue oxygenation using several types of NIRS have been
proposed; that is, continuous wave near-infrared spectroscopy
(Miura et d., 2000) by which only relative values of tissue
oxygenation can be measured; phase-modulated spectroscopy
(Franceschini et al., 2002) by which amplitude signals for
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phase, intensity and depth of modulation after passage can
be measured; and tissue oxygen index, by which we success-
fully assessed the relative oxygenation of the human and
porcine placenta in normal and pathological states, such as
foetal growth restriction (Kawamura et al., 2007; Kakogawa
et d., 2010a), placental chorangiosis (Suzuki et d., 2009),
acute foetal hypoxia (Suzuki et al., 2012) and pregnancy-
induced hypertension (Kakogawa et a., 2010b). With these
methods, for converting the absorption of light to absolute
concentrations of total haemoglobin and oxyhaemoglobin, it
is necessary to measure the path length of light from the
source to detector, because path length has been shown to
be affected by factors such as skin and subcutaneous fat
(McCully & Hamaoka, 2000). Therefore, the absolute
concentration of oxygenated and deoxygenated haemoglobin
cannot be accurately determined and the relative status of
tissue oxygenation assessed, because path length cannot be
measured.

By contrast, TRS-20, a new near-infrared time-resolved
spectroscopic system, has high data acquisition and can calcu-
late tissue oxygen saturation by evaluating the absolute con-
centrations of oxygenated, deoxygenated and total
haemoglobin through measuring the transit time of photons
through a tissue of interest (Oda et dl., 1999, 2000; Hamaoka
et d., 2000; Jjichi et al., 2005a,b; Yamada et dl., 2008).

In this study, it was hypothesized that measurements of tis-
sue oxygen saturation by TRS-20 in the prefrontal lobes of
pregnant women undergoing a caesarean section are promis-
ing for the conventional assessment of changes in brain
oxygenation in response to acute and/or chronic pregnancy-
associated complications., To test the hypothesis, we measured
tissue oxygen saturation in the brains of eighteen pregnant
women during caesarean deliveries,

Materials and methods
Subjects

Eighteen pregnant women 23-42 years old (mean age
33-4 £ 57 years) who underwent a caesarean section at
Hamamatsu University Hospital from May 2010 to January
2011 were enrolled (Table 1). Fourteen of the women were
normotensive and underwent a caesarean delivery because of
a previous caesarean section (nine cases), foetal growth
restriction (two cases), twins (one case) and placenta previa
(two cases). One case of placenta previa, in which the patient
suffered massive bleeding (3750 ml), was assessed indepen-
dently of the other thirteen normotensive cases (no more than
1760 ml blood loss) (Table 1). Four pregnancies were com-
plicated with pre-eclampsia diagnosed according to the Report
of the National High Blood Pressure Education Programme
Working Group on High Blood Pressure in Pregnancy (High
Blood Pressure Education Program Working Group, 2000)
(Table 1). Informed consent was obtained after full explana-
tion of the study.
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Table 1 Clinical features of the subjects.

Weeks of  Total bleeding
Group n  Age gestation  (ml)
Normotensive 13 31-.5+11.5 36484 6689 %7211
(280-1760)
Normotensive 1 35 36 3750
with massive
bleeding
Pre-eclampsia 4 33888 36-6 £5-5 711-3 £221-3
(490-850)

Fluid loading (ml kg™') was illustrated in the middle panel
of each Figure. After initial use of 500 ml SALINHES fluid
solution  6%% (Furesenius Kabi Japan, Tokyo, Japan;
Table 24), BICARBON® (AJINOMOTO Pharmaceutical Co.,
Ltd, Tokyo Japan; Table 2B) was used through the operation
(Figs 1 and 3). Saviozol Injection ® (Otsuka Pharmaceutical
Co., Ltd, Tokyo, Japan, Table 2C) was used in cases of mas-
sive bleeding (Fig. 2). The procedures of anaesthesia and
operation and/or administration of phenylephrine were
described in the lower panel of each Figure.

Measurements

Regional cerebral blood flow was estimated by measuring
oxygenated haemoglobin, deoxygenated haemoglobin and
total haemoglobin concentrations in the prefrontal lobes using
TRS-20 (Hamamatsu Photonics K.X., Japan) (Oda et dl., 1999,
2000). Two fibre optic bundles (optodes), emitting and col-
lecting near-infrared pulsed laser light, were fixed on both
sides of the forehead of pregnant women with an interoptode
distance of 4 cm. TRS-20 was used to evaluate the oxygena-
tion of the prefrontal lobes, because hair could affect the
transit time of each photon. Brain tissue oxygenation was cal-
culated and expressed as a percentage by evaluating absolute

Table 2 Fluids used during the operation.

Ingredient In 500 ml (g)

A) SALINHES fluid solution 6%® (Furesenius Kabi Japan,
p

Hydroxyethylated Starch 70000 30-00
Sodium chloride 4-5
(B) BICARBON® (AJINOMOTO Pharmaceutical Co., Ltd)
Sodium chloride 3-07
Potassium chloride 0-15
Calcium chloride hydrate 0-11
Magnesium chloride 0-051
Sodium hydrogen carbonate 1-05
Sodium citrate hydrate 0-245

(C) Saviozol Injection® (Otsuka Pharmaceutical Co., Ltd)

Dextran40 15-00
Calcium chloride hydrate 0-10
Potassium chloride 0-15
Sodium chloride 3.00
L-Lactate™ 1:55

© 2012 The Authors
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concentrations of oxygenated haemoglobin, deoxygenated
haemoglobin and total haemoglobin. In brief, the light source
is a graded index type single fibre with a numerical aperture
(NA) of 0-25 and a core 200 pum in diameter, and the light
detector is a bundle of fibre with a diameter of 3 mm and NA
of 0-21. Finally, a set of histograms of photon flight time,
known as a re-emission profile, was recorded. One temporal
re-emission profile includes 1024 time channels spanning
about 10 ns in steps of about 10 ps. In this study, the emerg-
ing light was collected over a period of 2 s to exceed at least
one thousand counts of photons at the peak channel of the re-
emission profiles. The instrumental response was measured
with an input fibre placed opposite the receiving fibre through
a neutral density filter. The instrumental response of the TRS-
20 system was around 150 ps FWHM at each wavelength.
The mean optical path length was calculated from the differ-
ence between the centre of gravity of the measured re-emis-
sion profile and that of the instrumental response. Changes in
oxygenated haemoglobin, deoxygenated haemoglobin, total
haemoglobin and the sum of oxygenated haemoglobin and
deoxygenated haemoglobin were calculated using photon
intensity and mean path length.

© 2012 The Authors

The oxygenation of maternal peripheral haemoglobin was
measured by pulse oximetry at the fingertips (IntelliVue X2;
PHILIPS Electronics Japan, Tokyo, Japan). A cuff was placed
around the upper arm and blood pressure was measured inter-
mittently (IntelliVue X2; PHILIPS Electronics Japan). The mea-
surements started before the introduction of anaesthesia and
continued until the end of the caesarean section.

Approval

The Ethics Committee of the Hamamatsu University School of
Medicine approved the use of an optimal density of near-
infrared rays up to 200 mW cm™* for assessing foetuses by
the transabdominal approach. We used TRS-20 in this study,

because the optimal density of TRS-20 is <25 mW cm™?,

much lower than 200 mW cm ™%

Statistical analysis

Data are expressed as means * SDs, and the statistical
significance of differences between two mean values was
assessed using the Student’s t-test or Mann~Whitney U-test, as
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appropriate. Z-scores were calculated using the formula
[(data — mean of the population)/ (standard deviation of the
population)] (Larsen, 2000). Spearman’s rank correlation coef-
ficient was calculated between z-scores of two different parame-
ters. A P value of <0-05 was regarded as statistically significant.

Results

Cerebral oxygen saturation in normotensive women with
ordinary bleeding during a caesarean section

Figure 1 shows representative changes of tissue oxygen satura-
tion in the prefrontal lobes of normotensive pregnant women.
Average cerebral tissue oxygenation was 67-2 £ 4-3 (SD)%
(n = 13) before the anaesthesia and 66-3 + 4-2% (n = 13)
after the operation. This decrease was not significant. A base-
line ripple was observed in cerebral tissue oxygen saturation
throughout, with no remarkable changes observed during the
operative procedures (Fig. 1). By contrast, a rather stable
baseline was observed in peripheral tissue oxygen saturation
by pulse oximetry (97-100%) (Fig. 1). ‘

Change of cerebral oxygen saturation in a normotensive
pregnant woman with massive bleeding during a
caesarean section

Figure 2 shows changes of tissue oxygen saturation in the
prefrontal lobes of a pregnant woman with placenta previa
who suffered massive atonic bleeding after closing the uterine
suture. In accordance with the rapid increase in atonic bleed-
ing, cerebral tissue oxygen saturation began to decrease from
67-2% to 54+2% and remained low until the end of the opera-
tion (Fig. 2). Interestingly, the increased bleeding did not
affect peripheral tissue oxygen saturation deterrnined by pulse
oximetry (99-100%) (Fig. 2).

Cerebral oxygen saturation in women with pre-eclampsia
during a caesarean section

Figure 3 shows representative changes of tissue oxygen satura-
tion in the prefrontal lobes of pregnant women with pre-
eclampsia. Average cerebral oxygen saturation before the
73-6 £ 44 (SD)% (n=4), significantly

© 2012 The Authors

anaesthesia was
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higher than in normotensive pregnant women, 67-2 + 4-3%

(n=13, P<0-05). Average cerebral oxygen saturation
decreased slightly from the introduction of anaesthesia,
736+ 44% (=4), to the end of the operation,

72-7 £ 5:1% (n = 4), but not significantly. Transient decreases
were observed in the cerebral tissue oxygen saturation approx-
imately in accordance with the transient decrease in blood
pressure (Fig. 2). By contrast, a rather stable baseline (98—
100%) was observed in peripheral tissue oxygen saturation by
pulse oximetry (Fig. 3).

Correlation between z-scores of cerebral tissue oxygen
saturation and of systolic or diastolic blood pressure in
all the pregnant women enrolled

Z-scores of systolic blood pressure positively correlated with
those of cerebral tissue oxygenation (P<0-05; Fig. 4a). Z-
scores of diastolic blood pressure -positively correlated with
those of cerebral tissue oxygenation (P<0-05; Fig. 4b). There
was no significant correlation between z-scores of systolic or

© 2012 The Authors

diastolic pressure and those of peripheral tissue oxygenation
by pulse oximetry (data not shown).

Discussion

In the present study, we successfully measured tissue oxygen
saturation in the prefrontal lobes of pregnant women using
TRS-20 during the perioperative period of caesarean deliver-
ies. Both acute and chronic changes in maternal circulatory
status . affected cerebral oxygenation. Acute massive bleeding
rapidly decreased cerebral oxygen saturation (Fig. 2) and
chronic pre-eclampsia significantly elevated the baseline of
oxygenation in paralle]l with an increase in blood pressure
(Figs 3 and 4a,b). Cerebral oxygen saturation decreased soon
after the progress of massive bleeding, while it was not asso-
ciated with the changes of fluid loading, administration of
phenylephrine, nor procedures of anaesthesia and operation
(Fig. 2). Nevertheless, these critical changes did not affect
maternal peripheral oxygen saturation measured by pulse
oximetry (Figs 1-3), frequently used by anaesthesiologists to
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obtain information on maternal circulation (Pedersen et dl.,
2009) in addition to the cardiovascular information from
continuous electrocardiography and intermittent/continuous
measurements of blood pressure. Indeed, a systemic review
of the literature shows that pulse oximetry can detect hypox-
aemia and related events but cannot improve the outcome of
patients in surgery (Bardenheuer & Brack, 1996). One reason
for this could be that information on the peripheral oxygena-
tion of maternal haemoglobin dose not always represent the
tissue oxygenation of critical and sensitive organs, such as
the brain and splanchnic organs (Wilson & Shapiro, 2001).
As TRS-20 could detect a rapid decrease in cerebral tissue
oxygenation in response to massive bleeding during a caesar-
ean section even though peripheral oxygenation did not
change, it would provide the timely as well as appropriate
information for the clinical intervention to prevent brain
damage even in cases of unexpected sudden maternal deterio-
ration. A large-scale cohort study is necessary to clarify the
sensitivity and specificity of TRS-20 in response to the
amount of bleeding during caesarean section. It was reported
that TRS-20 could be a promising sensor in the assessment
of vasospasm in subarachnoid haemorrhage (Yokose et dl.,
2010) and the effect of treatment for cerebral arteriovenous
fistula (Hoshino et d., 2010).

114 Evaluation of cerebral oxygen saturation in caesarean deliveries, K. Yamazaki et al.

It is reasonable that the acute decrease in circulating blood
caused by massive blood loss decreased cerebral tissue
oxygenation (Fig. 2); however, it was a paradox that pre-
eclampsia elevated the baseline of cerebral tissue oxygen
saturation (Fig. 3). NIRS revealed that cerebral oxygenation
decreases with brain ischaemia (Pennekamp et al., 2009) but
could increase in syndrome
(Ogasawara et al., 2003; Komoribayashi et al., 2006; Pennek-
amp et al, 2009). Interestingly, increasing evidence has
revealed the possible involvement of cerebral hyperperfusion
in pre-eclampsia/eclampsia, especially when complicated by
posterior reversible encephalopathy syndrome (PRES) (Takeu-
chi et ., 2005; Bartynski, 2008a,b). Recently, it was hypothe-
sized that maternal hypertension leads to failed vascular
autoregulation, and subsequent hyperperfusion, with endothe-
lial injury/vasogenic oedema in PRES (Bartynski, 2008b).
Currently, this hypothesis is more popular than the classical

cerebral  hyperperfusion

one that vasoconstriction and hypoperfusion lead to brain
ischaemia and subsequent vasogenic oedema in PRES (Bartyn-
ski, 2008b). As there were few clinical symptoms of eclamp-
sia or encephalopathy associated with PRES in the present four
cases of pre-eclampsia, we did not carry out brain MRI and so
no information is available regarding the presence or absence
of brain oedema. Nevertheless, the high baseline of cerebral
tissue oxygen saturation suggests that a tendency for cerebral
hyperperfusion might exist in the greater part of pre-eclampsia
even without apparent clinical symptoms of encephalopathy. As
the increase in cerebral tissue oxygen saturation paralleled
the rise in blood pressure (Fig. 4a,b), there might be a dose-
dependent causative association between elevated blood
pressure and possible cerebral hyperperfusion in women. A
larger cohort is necessary to test this speculation.

The present results should be interpreted with caution,
because two fibre optic bundles (optodes) were fixed on the
forehead of pregnant women to evaluate oxygenation satura-
tion in the prefrontal lobes considering that hair could affect
the transit time of each photon and that it would be conve-
nient for routine monitoring in caesarean section. However,
the oedema usually predominates in the parietal and occipital
regions of the brain in PRES (Bartynski, 2008a). Therefore, a
different study design is preferable to clarify further the possi-
ble association between elevated cerebral tissue oxygenation
and PRES or its preceding changes.

In conclusion, we applied TRS-20 to eighteen pregnant
women during caesarean deliveries and successfully measured
oxygenation saturation in the prefrontal lobes of the brain.
Massive bleeding immediately and markedly decreased cere-
bral oxygen saturation, while peripheral oxygen saturation
remained stable, Four cases of pre-eclampsia revealed chronic
changes in the baseline of cerebral oxygen saturation, while
peripheral oxygen saturation was similar to that in normoten-
sive pregnant women. As TRS-20 can detect both acute and
chronic changes of brain oxygen saturation in response to
pregnancy-associated complications, it is a promising new tool
for maternal monitoring in caesarean deliveries.

© 2012 The Authors
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