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Abstract: Aims: As the utero-placental circulation have major impact on the fetus, and the placental function can be criti-

cal for determining fetal conditions, the placental oxygenation status was investigated.  

Methods: Near-infrared spectroscopy (NIRS) is a non-invasive technique used for the evaluation of regional tissue oxy-

genation in a number of organs. The trans-abdominal NIRS was developed as a non-invasive technique for monitoring 

placental oxygenation, which was evaluated by the ratio of oxygenated hemoglobin to total hemoglobin (%) (tissue oxy-

genation index ,TOI) values. The near-infrared light was confirmed to reach the placenta using the NIRS probe with an in-

ter-optode distance of 4.5 cm and the NIRO apparatus (Hamamatsu Photonics, Hamamatsu, Japan). 

Results: Placental TOI values in pregnant women with pregnancy-induced hypertension and intrauterine fetal growth re-

striction were significantly higher than those of pregnant women without complications, although there were no differ-

ences of TOI values between the women with threatened preterm delivery and those without complications. 

Conclusion: Non-invasive monitoring of placental tissue oxygenation assessed by NIRS for the study of utero-placental 

function may have a high potential for clinical application, particularly in prenatal management. 
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INTRODUCTION 

Fetal heart rate (FHR) monitoring is widely applied to 
evaluate the fetal well-being. Long-term follow-up studies 
on intrapartum FHR monitoring have shown little or no 
benefit regarding neonatal outcomes but have demonstrated 
significant improvements in operative deliveries [1,2]. Fur-
thermore, it has been reported that fetal hypoxia cannot be 
detected accurately by FHR monitoring alone. Therefore, 
there is a clear need for the development of techniques be-
yond FHR monitoring for fetal assessment.  

The pulse oxymeter is capable of determining the degree 
of oxygen saturation non-invasively and continuously, by 
measuring pulsating wave absorbance in peripheral tissues, 
such as the fingertips. van Oudgaarden et al. [3] reported that 
oxygen dynamics could be measured over the course of de-
livery using a pulse oximetry probe applied trans-vaginally 
to the fetal head. The method is, however, essentially an in-
vasive procedure, as the probe is inserted into the vagina 
only after the rupture of membrane. Although perinatologists 
have focused their attention on establishing a method for the 
early detection of fetal hypoxia to prevent hypoxic damage, 
no currently established non-invasive methods exist for de-
tecting fetal hypoxia. 
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A successful pregnancy is dependent upon adequate pla-

cental perfusion via the maternal and fetal circulation. Spe-

cifically, if the placenta becomes hypoxic, the fetus is ex-

posed to a hypoxic state that can result in serious complica-

tions, such as cerebral palsy and neurologic sequelae [4,5]. 

Thus, evaluating the oxygenation status of the placenta can 

be critical for determining fetal status. Currently, only ante-

natal methods for evaluating placental function, which in-

volve diagnostic imaging by ultrasound examination, are 

available, whereas no direct methods have been established 

to determine the functional status of the placenta. The ability 

to measure placental oxygenation during the intrapartum 

period would provide valuable information about the oxy-

genation of the fetus. 

Near-infrared spectroscopy (NIRS), which was first de-

scribed by Jobsis in 1977 [6], is a noninvasive and conven-

ient technique for monitoring the regional tissue oxygenation 

of a number of intact organs [7,8]. This technique is reliant 

upon the transparency of biological tissues to illuminate tis-

sue chromophores, such as hemoglobin and cytochrome 

Aa3, in the infrared region of the spectrum. As the absorp-

tion of near-infrared light depends on the oxygenation state, 

a change in chromophore concentration can be quantified 

using the modified Lambert-Beer law. This technique en-

ables the continuous evaluation of tissue oxy-hemoglobin 

(HbO2) and hemoglobin (Hb) concentrations and allows 

trained individuals to perform non-invasive monitoring of 

oxygen dynamics in living bodies.  
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For near-infrared light rays, light-scattering events in tis-
sues are approximately two orders of magnitude greater than 
those related to absorption. This allows near-infrared light to 
penetrate several centimeters into a tissue before being ab-
sorbed or emitted though the boundaries of the tissue and 
enables the sampling of large tissue volumes. Furthermore, 
the emitted photons undergo random-walk patterns as they 
propagate through the tissue, and the resulting photon distri-
bution patterns exhibit a variety of paths in the underlying 
tissue volume between the near-infrared light source and the 
detector. Maximal photon distribution occurs at a depth that 
is approximately one-half of the distance between the source 
and detector.  

The distance between the abdominal surface and the pla-
centa is approximately 2 to 3 cm. Therefore, near-infrared 
light can penetrate through the placenta if the placenta is 
located at the anterior wall of the uterus. It was speculated 
that if we could measure the oxygen concentration of the 
placenta, we could provide a new method for intrapartum 
monitoring. In 2005, we reported the application of trans-
abdominal NIRS to the human placenta and successfully 
evaluated concentrations of HbO2 and Hb non-invasively 
[9]. Subsequently, we proposed the placental tissue oxygen 
index (TOI) as an index for the assessment of placental oxy-
genation [10-12]. 

In the current study, we demonstrated this evaluation of 
placental function by NIRS, including the application of 
NIRS for the non-invasive estimation of placental tissue 
oxygenation and utero-placental function and the assessment 
of placental oxygenation by TOI. The potential clinical ap-
plications of near-infrared spectroscopic quantitative meas-
urements of placental tissue oxygenation for the non-
invasive estimation of utero-placental function are also dis-
cussed. 

METHODS 

Measurement of Placental Oxygenation Using Near-

Infrared Spectroscopy 

A method was developed for the trans-abdominal meas-
urement of placental oxygenation using NIRS at the Ha-
mamatsu University School of Medicine Hospital.  

As near-infrared lights are highly permeable through liv-
ing tissue, trans-abdominal NIRS was conducted with NIRO 
instruments, such as the NIRO-300 and NIRO-100 models 
(Hamamatsu Photonics; Hamamatsu, Japan), which were 
more recent generations of near-infrared spectrometers, and 
permitted additional measurements of the quantitative tissue 
oxygenation index (TOI), representing the ratio of HbO2 to 
total hemoglobin (HbO2/(HbO2 + Hb)  100). In contrast to 
the modified Lambert-Beer law, the underlying technical 
principal of the TOI measurement, spatially resolved spec-
troscopy (SRS), permits oxygenation measurements in ho-
mogenous tissue even when the tissue path length factor is 
unknown [13, 14].  

A NIRS probe (Hamamatsu Photonics; Hamamatsu, Ja-
pan) consists of a near-infrared light emitter optode and a 
receiver optode. The NIRS probe was linked to a pre-
calibrated measuring unit, which was connected to the NIRO 
measurement display unit (Hamamatsu Photonics). Using the 

NIRO measurement, the sample is irradiated with four light 
beams of different wavelengths (775, 810, 847 and 919 nm) 
via fiber optics, and the transmitted light is detected using a 
photomultiplier tube. The detected light is analyzed for the 
absorption spectrum, and the changes in Hb and HbO2 con-
centrations. This setup enables the calculation of an absolute 
value for the TOI. The safety of the NIRO measurement ap-
paratus has been well established; the optical density on the 
skin is approximately 25 mW/cm2, which is well below the 
allowed value of 200 mW/cm2. NIRO measurements have 
been approved for this use by the Japanese government. 

Determination of Appropriate Inter-Optode Distance in 
the NIRS Probe 

The distance between the emitter optode and the detector 
optode is important. If the distance is too short, the light will 
propagate through the superficial maternal abdomen. Prior to 
determining an appropriate inter-optode distance, ultrasound 
examinations were performed on 31 pregnant women to de-
termine the average distance between the abdominal surface 
and the internal uterine wall. The mean distance between the 
skin surface and the internal uterine wall in these pregnant 
women was 1.9  0.3 cm (SD).  

Computer simulations performed prior to the present 
study showed that near-infrared light would penetrate a dis-
tance equivalent to the distance from the base to the apex of 
an equilateral triangle if the source-detector separation was 
equal to the length of the base of the triangle [15]. We de-
veloped three probes for which the distance between the 
near-infrared light source and the detector was 2.5 cm, 4.5 
cm and 7.0 cm (Fig. 1). Using these probes, trans-abdominal 
NIR measurements were performed on pregnant women 
whose placentas adhered to the anterior wall of the uterus to 
identify a sufficient distance for the detection of near-
infrared light propagated to the placenta. These probes were 
attached to the maternal skin surface of each participant at a 
position just above the placenta. 

For each of participants, it was possible to determine 
concentrations of HbO2 and Hb with the probe of which 
inter-optode distance was set at 4.5 cm. Although fetal 
movements were observed by ultrasound during the period 
of measurement, the concentrations of HbO2 and Hb were 
stable at fetal movements. It was, however, impossible to 
determine concentrations of HbO2 and Hb when the inter-

 

Fig. (1). Three NIRS probes were developed, for which the distance 

between the near-infrared light source and the detector was 2.0 cm, 

4.5 cm and 7.0 cm. 
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optode distance of NIRS probe was set at 2.0 or 7.0 cm. 
Therefore, the distance between emitter and detector optodes 
was fixed at 4.5 cm in the NIRS probe holder in the present 
study. 

Confirmation of the Distance Reached by Near-Infrared 
Light 

Four experiments were performed to confirm the ability 
of near-infrared light to reach the placenta [9,10]. Each ex-
periment was performed after the informed consent of par-
ticipants.  

The NIRS probe was attached to the maternal skin sur-
face just at the placental position identified by ultrasound 
image, and a total of 45 trans-abdominal measurements were 
performed by NIRS in 11 pregnant women. In five of the 11 
participants, the NIRS measurements were repeated after 
delivery at the same position that was used for the antenatal 
measurement. The mean HbO2 / Hb ratio ± SD was 2.49 ± 
0.61 in women during pregnancy and was 4.83 ± 1.25 after 
delivery [9].  

HbO2 and Hb levels were measured in the myometrium 
by NIRS during cesarean section in two cases. The probe 
was attached to the maternal skin surface and measured the 
tissue oxygenation levels immediately prior to closing the 
incision with and without placing a spatula between the 

uterus and abdominal wall (Fig. 2). The spatula was made of 
metal and did not allow the penetration of near-infrared light. 
As HbO2 and Hb levels decreased when the spatula was 
placed on the uterus, the NIRS method was able to detect 
and quantify the near-infrared light that had reached the 
uterus [10]. 

The influence of tissue specificity on the NIRS meas-
urements was studied, as there are the placenta, fetus and 
amniotic fluid in the pregnant uterus and the trans-abdominal 
NIRS measurements may alter according to the subject. Ac-
tually, the mean TOI SD values were significantly changed 
among the subjects, and they were 70 ± 3.9 % , 80 ± 2.4 % 
and 54 ± 3.9 % in the placenta, fetus and amniotic fluid, re-
spectively [10]. Therefore, the subject was studied with ul-
trasound imaging in the trans-abdominal NIRS to confirm 
whether placental oxygenation was measured. 

The TOI values of the placenta were measured after de-
livery to determine whether the TOI value reflects the oxy-
genation in the antenatal placenta. The NIRS probe was at-
tached to the maternal side of placenta immediately after the 
placenta was expelled, then repeatedly measured the TOI 
values. It was approximately 70 % immediately after the 
birth, which was similar to those measured during preg-
nancy, decreased steadily and reduced to 40 % 5 minutes 
after the delivery [10]. 

RESULTS 

Clinical Evaluation of Placental Oxygenation by Trans-

Abdominal NIRS 

After NIRS method was introduced for the trans-
abdominal measurement of placental oxygenation, its clini-
cal utility was evaluated for the non-invasive estimation of 
utero-placental function during antepartum period [10-12].  

Each utility was evaluated in pregnant women who were 
managed at the Hamamatsu University School of Medicine 
Hospital. All pregnant women who were eligible for the 
evaluation underwent an ultrasound examination prior to the 
NIRS studies to identify the placental location. Women who 
had posteriorly located placentas were excluded because 
scattering and absorption could have affected the detection 
of changes in the near-infrared light signals. Women with 
multiple pregnancies were also excluded. Each evaluation 
was performed after informed consent was obtained from the 
women.  

The NIRS probe with an inter-optode distance of 4.5 cm 
(Hamamatsu Photonics;Hamamatsu, Japan) was attached to 
the maternal skin surface of each participant at the position 
just above the placenta, and TOI values were recorded by 
trans-abdominal NIRS. Interference from external light was 
prevented by shielding, and the TOI values were continu-
ously measured and recorded. The results were recorded and 
stored as numerical values in a personal computer. The TOI 
was calculated as the median value, and the sampling time 
was set at 10 minutes. 

TOI Values in Pregnant women Without Complications 

A total of 79 measurements of trans-abdominal NIRS 
were performed at 25 to 40 weeks of gestation on 15 preg-
nant women without complications, and the mean TOI  SD 

 

Fig. (2). The reach of near-infrared light to the placenta was con-

firmed by the HbO2 and Hb levels of myometrium during elective 

cesarean section. (a) The probe was attached the maternal surface 

and the oxygenation level was measured after placing a spatula on 

the uterine surface. (b) Myometrial tissue oxygenation level was 

measured without the spatula. 
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value was 72.3 ± 5.3 %. There were no differences in TOI 
values related to the gestational age at the measurement [11, 
12]. 

TOI Values in Pregnant Women with Complications 

TOI values of pregnant women without complications 
were compared with those in women with pregnancy-
induced hypertension (PIH) [11], threatened preterm delivery 
(TPD) [12] and intrauterine fetal growth restriction (FGR) 
[10]. 

The placental function was assessed by trans-abdominal 
NIRS during pregnancy in 6 women with PIH and 15 preg-
nant women without complications. The mean TOI ± SD 
value was significantly higher in women with PIH than in 
pregnant women without complications (80.2 ± 2.7 % vs. 
72.3 ± 5.3 %). There was no difference in the mean TOI ± 
SD values between the women with mild and severe PIH 
(80.1 ± 3.4 % vs. 80.5 ± 2.8 % ) [11]. TOI values in 15 preg-
nant women with FGR (78.6 ± 1.6 % ) were significantly 
higher than those of 15 pregnant women without complica-
tions (70.2 ± 0.4 % ) by using trans-abdominal NIRS [10].  

TOI values in 6 women with TPD, who had been admit-
ted with intact membranes, were compared to those of 15 
pregnant women without complications. There was no dif-
ferences in the mean TOI ± SD values between women with 
TPD and those without complications (72.9 ± 5.1% vs. 72.3 
± 5.3 % ) using trans-abdominal NIRS. The TOI value at the 
admission was compared to that after effective tocolysis with 
beta-agonist infusion began at the admission and lasted for 
11.8 ± 3.9 days. There was no difference in the TOI values 
before and after the tocolytic treatment [12]. 

DISCUSSION 

For women with utero-placental dysfunction, placental 
oxygenation should be evaluated and an intervention to pro-
mote placental blood flow and oxygen delivery should be 
prioritized. The currently available approaches for evaluating 
placental function rely on diagnostic imaging such as ultra-
sound examination and/or the fetal or umbilical cord blood 
flow velocity studied by pulsed Doppler. It is important to 
perform physiological assessments of the oxygen dynamics 
in the placenta. No methods, however, currently exist for 
determining the oxygenation status of the placenta during 
pregnancy. Thus, a method to monitor placental tissue oxy-
genation was developed in this study by trans-abdominal 
NIRS and evaluated the feasibility of TOI values measured 
using NIRS.As described herein, we successfully measured 
TOI values in pregnant women and found that the values 
were greater in pregnant women with PIH and FGR than in 
pregnant women without complications. As placental hy-
poxia is reflective of the fetus oxygen status, this new 
method is expected to contribute to improvements in perina-
tal management. 

The inter-optode distance was set to 4.5 cm to monitor 
placental tissue oxygenation in the probe of trans-abdominal 
NIRS. Ramanujam et al. [16] reported that for the trans-
abdominal NIRS measurements of fetal cerebral blood oxy-
genation, near-infrared light was expected to migrate through 
both the underlying maternal and the fetal tissue before its 
detection at abdominal surface when a probe of which sepa-

ration distance was 10.0 cm between the source and the de-
tector [13]. We confirmed that near-infrared light reached the 
placenta through four experiments, i.e. firstly the difference 
in the mean HbO2 to Hb ratio during pregnancy and after 
delivery [9] suggested that the data measured after delivery 
indicated the oxygenation status of the maternal abdomen 
alone whereas those data measured during pregnancy indi-
cated the status of both the maternal abdomen and placenta. 
Secondly, the near-infrared light values changed when a 
metal spatula was placed between the uterus and abdominal 
wall, which suggested that near-infrared light did not reach 
the uterus when it was blocked by the spatula [10]. The re-
sult will indicate that this method is capable to detect the 
near-infrared light that reached the uterus.  

Thirdly, remarkable changes were detected in the TOI 
values when different subjects were measured, such as the 
placenta, fetus and amniotic fluid, which suggested that the 
near-infrared light reached inside of the uterus and distin-
guished tissue differences [10]. Forth, we observed decreas-
ing TOI values in the expelled placenta immediately after 
delivery [10], i.e. TOI values obtained by NIRS will be an 
appropriate indicator of placental oxygenation. Thus, pene-
tration depth of the near-infrared light would be sufficient to 
propagate light through the placental tissue. 

Although it is uneasy to measure fetal oxygen dynamics 
noninvasively due to fetal movement, the placenta dose not 
move and enables the measurement of stable placental TOI 
values. 

Considering the experimental results, TOI values was 
evaluated in the placenta by trans-abdominal NIRS in the 
antepartum period. The TOI values were calculated from the 
detection of oxyhemoglobin and deoxyhemoglobin by the 
exposure to near-infrared light. The maternal blood in the 
intervillous spaces and the fetal blood in the chorionic vil-
lous vasculature circulate separately but they spread in the 
placental tissue. Since the intervillous spaces are wider than 
those of villus capillaries in placental histology, it is strongly 
suggested that oxyhemoglobin and deoxyhemoglobin 
amounts in the intervillous spaces are much greater than 
those in the villous capillaries, as assessed by NIRS. There-
fore, it is plausible that the TOI value mainly reflects the 
oxygenation of the intervillous blood.  

In our study, TOI values measured by the NIRS in non-
complicated pregnant women did not differ in regard to ges-
tational age and indicated the effective transport of oxygen 
from the maternal blood to the fetus in the placenta [11]. It 
was also demonstrated that the mean TOI values in women 
with PIH and those with FGR were significantly higher than 
the values in non-complicated pregnant women [10,11]. 
Kaufmann et al. [17] suggested that preeclampsia is associ-
ated with the generalized impairment of trophoblast inva-
sion. Prefumo et al. [18] also suggested that the poor devel-
opment of the placenta in early pregnancy may cause pre-
eclampsia. Although the etiology of FGR is controversial, 
reduced fetal growth can be ascribed to placental insuffi-
ciency. Xiong et al. [19] noted that neonates with placental 
dysfunction often exhibit asymmetric body proportions and 
reduced overall growth. Placental oxygenation could be af-
fected in cases of FGR and may lead to decreased perfusion, 
which could further affect the vessel stream of the chorionic 
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plate [20]. The larger TOI values obtained in our study sug-
gest that PIH and FGR may be caused by problems related to 
utero-placental dysfunction. It is speculated that oxygen 
transfer from maternal to fetal blood may be impaired due to 
dysfunctional villi, and as a result, there would be an in-
creased oxygen concentration in the intervillous spaces that 
would yield greater TOI values. As measured by NIRS, TOI 
values may be an indicator of villous or placental function.  

Ogino and Redline [21] postulated that the pathogenesis 

of chorangiosis and hypercapillarization was related to an 

increased intramural pressure, which may be related to ve-

nous obstruction at the umbilical cord or the fetal cardiac 

level. Suzuki et al. [22] reported that placental TOI values 

were significantly elevated in cases of chorangiosis, and 

these authors suggested that greater TOI values in the in-

tervillous spaces may precede low-efficiency gas exchange 

in the villous membranes in cases of placentas with choran-

giosis. Although no decreased TOI values were observed in 

our studies, Hasegawa et al. [23] reported that TOI values 

from cases with small for gestational age (SGA) with severe 

pre-eclampsia and placental abnormality were significantly 

higher than in appropriate for gestational age (AGA), while 

TOI values in the SGA with umbilical cord abnormalities 

were lower than in AGA. The umbilical cord abnormalities 

may promote the oxygen perfusion into terminal villi from 

the intervillous space supposedly due to villous complica-

tions, then lower the oxygen and oxygenated hemoglobin in 

the intervillous space. 

Unlike conventional methods, this NIRS system invented 

for the trans-abdominal measurement of placental dynamic 

oxygenation during the antepartum period is a non-invasive 

and simple technique. However, the main complications with 

this system were the inability to compare the TOI value to a 

placental blood sample and the restriction of the measure-

ment site to a small portion of the placenta. Furthermore, 

posteriorly located placentas were not evaluated because 

scattering and absorption would have affected the detection 

of the change of near-infrared light signals. 

Further clinical investigations are required to evaluate the 

clinical efficacy of this method for the assessment of placen-

tal function. Many factors can affect placental oxygenation, 

and only four types of cases were investigated in this study: 

pregnancies without complications, those with PIH, FGR 

and TPD. Further clinical investigations are required to re-

duce the risk of bias and to evaluate the potential value of 

this technique in clinical practice.  

Despite the limitations of TOI values measured using 

NIRS, the potential to provide a non-invasive monitoring 

technique for placental oxygenation is a valuable concept. 

Furthermore, the evaluation of TOI values has the potential 

to identify placental dysfunction earlier during pregnancy. 

As placental dysfunction can result in intrapartum fetal hy-

poxia as well as neonatal complications, we propose that 

transabdominal NIRS should be considered as a candidate of 

non-invasive monitoring technique for measuring placental 

oxygenation on a real-time basis during the antepartum pe-

riod. 

CONCLUSIONS 

The development of a novel, non-invasive monitoring 
technique was developed for measuring placental oxygena-
tion by trans-abdominal NIRS and TOI values were evalu-
ated using this system in the present study. This novel moni-
toring technique has a large potential to be used as a non-
invasive measurement that is both safe and simple to apply, 
particularly in prenatal management. 
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