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Key points

� Cerebral haemodynamic response to neural stimulation has been extensively investigated in
animal and clinical studies, in both adult and paediatric populations, but little is known about
cerebral haemodynamic functional response in the fetal brain.

� The present study describes the cerebral haemodynamic response measured by near-infrared
spectroscopy to somatosensory stimulation in fetal sheep.

� The cerebral haemodynamic response in the fetal sheep brain changes from a positive (increase
in oxyhaemoglobin (oxyHb)) response pattern to a negative or biphasic response pattern
when the duration of somatosensory stimulation is increased, probably due to cerebral vaso-
constriction with prolonged stimulations.

� In contrast to adult studies, we have found that changes in fetal cerebral blood flow and oxyHb
are positively increased in response to somatosensory stimulation during hypercapnia. We
propose this is related to reduced vascular resistance and recruitment of cerebral vasculature
in the fetal brain during hypercapnia.

Abstract Functional hyperaemia induced by a localised increase in neuronal activity has been
suggested to occur in the fetal brain owing to a positive blood oxygen level-dependent (BOLD)
signal recorded by functional magnetic resonance imaging following acoustic stimulation. To
study the effect of somatosensory input on local cerebral perfusion we used near-infrared
spectroscopy (NIRS) in anaesthetised, partially exteriorised fetal sheep where the median nerve
was stimulated with trains of pulses (2 ms, 3.3 Hz) for durations of 1.8, 4.8 and 7.8 s. Signal
averaging of cerebral NIRS responses to 20 stimulus trains repeated every 60 s revealed that a short
duration of stimulation (1.8 s) increased oxyhaemoglobin in the contralateral cortex consistent
with a positive functional response, whereas longer durations of stimulation (4.8, 7.8 s) produced
more variable oxyhaemoglobin responses including positive, negative and biphasic patterns of
change. Mean arterial blood pressure and cerebral perfusion as monitored by laser Doppler
flowmetry always showed small, but coincident increases following median nerve stimulation
regardless of the type of response detected by the NIRS in the contralateral cortex. Hypercapnia
significantly increased the baseline total haemoglobin and deoxyhaemoglobin, and in 7 of 8 fetal
sheep positively increased the changes in contralateral total haemoglobin and oxyhaemoglobin
in response to the 7.8 s stimulus train, compared to the response recorded during normocapnia.
These results show that activity-driven changes in cerebral perfusion and oxygen delivery are
present in the fetal brain, and persist even during periods of hypercapnia-induced cerebral
vasodilatation.
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electroencephalography; Hb, haemoglobin; HC, hypercapnia; LDF, laser Doppler flowmetry; MABP, mean arterial
blood pressure; MRI, magnetic resonance imaging; NIRS, near infrared spectroscopy; oxyHb, oxyhaemoglobin; PaCO2 ,
arterial tension of carbon dioxide; REM, rapid eye movement; SEP, somatosensory evoked potential.

Introduction

Neurovascular coupling is the mechanism by which
neuronal activity produces an increase in local blood
flow, termed functional hyperaemia. The localised neural
response to somatosensory stimulation in the adult brain
consists of an increase in oxygen consumption and an
even greater proportional increase in local cerebral blood
flow (CBF) (Fox and Raichle, 1986), with the result that
localised oxygen supply exceeds the metabolic demand for
oxygen. The increase in blood volume and oxygen content
is detected as an increase in oxyhaemoglobin (oxyHb)
and a decrease in deoxyhaemoglobin (deoxyHb) by
near-infrared spectroscopy (NIRS), or as a positive blood
oxygen level-dependent (BOLD) signal by functional
magnetic resonance imaging (fMRI). This ‘positive’
functional response has been used as a marker of neuronal
metabolic activity in many studies of adult and paediatric
brain function (Roche-Labarbe et al. 2014).

Despite the neurovascular coupling response being
relatively well defined for the adult brain, its development
is not fully understood. Evidence of neurovascular
coupling has been obtained in the unanaesthetised
near-term fetal sheep, in which CBF and oxidative
metabolism both increase in the low-voltage/rapid
eye movement (REM)-like state compared to the
high-voltage/non-REM-like state (Richardson et al. 1985;
Czikk et al. 2003; Morrison et al. 2005; Lee et al.
2009), indicating that changes in neuronal activity have
a strong effect on CBF, presumably because of the
increased oxygen consumption. Studies in the human fetus
have reported positive BOLD signals during auditory or
acoustic stimulation of the fetus delivered from outside
the mother’s abdomen (Hykin et al. 1999; Fulford et al.
2004), whereas studies in preterm infants using auditory
(Zimmermann et al. 2012), visual (Kusaka et al. 2004),
olfactory (Bartocci et al. 2001), or somatosensory (Hintz
et al. 2001) stimuli have reported that CBF may not always
be coupled to cerebral oxygen consumption, resulting
in a ‘negative’ functional response with reduced oxyHb
and increased deoxyHb on NIRS (Bartocci et al. 2001;
Hintz et al. 2001; Kusaka et al. 2004; Zimmermann et al.
2012), or a negative BOLD signal on fMRI (Erberich
et al. 2006; Heep et al. 2009). From such data it
has been suggested that there is a phase during early
development when cerebral oxygen extraction exceeds
the brain activity-related increase in CBF, with the result
that local tissue hypoxia may develop (Wong et al. 2009).
Animal studies in neonatal rodents demonstrated that CBF

can even decrease with prolonged neuronal stimulation
(Kozberg et al. 2013; Zehendner et al. 2013). These
clinical and basic research data indicate that neurovascular
coupling undergoes significant changes during early life.

The cerebral haemodynamic response can be affected
by various physiological factors, including the arterial
tension of carbon dioxide (PaCO2 ). Hypercapnia limits
the functional response of CBF to neuronal activation, as
shown by studies in the adult rat (Jones et al. 2005; Sicard
and Duong, 2005) and human (Maggio et al. 2014). In
the normocapnic non-human primate, visual stimulation
results in a positive BOLD signal on fMRI, but in contrast,
a negative BOLD signal occurs during hypercapnia (Zappe
et al. 2008a).

Developmental changes in neurovascular coupling have
been investigated in rodents as young as 7–13 days of post-
natal age, using somatosensory stimulation (Colonnese
et al. 2008; Kozberg et al. 2013; Zehendner et al. 2013).
However, to our knowledge, no animal studies have
explored the cerebral haemodynamic response in the fetal
brain using somatosensory stimulation. Using NIRS, we
aimed to investigate the cerebral haemodynamic response
to somatosensory stimulation induced by electrical
stimulation of the forelimb median nerve in fetal sheep.
Furthermore, we examined the effect of hypercapnia on
the fetal cerebral haemodynamic response. Sheep have
long been used to study the fetal and postnatal cerebral
circulation (Raju, 1992; Gleason et al. 2002). In fetal
sheep, carbon dioxide-induced cerebrovasodilatation is a
robust response, present from at least 0.65 of full term
gestation (Harris et al. 2008). In contrast to rodents,
the ovine brain has a ratio of white to grey matter,
axonal development and myelination more similar to the
human, which are characteristics important for studies
of the cerebral haemodynamic response to neuronal
stimulation.

Methods

Ethics

Time-bred pregnant ewes (Merino–Border Leicester
cross) supplied from the flock managed by the Monash
Animal Research Platform were used in this study. The use
of these animals and all procedures were in accordance
with the guidelines of the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes
established by the National Health and Medical Research
Council of Australia and was approved by the Monash
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University–Monash Medical Centre Committee on Ethics
in Animal Experimentation.

Animal preparation

Twelve pregnant Merino–Border Leicester cross ewes at
127–132 days of gestational age were used. The ewes
were fasted for 16 h prior to surgery, with free access
to water. General anaesthesia was induced by intra-
venous injection of sodium thiopentone (20 mg kg−1;
Pentothal) into the jugular vein, and after intubation,
anaesthesia was maintained by inhalation of 1–1.5%
isoflurane with mechanical ventilation. A non-occlusive
intravenous catheter (Intracath 16 GA; Becton Dickinson,
Sandy, UT, USA) was inserted into the jugular vein of the
ewe for administration of 5% glucose in 0.9% saline for
fluid maintenance.

Surgery was performed under clean but not aseptic
conditions. The fetus was partially exteriorised via a mid-
line abdominal incision and uterotomy, with only the
head and shoulders delivered, and the umbilical–placental
circulation left undisturbed. A non-occlusive catheter
(Insyte-N 22–24 G; Becton Dickinson) was inserted
into the fetal right brachial artery at the cubital fossa
and used for recording mean arterial blood pressure
(MABP) and heart rate (HR) throughout the experiment
and for obtaining samples (0.3 ml) at least hourly to
monitor blood pH, oxygen saturation, partial pressures
of oxygen and carbon dioxide and acid–base balance
(ABL5000, Radiometer, Denmark). The ewe’s end-tidal
carbon dioxide level was continuously monitored, and
oxygen saturation (SpO2 ) probes (Radical 4; Masimo,
Frenchs Forest, NSW, Australia) were placed on the ear
of the ewe and on the shaved right forelimb of the fetus.
Ventilatory settings and fractional inspired oxygen were
adjusted to maintain normoxia (SpO2 at 95–100%) and
normocapnia (end-tidal carbon dioxide, 35–45 mmHg)
of the ewe. The exposed neck and shoulders of the fetus
were covered in dry towels, and if required, a light heater
was also used to prevent surface cooling. The fetal core
temperature was also monitored with a temperature probe
inserted into the upper oesophagus through the mouth,
and temperatures of > 38°C were recorded throughout
the experiment.

Electroencephalography

The fetal scalp was shaved and silver cup electrodes
were placed on the scalp to record the somatosensory
evoked potential (SEP; see below) in the bilateral
somatosensory cortices (C3–5 and C4–6), according to
published coordinates for key landmarks (Cook et al.
1987). Two-channel electroencephalography (EEG; Grass
Instrument Model 79D, Quincy, MA, USA) was also
recorded from these electrodes using differential AC

amplifiers with the band-pass filters set at 1–35 Hz (Grass
Instrument). The EEG was recorded using Chart software
(Powerlab, ADInstruments, Bella Vista, New South Wales,
Australia), at a sampling rate of 1000 Hz. The fetal EEG
was also used to monitor the depth of anaesthesia, and to
avoid the burst-suppression EEG pattern which indicates
deep anaesthesia.

Near-infrared spectroscopy

The light emitters and detectors (optodes) of a
two-channel tissue oxygenation monitor (NIRO-200,
Hamamatsu Photonics, Japan) were positioned
symmetrically on either side of the fetus’s head
immediately adjacent to the EEG electrodes, i.e. over
the somatosensory cortex. For each channel, the emitter
and detector were placed 4 cm apart from each other.
The head was covered in a light-proof cloth to avoid
ambient light interference with NIRS recording. The
changes (μM cm) in total haemoglobin (�total Hb),
oxyhaemoglobin (�oxyHb) and deoxyhaemoglobin
(�deoxyHb) in both hemispheres were continuously
measured (Wong et al. 2010). The basic principles of this
technique (Jobsis, 1977), its use in functional studies, and
its reliability in studying cerebral cortical responses in
newborn infants have been described in detail elsewhere
(Wolf and Greisen, 2009).

Laser doppler flowmetry

In six fetal sheep, a small cranial window of 1 cm diameter
was created over the right parietal region (i.e. contra-
lateral to the stimulated median nerve), just rostral to
a line joining the anterior border of the ears and the
bregma. The dural surface was exposed onto which the
laser doppler flowmetry (LDF) probe (OxyFloTM2000,
Oxford-Optronix, Abingdon, UK) was placed to measure
superficial local cortical blood flow (blood perfusion units;
BPU), with a penetration depth of about 1 mm.

Somatosensory evoked potentials

The left median nerve was exposed at the cubital fossa
of the forelimb. A small silicon cuff mounted with
two multi-stranded wire electrodes 1 cm apart was
placed around the median nerve. The electrodes were
connected to an isolated constant-current electrical pulse
generator (ISOLATOR-11 stimulus isolation unit, Axon
Instruments, Foster City, CA, USA) that was triggered by a
software package (LabChart 7, ADInstruments) providing
pre-programmed trains of pulses to the median nerve. The
response evoked in the somatosensory cortex by median
nerve stimulation – the somatosensory evoked potential
(SEP) – was recorded from the EEG electrodes placed
over the contralateral hemisphere. Electrical pulses (2 ms

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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duration) were delivered to the median nerve at 1 Hz for
durations of 80–100 s, and the SEP was determined by
averaging the EEG signal in a 250 ms window following
each pulse, preceded by a 50 ms period of pre-stimulus
recording as baseline; an example is shown in Fig. 1A.
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Figure 1. Example of the somatosensory evoked potentials
(SEPs) in a fetal sheep recorded from the contralateral cortex,
in response to median nerve stimulation at 1 Hz for 80–100 s
(A), and during a 3.3 Hz stimulus train of 1.8, 4.8 or 7.8 s (B)
Shaded area in each graph shows the period of stimulation.

For every experiment, the amplitude of the stimulus was
set to the minimum just necessary (usually 2–5 mA) to
evoke a visible twitch of the left forelimb, and to produce
a first negative or positive response component on the
contralateral SEP (N/P1) at approximately 50 ms after
the stimulation (Nicol et al. 1998; Abdel-Rahman et al.
2000). In these experiments the mean (SEM) latency of the
(N/P1) was 51.1 (3.9) ms, with a mean (SEM) amplitude
of 1.1 (0.3) μV.

Experimental protocol and data recording

Physiological signals were recorded digitally using a data
acquisition system at sampling rate of 1000 Hz (Powerlab,
ADInstruments). To elicit and record the cerebral
haemodynamic responses in each animal, we stimulated
the median nerve with a train of electrical pulses (2 ms,
3.3 Hz) for durations of 1.8, 4.8, or 7.8 s. The durations
of the stimulus train were chosen to induce cerebral
haemodynamic response of different magnitudes, based
on previous studies using somatosensory stimulation
to investigate neurovascular coupling in the adult and
neonatal rodent (Franceschini et al. 2010; Kozberg et al.
2013).

The beginning of each stimulus train triggered the
recording of all physiological signals (EEG, arterial
pressure, heart rate, NIRS) over a 60 s window, preceded by
a 6 s period of pre-stimulus recording as baseline, so that
stimulus trains were repeated at intervals of 66 s. Twenty
repeats of each stimulus train were delivered to produce
a signal-averaged output of the NIRS, EEG and cardio-
vascular data, using Scope software (ADInstruments). The
duration of the stimulus trains (1.8, 4.8 and 7.8 s) was
varied in random order.

Hypercapnia was induced by reducing the ventilator
rate and tidal volume of the ewe, with target end-tidal CO2

of 60–70 mmHg, while maintaining SpO2 of 95–100% by
adjusting the fractional inspired oxygen. The 7.8 s stimulus
train was repeated in the fetus during hypercapnia with
recording of all physiological signals.

It was not always possible to perform all three
stimulation durations (1.8, 4.8 and 7.8 s) in all fetal sheep,
mainly because the experimental set-up and surgical pre-
paration took longer at the start-up stage of the project.
In order to limit time of anaesthesia and total study
time, those animals did not receive all three stimulation
durations. Of the 12 fetal sheep, five had all three
stimulation durations (1.8, 4.8 and 7.8 s) performed in
random order, four were subjected to two stimulation
durations (two had 4.8 s and 7.8 s, one had 1.8 s and
4.8 s, and one had 1.8 s and 7.8 s), and three were sub-
jected to just the one stimulation duration (one had 1.8 s,
two had 7.8 s). Eight fetuses were subjected to an episode of
hypercapnia, with the 7.8 s stimulation performed before
and during hypercapnia.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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Table 1. Fetal arterial blood gases, mean arterial blood pressure
(MABP) and heart rate (HR) at the beginning and end of the
experiment

Parameter
Beginning of
experiment

End of
experiment

pH 7.31 ± 0.01 7.32 ± 0.01
PaCO2 (mmHg) 53.3 ± 1.4 53.2 ± 2.1
PaO2 (mmHg) 24.5 ± 1.2 22.0 ± 1.0
HCO3

− (mmol l–1) 25.4 ± 0.5 26.4 ± 0.7
Base excess (mmol l–1) –1.2 ± 0.5 0.1 ± 0.6
Glucose (mmol l–1) 2.4 ± 0.3 1.9 ± 0.3
Lactate (mmol l–1) 3.5 ± 0.3 3.8 ± 0.3
MABP (mmHg) 50.8 ± 2.2 51.0 ± 2.1
HR (beats min–1) 162.4 ± 8.9 171.3 ± 9.2

Values are mean ± SEM.

At the end of the experiment, the ewe and fetus were
killed by an overdose of intravenous pentobarbital (pento-
barbitone sodium 325 mg ml−1, Virbac, Milperra, New
South Wales, Australia) at 100 mg kg−1, delivered via the
maternal jugular vein.

Data analyses

The MABP, LDF and NIRS data obtained during the
60 s post-stimulus window of recording was averaged as
consecutive 1 s duration bins, and expressed as changes
from the pre-stimulus baseline. A cerebral haemodynamic
response was confirmed when there was a change in
the NIRS signal from the contralateral and/or ipsilateral
cortices. Analysis and classification of the NIRS response
patterns was based on changes in �oxyHb signal in
the contralateral cortex, which presented a more robust
signal-to-noise ratio than �deoxyHb (Bortfeld et al. 2007;
Minagawa-Kawai et al. 2007). The ‘positive’ response
pattern was defined as increase in �oxyHb in the contra-
lateral cortex after the stimulation; the ‘negative’ response
was defined as decrease in contralateral �oxyHb, while
the ‘biphasic response’ was identified when an initial
reduction was followed by a rise in contralateral �oxyHb.
The magnitude of the change in contralateral �oxyHb was
required to be more than 2 standard deviations of its base-
line data (6 s of pre-stimulus recording) for the response
to be defined as ‘positive’ or ‘negative’.

Statistical analyses were performed with GraphPad
Prism 5J (GraphPad Software, La Jolla, CA, USA).
Student’s paired t test was used to compare the blood gases,
pH and physiological parameters at the start and end of the
experiment (Table 1), and before and during hypercapnia
(Table 4). The effect of the three durations of stimulation
on MABP and NIRS parameters was compared using
one-way ANOVA, using data from the dominant pattern
in each of the conditions, with Tukey’s post hoc analysis

to identify specific sources of differences. Non-parametric
repeated measures ANOVA on ranks was used to compare
the contralateral�Hb data in response to the 7.8 s stimulus
train before and during hypercapnia. P values of less than
0.05 were considered significant. All results are expressed
as means ± SEM.

Results

Fetal characteristics

The mean (SEM) weight of the fetal sheep was 3.6 (0.2) kg.
In general, the duration of the entire experiment under
anaesthesia and mechanical ventilation was 4–5 h. Arterial
blood gases, MABP, and HR obtained at the start and
end of the experiment are not different from each other
(Table 1), and these are within the normal range for
fetuses at this gestational age and under these experimental
conditions.

Patterns of cerebral haemodynamic response
to somatosensory stimulation

Examples of the SEP recorded during stimulus trains of
1.8, 4.8 and 7.8 s are shown in Fig. 1B. Using a stimulus
train of 1.8 s, all fetuses showed a change in the NIRS
signals that consisted of a rise in the contralateral �oxyHb
and slight decrease in�deoxyHb, with similar changes also
occurring in the ipsilateral cortex. The individual changes
for all the fetuses are shown in Fig. 2A. Mean arterial blood
pressure increased immediately after the 1.8 s stimulus
train, but the peak of the blood pressure change preceded
that of the �oxyHb in all cases where this ‘positive’ pattern
was observed.

With longer durations of stimulation (4.8 and 7.8 s),
the cortical NIRS responses were more variable between
animals, and included positive, negative and biphasic
patterns of change (Fig. 2B and C; Table 2). The ‘negative’
response was the most common response after the 4.8 s
(Fig. 3) and 7.8 s stimulus train, when there was a decrease
of both �oxyHb and �deoxyHb in the contralateral
cortex. The ‘biphasic’ response consisted of an initial
decrease in �oxyHb and �deoxyHb in the contralateral
cortex followed by a later rise in both of these signals.
Each pattern of response occurred consistently within a
fetus during the 20 repeats of the stimulus train. There
was no relationship between the weight or sex of the fetus,
and the different patterns of response observed after the
4.8 and 7.8 s stimulus train (Table 2).

Superficial cortical perfusion as monitored by LDF
always showed positive changes following the median
nerve stimulation regardless of the different patterns in the
contralateral �oxyHb response as detected by the NIRS.
The time to maximal rise in laser Doppler flow closely
approximated that for the MABP rise (Fig. 3).

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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Changes in blood pressure and cerebral �Hb after
somatosensory stimulation

The changes in MABP following median nerve stimulation
in the fetal sheep in relation to the changes in oxyHb
in the contralateral and ipsilateral cortices are shown in
Table 3. The magnitude of the MABP change was always
small (2–5 mmHg; 5–10% relative to baseline), and the
increase in MABP was similar irrespective of whether the
�oxyHb response pattern in the contralateral cortex was
positive, negative, or biphasic. The time taken to reach
peak MABP was significantly longer at 7.8 s stimulations,
compared to both 1.8 s and 4.8 s stimulations. For the
positive and biphasic responses, the time to reach peak
MABP usually did not correlate with the time to the
peak in contralateral �oxyHb (Table 3). The time and
amplitude of the nadir in �oxyHb data were combined
for the biphasic and negative patterns, as the times taken
to reach the nadir in contralateral �oxyHb were usually

close to each other for the two patterns of response
(Table 3). For the biphasic pattern, the contralateral
�oxyHb showed a rise in the ‘second phase’ (Table 3).

In addition to the change in dominant pattern from
the positive to negative/biphasic response with increased
duration of stimulation from 1.8 to 7.8 s, there was also
a progressive and significant increase in the difference
between ipsilateral and contralateral �oxyHb (Table 3).
Changes in oxyHb in the ipsilateral cortex were higher
than that in the contralateral cortex.

Changes in cerebral �Hb after somatosensory
stimulation during hypercapnia

Fetal arterial blood gases, MABP, HR together with SEP
and NIRS data obtained before and during the induced
hypercapnia are shown in Table 4 (n = 8). The PaCO2 was
significantly increased and the baseline deoxyHb and total
Hb increased during hypercapnia, consistent with cerebral
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Figure 2. Changes in oxyhaemoglobin (�oxyHb) and deoxyhaemoglobin (�deoxyHb) recorded from
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Table 2. Incidence of the positive, negative or biphasic response pattern in the fetal sheep based on changes in oxyhaemoglobin
(�oxyHb) recorded by near-infrared spectroscopy (NIRS) from the contralateral hemisphere, following median nerve stimulation at
3.3 Hz for 1.8, 4.8 or 7.8 s

Contralateral �oxyHb response pattern (sex, fetal weight)
Duration of
stimulation

No. of fetuses
studied Positive Negative Biphasic No response

1.8 s 8 8 0 0 0
4.8 s 8 2 (1 F/1 M, 3.0 (0.5)) 4 (2 M/1 F/1 NA, 3.6

(0.6))
2 (1 M/1 NA, 3.88) 0

7.8 s 10 3 (3 F, 3.6 (0.6)) 4 (2 M/2 F, 3.1 (0.3)) 3 (1 M/1 F/1 NA, 3.6
(0.3))

0

Fetal weight is expressed as mean (SEM) in kg. F, female; M, male; NA, not available.

vasodilatation. Using the 7.8 s stimulation train, before
hypercapnia three fetal sheep showed a positive functional
response pattern, two showed the biphasic pattern and
three showed the negative pattern (Fig. 4). During hyper-
capnia, the negative response pattern was changed to the
positive pattern in all cases (three fetuses), while the
response patterns (positive, biphasic) were unchanged
in the other five animals. Compared to the cerebral
haemodynamic response before hypercapnia, seven of the
eight fetal sheep showed an increase in the contralateral
�oxyHb and �total Hb after the 7.8 s stimulation during
hypercapnia. One of the eight fetuses showed reduction
in peak contralateral �oxyHb and �total Hb with an
increase in �deoxyHb in response to stimulation during
hypercapnia (Fig. 5).

Discussion

To our knowledge, this is the first study utilising an
ovine model to investigate the cerebral haemodynamic
functional responses to somatosensory stimulation in the
fetal brain. We have shown that activation of pathways
in the somatosensory cortex provokes a corresponding
haemodynamic response at 127–132 days of gestation,
with a short (1.8 s) duration of stimulation always
producing an increase in contralateral cerebral oxyHb
in the fetal brain, a response that resembles the ‘classic’
positive functional response comprising an increase in
total Hb and oxyHb with a corresponding decrease
in deoxyHb. This response is indicative of a relative
‘overperfusion’ of the responding region (i.e. functional
hyperaemia), so that oxygen delivery exceeds oxygen
consumption. This may be protective in the sense of
preventing metabolic oxygen depletion during periods
of increased neuronal activity. These results agree with
previous studies of human fetuses using mild sensory
stimulation (e.g. auditory or vibratory stimuli on the
maternal abdomen) which observed positive BOLD
signals on fMRI (Hykin et al. 1999; Fulford et al.
2004).

Our findings show that the nature of the response
recorded in the cortex by NIRS, whether ‘positive’ or
‘negative’, depends on the duration of the somatosensory
stimulation. With increasing durations (4.8 and 7.8 s) of
median nerve stimulation, the pattern of the functional
response in the contralateral cortex shifted to either a
‘biphasic’ response consisting of a transiently reduced
oxyHb followed by an increased oxyHb, or a ‘negative’
response with a persistent reduction of oxyHb. Biphasic
functional responses have been reported previously for
the neonatal rodent brain where regional CBF or oxyHb
first increase, and then decline (Kozberg et al. 2013;
Zehendner et al. 2013). However, the biphasic pattern in
the fetal sheep differs in a number of respects, including
an initial reduction of oxyHb followed by an increase. The
contralateral deoxyHb followed similar biphasic changes.
This biphasic pattern suggests there is an initial vaso-
constriction, and hence reduced regional CBF, before the
onset of a functional hyperaemia.

A similar CBF reduction occurred in the negative
response pattern with decreased contralateral oxyHb
and deoxyHb. The reductions of contralateral oxyHb
that occurred when the response was either ‘negative’
or ‘biphasic’ were similar in the time of onset and
the time to reach the nadir. This decrease of CBF
was clearly regional and localised, because superficial
cortical blood flow as measured by LDF in the same
contralateral somatosensory cortex actually increased.
Similar reductions of local CBF have been shown in
neonatal mice using prolonged multi-whisker stimulation
(Zehendner et al. 2013), suggesting that prolonged sensory
stimulation in the immature brain is associated with
a decline in local cerebral perfusion, perhaps because
neural processing in response to the stimulation is not
sustained. By contrast, prolonged stimulation in adult
mice was associated with stable neural processing and
increased regional CBF. A negative functional response
following hindpaw stimulation recorded by NIRS in
neonatal rats was associated with global cerebral vaso-
constriction (Kozberg et al. 2013), whereas in adult rats
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hindpaw stimulation provoked a widespread pial artery
dilatation, suggesting that recruitment of pial arteries may
be a developmental process that facilitates development of
functional hyperaemia with increasing age. Interestingly,
this vasoconstriction phase was also observed in the adult
rat (Kozberg et al. 2013), where it was proposed that it
served to return hyperaemia to baseline, and accordingly
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Figure 3. Example of the changes in oxyhaemoglobin
(�oxyHb) and deoxyhaemoglobin (�deoxyHb) recorded from
the contralateral and ipsilateral hemispheres in a fetal sheep,
together with laser Doppler flowmetry (LDF) measurement
and mean arterial pressure (�MABP) following a 3.3 Hz
stimulus train lasting 4.8 s
Shaded area shows the period of stimulation. Note the coincident
increase in LDF measurement and MABP, while the changes in oxyHb
and deoxyHb in the contralateral cortex are consistent with a
‘negative’ functional response.

can cause CBF to decrease below the basal (normal) level of
perfusion in brain tissue outside of the responding region,
potentially explaining the ‘vascular steal’ reported in other
studies (Boas et al. 2008; Devor et al. 2008). Notably, we
observed no difference in the increase in arterial pressure
between fetuses where the positive, biphasic or negative
response patterns were elicited, indicating that systemic
blood pressure is not the determinant of the pattern of
response as recorded by NIRS.

Previous studies in neonates have suggested that
negative functional responses could be the result of
greater local oxygen demand by neural tissue in the
rapidly developing neonatal brain (Huttenlocher et al.
1982; Yamada et al. 2000). However, although increased
oxygen consumption may contribute to neonatal negative
functional response, the lack of responsive hyperaemia,
and the presence of arterial vasoconstriction as found by
others (Kozberg et al. 2013; Zehendner et al. 2013) are
also important potential contributors. Notably, the fetal
brain has lower baseline oxygen consumption and oxygen
extraction than the neonatal brain (Jones et al. 1982),
which may mean relatively higher levels of baseline oxygen
delivery, allowing the immature brain to withstand a lack
of functional hyperaemia and the presence of reactive
vasoconstriction. This possibility is also consistent with
the ability of the perinatal brain to tolerate higher levels
of hypoxia in utero (Gunn et al. 2001) and the reduction
in CBF after birth (Jones and Traystman, 1984). Another
study in fetal sheep showed that the association between
CBF and behavioiural/electrocorticographic state became
less evident in acute fetal hypoxia (Lee et al. 2009) during
which the high-voltage/non-REM-like state was dominant
with decreased cerebral oxygen consumption, but CBF
increased.

Neurovascular responses in the ipsilateral hemisphere
may change with age and reflect the development of
the astrocyte network (Binmoller and Muller, 1992)
which allows neurons to influence more distant vessels.
In addition, the development of the vascular network
may provide either more spatially localised control of
blood flow, or allow activity in one area to influence
blood flow over a larger area (Iadecola et al. 1997).
The changes in oxyHb in the fetal ipsilateral cortex
following median nerve stimulation were usually greater
than those in the contralateral (i.e. directly stimulated)
cortex (Fig. 3 and Table 3), indicating the relative
increase in oxygenation in the ipsilateral cortex. Notably,
the difference between ipsilateral and contralateral
�oxyHb increased progressively with longer durations of
stimulation, suggesting that the vascular response induced
in the ipsilateral fetal cortex was independent of the
increase in oxygen consumption induced by neuronal
activity in the contralateral cortex. However, we cannot
exclude the possibility that inter-hemisphere connections
via callosal pathways allowed the ipsilateral hemisphere
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Table 3. Changes in physiological parameters in fetal sheep with positive, negative or biphasic contralateral �oxyHb response
pattern following median nerve stimulation for 1.8, 4.8 or 7.8 s

1.8 s 4.8 s 7.8 s

Physiological
measurements Parameter

Positive
(n = 8)

Positive
(n = 2)

Negative +
biphasic (n = 6)

Positive
(n = 3)

Negative +
biphasic (n = 7)

MABP Time to peak (s) 6.0 ± 0.6 11.0, 8.0 7.8 ± 0.8 10.0 ± 0.6 10.7 ± 0.6∗,†††

Peak amplitude (mmHg) 2.7 ± 0.6 5.2, 2.6 3.4 ± 0.9 5.0 ± 0.6 3.5 ± 1.5
LDF Time to peak (s) 6.8 ± 0.7

a
8.0 7.0, 8.0 9.0, 13.0 12.3 ± 2.3

a

Peak amplitude (BPU) 26.8 ± 12.7
a

12.9 24.4, 74.6 24.8, 9.9 53.0 ± 24.6
a

Contralateral
�oxyHb

Time to peak/nadir (s) 11.4 ± 1.5 11.0, 16.0 13.6 ± 3.7 18.3 ± 3.3 11.9 ± 2.5

Time to peak of 2nd
phase (biphasic) (s)

NA NA 20.0, 14.0 NA 17.0 ± 0.4

Peak/nadir amplitude
(μM cm)

4.6 ± 1.1 12.6, 3.4 –6.2 ± 0.6 8.8 ± 3.1 –16.4 ± 6.6††

Peak amplitude of 2nd
phase (biphasic)
(μM cm)

NA NA 12.5, 7.6 NA 18.0 ± 3.0

Ipsilateral �oxyHb Time to peak/nadir (s) 8.4 ± 0.9 10.0, 12.0 14.7 ± 3.7 17.3 ± 4.9 13.3 ± 1.5
Peak/nadir amplitude

(μM cm)
6.4 ± 0.9 14.0, 7.9 2.0 ± 3.6 9.0 ± 1.1 –4.7 ± 12.6

Ipsilateral – contralateral �oxyHb (μM cm) 6.9 ± 2.6 (all patterns) 15.1 ± 4.7† (all patterns)
1.6 ± 0.7 1.5, 4.5 8.2 ± 3.3 0.1 ± 2.3 22.6 ± 3.9∗∗, †††

Values are mean ± SEM or individual values are shown when n<3 available. aLDF was available in n = 4 fetuses. †P < 0.05, ††P < 0.01,
†††P < 0.001, 1.8 s (Positive pattern) vs. 7.8 s (Negative + Biphasic pattern). ∗P < 0.05, ∗∗P < 0.01, 4.8 s (Negative + Biphasic pattern) vs.
7.8 s (Negative + Biphasic pattern). BPU, blood perfusion unit; �oxyHb, changes in oxyhaemoglobin; LDF, laser Doppler flowmetry;
MABP, mean arterial blood pressure.

Table 4. Fetal arterial blood gases, mean arterial blood pressure
(MABP), heart rate (HR) together with EEG and NIRS data
obtained before and during the induced hypercapnia (HC)

Parameter Before HC During HC

pH 7.33 ± 0.01 7.23 ± 0.01∗∗∗∗

PaCO2 (mmHg) 50.6 ± 2.2 72.3 ± 2.1∗∗∗∗

PaO2 (mmHg) 21.8 ± 1.4 24.0 ± 1.7
HCO3

− (mmol l–1) 26.4 ± 1.0 28.9 ± 1.1∗∗∗∗

Base excess (mmol l–1) 0.4 ± 0.9 –0.3 ± 1.1∗

Glucose (mmol l–1) 1.9 ± 0.5 1.8 ± 0.4
Lactate (mmol l–1) 3.6 ± 0.3 3.3 ± 0.3∗

MABP (mmHg) 49.5 ± 3.2 50.6 ± 2.7
HR (beats min–1) 186 ± 8.9 185.4 ± 8.2
Latency of SEP (N/P50, ms) 51.1 ± 3.9 54.5 ± 1.7
Amplitude of SEP (N/P50, μV) 1.1 ± 0.3 1.2 ± 0.5
�Total Hb (μM cm) 0.2 ± 1.6 182.9 ± 30.2∗∗∗

�OxyHb (μM cm) –5.3 ± 4.9 61.2 ± 41.8
�DeoxyHb (μM cm) 5.5 ± 4.9 121.7 ± 33.8∗∗

Values are means ± SEM, n = 8 fetuses. ∗P < 0.05 vs.
before HC; ∗∗P < 0.01 vs. before HC; ∗∗∗P < 0.001 vs.
before HC; ∗∗∗∗P < 0.0001 vs. before HC. �DeoxyHb, change
in deoxyhaemoglobin; �OxyHb, change in oxyhaemoglobin;
�Total Hb, changes in total haemoglobin; SEP, somatosensory
evoked potentials.

to also receive sensory input from the left median nerve,
a possibility borne out by the fact that the changes in
contralateral and ipsilateral oxyHb were usually almost
simultaneous.

The N/P1 component of the SEP observed in this
study (Fig. 1A) was similar in morphology and latency
to that observed in late preterm infants (�35 weeks of
post-conceptual age) where transcutaneous stimulation
of the median nerve was used to evoke an SEP recorded
from the scalp (Tombini et al. 2009). The N/P1
component of the SEP is determined mainly by sensory
nerve conduction velocity and synaptic connectivity
in subcortical and cortical pathways. The age-related
shortening of the latencies of the first cortical response has
been thoroughly characterised (Vanhatalo and Lauronen,
2006), and these are markedly longer and smaller in
amplitude in preterm babies compared to full term infants
and adults, probably as a result of immature myelination
and synaptic transmission within the spino-cortical
pathways.

To our knowledge, this is also the first study to explore
the effect of hypercapnia on cerebral haemodynamic
response to neuronal stimulation in the fetal brain.
Carbon dioxide is a potent cerebral vasodilator, probably
via its effects in decreasing intracerebral pH, although
the mechanisms are not fully understood (Ainslie and
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Duffin, 2009). fNIRS and fMRI studies in adult animals
and humans have generally shown that the positive
functional response is diminished in hypercapnia. In
adult rats, the CBF and BOLD changes under 10%
CO2 are essentially nullified (Sicard and Duong, 2005),
consistent with another human study (Posse et al. 2001)
which has reported almost no stimulus-evoked BOLD
responses on fMRI during relatively severe hypercapnia

(end-tidal CO2 = 70 mmHg). The reduced functional
response may be due to hypercapnia causing increased
baseline CBF (Cohen et al. 2002), impaired autoregulation
(Maggio et al. 2014), depression of spontaneous neuro-
nal activity (Bloch-Salisbury et al. 2000; Zappe et al.
2008b; Thesen et al. 2012) and/or depression of the
electrophysiological response to stimulation (Jones et al.
2005; Zappe et al. 2008b; Thesen et al. 2012). In contrast,
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Figure 5. The peak changes in the oxyhaemoglobin (�oxyHb;
A), deoxyhaemoglobin (�deoxyHb; B) and total haemoglobin
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negative response pattern, after the 7.8 s stimulus train
before and during hypercapnia in eight individual fetuses as
shown by different colours
P = 0.07 for �oxyHb before vs. during hypercapnia, P = 0.7 and 0.1
for �deoxyHb and �total Hb, respectively, before vs. during
hypercapnia. D, compared to the functional response before
hypercapnia, 7 of the 8 fetuses (denoted by the same coloured
symbols as in panels A–C) showed increase in the �oxyHb and
�total Hb response during hypercapnia, with variable �deoxyHb
changes. One fetus showed reduction in the �oxyHb and �total Hb
response during hypercapnia, with an increase in �deoxyHb.

we found that CBF and cerebral oxygenation responses
to neuronal stimulation were increased during hyper-
capnia in fetal sheep. We also did not find any difference
in the SEP amplitude and latency before and during
hypercapnia. Therefore, we propose that in the fetal
brain hypercapnia may recruit underperfused cerebral
vessels, mounting a higher CBF response to contribute
to the neurovascular coupling response. Normally, fetal
cerebral vascular resistance is high in mid-gestation
and falls progressively towards term in both sheep
and human (Arbeille et al. 1992; Ebbing et al. 2007).
Hypercapnia may reduce the basal vascular tone in the
fetal brain and thereby increase the CBF response to
neuronal stimulation. While the increase in �oxyHb
to neuronal stimulation during hypercapnia may be
due to a greater change in CBF, another possibility
is a relative reduction of cerebral oxygen consumption
during hypercapnia, as demonstrated by several studies
in adult animals (Artru and Michenfelder, 1980; Zappe
et al. 2008b). However, a study in unanaesthetised
fetal and newborn sheep found no correlation between
spontaneous cerebral oxygen consumption and PaCO2 in
response to a similar level of hypercapnia to that in our
study (Rosenberg et al. 1982), although Rosenberg et al.
did not apply neuronal stimulation or record changes
in fetal behavioural/neural state to demonstrate the
haemodynamic functional response to neural activities.
Further studies are required to investigate mechanisms
underlying changes by hypercapnia in the fetal brain at
the vascular, electrophysiological and cellular level.

A limitation of our study is the use of anaesthetics,
which is required for animal studies involving potentially
noxious somatosensory stimulations. Anaesthetics can
have profound and age-dependent influences on neural
and vascular responses. Isoflurane is commonly used
in electrophysiology studies due to its ease of use even
though, like most volatile anaesthetics, it partially reduces
neuronal excitation and cerebral metabolism. At doses
higher than 1.6% isoflurane increases CBF (Eger, 1984).
We therefore limited the isoflurane to < 1.5% and
continuously monitored the depth of fetal anaesthesia by
EEG and avoided deep anaesthesia as indicated by the
burst suppression EEG pattern. Also, anaesthesia would
have abolished the changes in fetal behavioural states,
and indeed, we did not observe any cycling between high
and low voltage EEG patterns. Therefore our study was
unable to address the changes in cerebral haemodynamic
response that might occur with fetal behavioural states
(Richardson et al. 1985). In addition, as the focus of our
study is on the cerebral haemodynamic response (which
occurs relatively slowly) to sensory stimulation, we used
a low level of stimulation and needed to signal-average
the NIRS data over 20 consecutive 1 min windows. The 20
repetitions were not always sufficient to produce noise-free
signal-averaged output of the SEP. As such, our study
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describes the cerebral haemodynamic functional response,
while the neurovascular coupling relationship between the
SEP and NIRS data will require further interventional
experiments. Finally, we have not taken into account the
special neuroendocrine environment of the fetus, where
the large amounts of pregnane steroids present in the
brain and circulation have an inhibitory effect on fetal
neural activity (Hirst et al. 2014). Also, increased cerebral
production of the purine adenosine appears responsible
for the increased CBF and decreased cerebral oxygen
consumption during hypoxia in fetal sheep (Blood et al.
2003). It is possible that the presence of pregnane steroids
and/or adenosine is a factor that determines the overall
responsiveness of the cerebral cortex to somatosensory
stimulation and neurovascular coupling in the fetus, but
this can only really be answered by comparing responses
in the fetus and neonate, or by studying the neonate
treated with infusions of these neuroactive substances
to reproduce the chemical environment present in utero.
The neurosteroid allopregnanolone is present in higher
concentrations in the fetal circulation and brain compared
to the neonate (Hirst et al. 2014), but this is unlikely
to explain the occurrence of the negative functional
response to peripheral nerve stimulation because the
positive response was observed in all fetuses with the 1.8 s
stimulation.

Conclusion

To our knowledge, this is the first study to explore
the charactistics of cerebral haemodynamic functional
response in the fetal brain with prolonged somatosensory
stimulation, and during hypercapnia. We conclude that
the cerebral haemodynamic response measured by NIRS
in the fetal sheep brain changes from the positive response
pattern with functional hyperaemia and increased oxyHb,
to a negative response pattern with reduced CBF and
oxyHb when the duration of neural stimulation is
increased. In contrast to adult studies, we have found that
changes in fetal CBF and cerebral oxygenation in response
to neural stimulation are increased during hypercapnia,
possibily related to reduced vascular resistance and
recruitment of cerebral vasculature during hypercapnia.
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Translational perspective

We investigated the cerebral haemodynamic functional response in the fetal sheep using somatosensory
stimulation under basal conditions, and during hypercapnia. In human fetal studies, vibroacoustic stimulation
has been shown to induce regional activation in the temporal lobes (Moore et al. 2001; Fulford et al. 2004),
and the results of the present study confirm directly that there is a relationship between localised cerebral
activation (induced by median nerve stimulation) and local cerebral perfusion in the fetus, and are consistent
with the relationship between fetal ‘behavioural state’, CBF and global cerebral metabolic rate described pre-
viously in sheep (Richardson et al. 1985; Morrison et al. 2005). We also show for the first time that ‘negative’
haemodynamic responses can occur (i.e. reduction in cerebral oxygenation) after prolonged somatosensory
stimulation. Furthermore, and in contrast to adult human and animal studies, we have shown that the cerebral
haemodynamic response is increased by hypercapnia in the fetus. Antenatal diseases such as fetal growth
restriction (Miller et al. 2007), chronic fetal hypoxia (Allison et al. 2016) or chorioamnionitis (Galinsky
et al. 2013) are associated with changes in fetal CBF, neuropathology and long-term neurodevelopmental
deficits postnatally. Fetal sheep models have been established to study these diseases, and differences in cerebral
haemodynamic responses between normal and compromised fetuses may provide insight into the mechanisms
of neuropathology in these diseases. Furthermore, our experimental paradigm can be extended to examine the
impact of prenatal therapies, and then to newborn lambs to investigate the effect of the transition from fetal to
postnatal life on cerebral haemodynamic reactivity.
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