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1 Introduction

Perinatal hypoxic-ischemic brain injury with or
without brain hemorrhage is a major cause of
perinatal neurological morbidity and mortality
leading to cerebral palsy, mental retardation, and
seizures [15]. Studies in humans and animals
have demonstrated the importance of distur-
bances in cerebral hemodynamics and oxygena-
tion in the pathogenesis of perinatal brain injury
[22]. Early identification and treatment of these
disturbances, as well as the detection of brain
ischemia and hemorrhage, may improve neuro-
logical outcome [22]. To achieve this, continuous
monitoring of cerebral hemodynamics and oxy-
genation is required [22, 20].

Near infrared spectroscopy (NIRS) can provide
this type of information non-invasively and real
time [13]. NIR light can penetrate through the in-
tact scalp and skull up to several centimeters deep
into the brain and measure concentrations of oxy-
hemoglobin and deoxyhemoglobin, the two major
absorbers in the NIR range. Several groups have
demonstrated use of NIRS to measure changes in
brain concentrations of oxyhemoglobin and de-
oxyhemoglobin associated with different physio-
logical conditions [13, 16].
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Optical brain imaging, merging the features of
both spectroscopy (temporal information) and to-
mography (spatial information), has already been
successfully used in the detection of neonatal
brain hemorrhage in humans and animals [21, 11,
12, 18]. Unfortunately, the previously reported
image-acquisition times ranging from 5 s [18] to
several hours [11, 12], or even days [21] were far
too slow to allow for real-time imaging.

To prove the hypothesis that brain ischemia and
hemorrhage can be imaged in real-time with
good spatial and temporal resolution, a proto-
type imager was used in a newborn piglet
model. Cerebral ischemia and hemorrhage were
induced by the direct injections of saline and
blood into the left subcortical brain region.
From the optical standpoint, a focal decrease in
absorption associated with the appearance of sa-
line simulates brain ischemia, while the appear-
ance of blood causes a focal increase in brain
absorption consistent with the formation of brain
hematoma. The increase in intracranial pressure
associated with volume injections induces global
decrease in brain absorption in the surrounding
ipsilateral and contralateral brain that is consis-
tent with brain ischemia.
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2 Methods

2.1 Animal model

The study was approved by the Institutional Re-
view Board at Winthrop University Hospital,
Mineola, NY. A newborn piglet model of cerebral
ischemia and hemorrhage using stereotaxic injec-
tion of saline and blood into the left subcortical
region was developed. A total of seven 10.7 6
1.9 day old newborn piglets of either sex, weigh-
ing 2.6 6 0.3 kg were sedated with ketamine
20 mg/kg mixed with xylazine 4 mg/kg, i.m., in-
tubated, and ventilated with an infant ventilator
(Bear Medical Systems Inc., Riverside, CA) to
achieve normal blood gas values. General anes-
thesia was maintained by a continuous infusion
of propofol mixed in D5W at a concentration of
0.8 mg/ml at 428 mg/kg/hr. The core temper-
ature was maintained at 37 8C with the use of a
heating blanket and continuously monitored by a
rectal thermometer. A femoral cut-down was per-
formed and the femoral artery was catheterized.
The catheter was advanced into the abdominal
aorta for continuous blood pressure monitoring
(Hewlett Packard 78353B, USA) and arterial
blood gas analyses (Ciba 2 Corning 238 pH 2
Blood Gas Analyzer, Medfield, MA). The femoral
vein was catheterized and the catheter was ad-
vanced into the inferior vena cava for continuous
infusion of D5W and propofol. Heart rate and ar-
terial oxygen saturation were monitored by pulse
oximetry (Nellcor Inc, Hayward, CA) with the
probe attached to the pig’s tail. To achieve a mo-
tion-artifact-free imaging environment and repro-
ducible brain hematomas, the pre-shaved ani-
mal’s head was secured within a stereotaxic in-
strument (Lab Standard 51600, Stoelting, Wood
Dale, IL) with two 188 ear bars and a nose clamp.
The manipulator arm of the stereotaxic instru-
ment allowed for: 1) drilling a hole in the skull
in precise stereotaxic coordinates, 2) three-di-
mensional positioning of the optical probe, and
3) optimal probe-to-scalp contact. A 25¾ G nee-
dle was inserted through the skull hole placed in
the left frontal region, and advanced into the left
frontal subcortical white matter to a depth of
0.8 cm from the surface of the brain. A total of
0.3 cc of normal saline (contained within the
30 cm long tubing connecting the needle and the
injection set), followed by 2 cc of autologous
blood, was injected over a period of , 40 s. No
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resuscitation was required at any time. The pig-
lets were sacrificed by an overdose of sodium
pentobarbital. An autopsy was performed to de-
termine the type, size, and location of the hemor-
rhage, and to validate optical data.

2.2 Optical imaging

The basic principles of NIRS [24, 16, 20] and
optical imaging [4, 5, 2, 3, 1, 7] are well de-
scribed in the literature. Optical imaging was per-
formed with a modified dual channel frequency
domain tissue oximeter (Model 96208, ISS Inc.,
Champaign, IL) [9]. The instrument uses eight
light sources emitting at 758 nm and eight at
830 nm. The 16 light sources (laser diodes) and
two optical detectors (photomultiplier tubes) are
all coupled to optical fibers, which guide the light
to and from the piglet head respectively. The light
sources were electronically multiplexed, so that
they were turned on and off in sequence every
12 ms. Consequently, the acquisition time was
192 ms per image (16 diodes 3 12 ms/diode) al-
lowing for real-time imaging. Imaging was per-
formed by arranging 16 source fibers and 2 detec-
tor fibers over an area of 5 3 5 cm (figure 1A)
resembling that of the piglet brain. The photons
emitted at the multiple source locations (figure
1B) were collected by the detector fibers. The im-
ager measures the time evolution of attenuation
of the detected light. The dc (direct current) inten-
sity data collected by each of the source-detector
pairs was translated into a variation in the absorp-
tion coefficient by using the differential path-
length factor (DPF) method [8]. DPF values for
the newborn piglet brain used to calculate the
absorption coefficient were measured with fre-
quency domain spectroscopy using the expres-
sion for the DPF predicted by the diffusion
theory in a semi-infinite medium [9]. In the
range of source-detector distances featured in
the imaging probe (1.822.5 cm), we found DPF
values ranging from 5.3 to 5.7. Finally, the ab-
sorption data calculated for each source-detector
pair was back-projected to generate 64 pixel /
4 3 4 cm / 2-D absorption images of the brain
(figure 2). The back-projection scheme is based
on: 1) assigning each source-detector reading to
the pixels between the source and the detector
(along the banana-shaped region visited by the
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Figure 1. Imaging probe (A). Optical fibers are arranged to generate 4 cm X 4 cm / 64-pixel images (B).

detected photons), and 2) averaging the multiple
readings corresponding to more than one
source-detector pair [2, 3].

In order to emphasize temporal and spatial as-
pects of the cerebral absorption changes associ-
ated with volume injections, as well as to demon-
strate the reproducibility between different sub-
jects, the 64 2 pixel images were divided into
four quadrants, each containing 16 pixels (fig-
ure 1B). The absorption values for each of the
quadrants (figure 2, right anterior, right posterior,
left anterior, and left posterior) were averaged
(mean 6 SD) and plotted over time (figure 3).
The sensitivity of the imager to detect blood or
saline in the brain was defined as the volume of
the injected blood or saline causing a change in
measured intensity greater than 3 times the SD of
the baseline intensity.

3 Results

The imager detected 2 subarachnoid hemorrhages
with small subcortical hematomas and 5 subcorti-
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cal hematomas rendered by blood injections, as
confirmed on autopsy. Images from 2 to 8 show
the appearance and then a gradual increase in the
volume of saline in the left anterior (LA) region
of the brain. Images from 9 to 17 show the ap-
pearance and then a gradual increase in the vol-
ume of blood in the left anterior (LA) region of
the brain (figure 2). Image 18 is a photograph of
a brain section at the hematoma level obtained
post mortem from a pig that developed a subcorti-
cal hematoma (figure 2). As the injected blood
acted as a perfect optical absorber, the optical re-
cordings were similar at both wavelengths (758
and 830 nm). Therefore, the oxygen saturation of
the hematoma was immeasurable. For that reason
only the 830-nm images were presented (figure
2). However, the optical changes obtained from
the surrounding ipsilateral and contralateral brain
at two wavelengths were different (the compari-
son between the images obtained at different
wavelengths, from different tissues, and during
different conditions will be presented in a sepa-
rate publication). The instrument revealed a gen-
eralized decrease in brain absorption (every
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Figure 2. Optical images of brain ischemia and hemorrhage. Images 2–8 show the injection of saline, images 9–17 show the injection of blood. A total 
of 0.3 cc of saline followed by 2 cc of blood was injected into the left anterior brain subcortical white matter. LA = left anterior, LP = left posterior, 
RA = right anterior, RP = right posterior. The appearance of saline caused a local decrease in brain absorption (light gray area) at the injection site 
(LA) (images 2–8). The presence of blood caused the opposite effect, i. e., a local increase in absorption (dark gray and black areas) at the injection 
site (LA) (images 9–18). Both saline and blood injections caused ischemic changes (associated with the increase in intracranial pressure) in the 
surrounding ipsilateral, as well as in the contralateral brain (light gray or white areas) (images 6–17). Image 18 is a photograph of a brain section at 
the hematoma level obtained post mortem from a piglet that developed subcortical hematoma. Image #8 = 0.3 cc of saline, image #10 = 0.25 cc of 
blood, image #12 = 0.5 cc of blood, image #13 = 1.0 cc of blood, image #14 = 1.5 cc of blood, and image #17 = 2.0 cc of blood.
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Figure 3. Regional (quadrant) changes in cerebral absorption at 830 nm associated with subcortical injections of
0.3 cc of saline and 2 cc blood obtained from 5 newborn pigs. Vertical lines indicate the time when the instrument
first detected the presence of saline (line 1) and blood (line 2), as well as the end of blood injection at the injection
site (line 3 / LA quadrant). The increase in absorption in the left posterior (LP) brain quadrant at , 10 sec suggests
a posterior expansion of the hematoma. At the same time, the absorption in the contralateral (RA and RP) brain
quadrants continued to decline, suggesting brain ischemia.

decrease in brain absorption is consistent with
brain ischemia [16, 17]) caused by the accompa-
nying increase in intracranial pressure in the sur-
rounding ipsilateral (figure 3-LP) and contralat-
eral brain (figure 3 / RA and RP). These in-
tracranial-pressure-related ischemic changes can
be seen in optical images presented in figure 2
(images 6 2 18). Once the injection was termi-
nated (figure 3 2 line 3), the ischemic changes in
the ipsilateral (LP) and contralateral (RA and RP)
brain recovered (the period of reperfusion) fol-
lowed by an overshoot (the period of hyperemia).
The detection threshold at the estimated depth of
1 2 1.5 cm was 0.07 cc for saline and 0.04 cc for
blood.
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4 Discussion

This study presents a successful application of
optical imaging in the detection of experimental
brain ischemia and hemorrhage and the accom-
panying cerebrovascular changes in newborn
piglets. Near infrared spectroscopy (NIRS) is
based on the ability of NIR light to non-inva-
sively penetrate intact scalp and skull and mea-
sure brain concentrations of oxyhemoglobin and
deoxyhemoglobin. As oxy- and deoxyhemog-
lobin are the two major absorbers in the NIR
region, changes in brain absorption can be at-
tributed to changes in hemoglobin concentration
[6].
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The animal model based on the injections of
blood and saline has shown to be a good model
for studying brain ischemia and hemorrhage.
Similar blood injection models have been de-
scribed in rat [19] and piglets [23, 18]. The ap-
pearance of blood caused a focal increase in brain
absorption accompanying the formation of the he-
matoma. These results are consistent with the pre-
viously reported increase in brain absorption as-
sociated with the formation of intracranial hema-
toma [10]. The appearance of saline caused the
opposite effect, i. e. a focal decrease in absorption
consistent with brain ischemia [16, 17, 20]. As
hemoglobin is a dominant brain tissue absorber,
any decrease in brain absorption is an equivalent
to brain ischemia [16, 17, 20]. The increase in
intracranial pressure associated with both saline
and blood injections caused global decrease in
brain absorption in the surrounding ipsilateral and
contralateral brain, consistent with brain ischemia
[16, 17, 20]. These results are consistent with the
previously reported decrease in brain absorption
(decrease in total hemoglobin concentration) as-
sociated with brain ischemia caused by different
factors, as confirmed by carotid Doppler [16, 17]
and radioactive-labeled microspheres [20].

Spatial and temporal resolution are the two major
features defining the successful performance of
any imaging technique. While NIRS can provide
only global information on hemoglobin concen-
tration (changes), optical imaging 2 merging the
features of NIRS (temporal information) and to-
mography (spatial information) can address re-
gional differences in brain absorption. This study
has confirmed the capability of optical imaging
in detecting small intracranial optical inhomo-
geneities in the brain with the high detection
thresholds for both saline and blood at the esti-

Abstract

Our objective was to study the development of experi-
mental brain ischemia and hemorrhage by real-time op-
tical imaging. Optical imaging is based on the ability of
near infrared light to non-invasively penetrate through
the intact scalp and skull and measure brain concentra-
tions of oxy- and deoxyhemoglobin, dominant brain ab-
sorbers. Optical imaging was performed in 7 anesthe-
tized, instrumented, and ventilated newborn piglets sub-
jected to the injection of 0.3 cc of saline followed by
2 cc of blood into the left frontal subcortical brain re-
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mated depth of 121.5 cm. These results are con-
sistent with the previously reported detection
thresholds of 0.05 cc of blood obtained with a dif-
ferent continuous wave imager and a 16 2 source
2 9 2 detector optical probe used in a similar
blood injection piglet model [18]. The results are
also consistent with the detection threshold of
3 mm at a depth of 2 cm, and 1 cm at a depth
of 5 cm obtained with a time-of-flight imager in
pathologic brain specimens [21] and human new-
borns [11, 12]. Although the spatial resolution of
optical imaging is intrinsically limited by
multiple scattering to several millimeters [11], a
finer distribution and higher density of source-
detector pairs would reduce the pixel size and
increase the resolution of optical images.

This is, to our knowledge, the first report on real-
time optical imaging. The acquisition rate of 5.26
images per sec that we used for this study al-
lowed for real-time imaging of the developing
brain hemorrhage, ischemia, and reperfusion with
high temporal resolution. Previously reported
acquisition times of 5 sec [18], 126 hours [11,
12], or even 1 to 3 days per image [21] were far
too slow to allow for real-time imaging. Real-
time information would be particularly important
in neonatal settings where acute events are the
focus of our attention, and where the images can
be degraded by motion artifacts.

Although this work demonstrates the potentials of
optical imaging, significant research and develop-
ment is anticipated before this technique becomes
a useful clinical tool. This research is important
now when a wide variety of therapeutic strategies
are in use aiming to reduce perinatal neurological
morbidity and mortality [14]. Monitoring of their
efficacy, and side effects on cerebral perfusion
and oxygenation, would be very important.

gion via a needle inserted through the skull with ste-
reotactic guidance. The image-acquisition rate of 5.26
images per sec allowed for real-time imaging. The de-
tection threshold of the imager at the estimated depth
of 121.5 cm was , 70 mL for saline and , 40 mL for
blood. The imager readily detected five subcortical he-
matomas and two large bilateral subarachnoid hemorr-
hages. The imager detected a global decrease in brain
absorption associated with the volume-injection-related
increase in intracranial pressure in the surrounding ipsi-
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lateral and contralateral brain. Any decrease in brain
absorption is an equivalent to brain ischemia. This study
demonstrates the capability of optical imaging in detect-

Keywords: Brain hemorrhage, brain ischemia, near infrared spectroscopy, newborn piglet, optical imaging.
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