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1 Introduction

Brain imaging systems have traditionally been
used to identify and delineate morphologic abnor-
malities. However, more recently, functional im-
aging techniques have come to the fore, which use
brain metabolite concentration to map brain func-
tion [18], or take advantage of the fact that regional
blood flow (rCBF) and hemoglobin oxygen satura-
tion changes occur in response to neural and
electrical activation such as that caused by moving,
sensing or thinking [23,28]. Unfortunately, efforts
to use techniques such as single photon emission
computed tomography (SPECT), positron emis-
sion tomography (PET) and functional magnetic
resonance imaging (IMRI) routinely in critically 1l
patients have proven difficult. Although successful
in many cases, and potcatially of use in the future
to direct therapeutic interventions and provide
prognostic information, these modalities are not
feasible in many intensive care situations due to the
problems and hazards of moving extremely unsta-
ble patients from the intensive care unit. In addi-
tion, the critically ill patient 1s likely to have a
rapidly changing clinical status, possibly impact-
ing upon cerebral functional changes. Thus, a con-
tinuous functional imaging method could be of
benefit in these scenarios.

Red and near-infrared light can pass easily through
structures such as the skull, penetrating the brain
and allowing for assessment of changes in regional
blood volume and hemoglobin oxygen saturation.

Adult human brain functional imaging studies
have previously been reported using continuous
wave spectroscopy [22]. Using our time of flight
and absorbance device (TOFA), we have also re-
ported optical functional images of the adult motor
cortex during hand movement, which showed
good spatial agreement with fMRI1 [11]. In addi-
tion, we have demonstrated that intraventricular
hemorrhage (IVH) can be successfully detected in
the neonate using optical scanning [12], and in an
infant with stroke, that optical imaging highlight-
ing local decreases in oxygenation correlate well
with CT imaging [11]. For the clinical studies pre-
sented here, we used a diffuse optical tomography
system (DOTS), which 1s a portable, compact, fast
and cost-effective bedside near-infrared imaging
system. The DOTS has the advantage of all near in-
frared systems in that it uses a safe and non-ioniz-
ing form of radiation, but 1t is also a relatively mex-
pensive, fast, portable and potentially continuous
monitoring systemi.

In this report we discuss the preliminary data ex-
amining bedside, real-time, continuous functional
images of the premature infant brain in the NICU
using near-infrared technology.

2 Methods
2.1 DOTS Device

Several years of bench-top feasibility studies is
driving the development of systems optimized for
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clinical applications. Most importantly, it has
been necessary to develop instruments that can
make hundreds of independent measurements in
as short a time period as possible without sacri-
ficing signal quality. To that end, a portable dif-
fuse imager (DOTS) was developed by Siegel et
al. [30]. Previous reports have shown good spatial
agreement using this device with phantoms over
a range of scattering and absorption conditions,
and have mvestigated cerebral functional imaging
during neuromuscular stimulation in paralyzed
adults rats [30]. A similar device has been re-
ported by Chance et al [2]. Since clinical mea-
surements in the hospital environment was the
goal of the system development, a severe stray-
light rejection requirement was placed on the de-
sign; specifically, a 50 picowatt signal needed to
be detectable under an ambient light background
in the microwatt range. Therefore, a coherent de-
tection technique was emploved to reject room
light contribution and reduce 1/f electronic noise.
This technique requires that the source be inten-
sity-modulated in some known fashion, usually in
the form of a 50% duty cycle waveform. In the
case of the DOTS, current modulation through
laser diodes at 780 nm and 830 nm wavelengths
was used. The raw photodetector signal was first
highpass filtered to remove low frequency flicker
noise and DC drift, and it was then fed into a
double-balanced mixer. The mixer, which is gated
by the same modulator that controls the source
intensity, synchronously rectifies the modulated
source signal, which then appears as a pulsating
DC wvoltage at the mixer output. All other spuri-
ous optical signals, which are not phase-coherent
to the source will exit the mixer in the form of
frequency-shifted AC signals. A lowpass filter
placed at the output of the mixer 1s used to both
eliminate these incoherent signals and to filter out
the pulsations in the DC signal, leaving a DC
voltage proportional to the magnitude of the
source energy detected. The time constant of the
lowpass filter controls the post-detection band-
width, which determines the rate at which inten-
sity changes can be detected.

Laser diodes at 780 nm and 830 nm (Thor Labs,
Newton, New Jersey, and Reptron Electronics,
Tampa, Florida) arc time-shared with the se-
quence controlled by a portable lap-top computer
(Dell Computer Corporation, Round Rock, TX).

The detectors are monolithic photo-diode/pream-
plifier chips (Burr-Brown, Tucson, AZ). The laser
diodes are modulated at 2 kHz to enable coherent
detection. The present system acquires data from
9 sources and 16 detectors, a total of 144 inde-
pendent measurements per wavelength in approx-
imately 3 seconds.

2.2 Infant probe

The optical probes used for these studies were
custom-built (figures 1 and 2). Acrylic (PMMA)
fibers, 1 mm in diameter were used for these
probes due to ease of polishing, flexibility and
lower weight. The fibers were approximately
2 meters in length to allow proper positioning of
the system away from the patients and monitors.
The 9 source optical fibers were arranged in a
3 X 3 gnid and the 16 collection fibers were ar-
ranged in a 4 X 4 grnid. The optical source fiber
orid was arranged within the collection fiber grid
(see insets of figures 3 and 4 for grid diagrams).
The fibers were embedded in custom-made RTV
silicone caps (GE Company, GE Silicones, Wa-
terford, NY) slightly larger than the dimension
of the fiber grids. For the initial studies, the grid
dimension was 6 cm X 4 cm, however with fur-
ther probe development, subsequent probe gnd
dimensions were changed to 8 cm X 5 cm. Opti-
cal probes were secured to the infant’s head with
thick, wide tracheostomy ties, or with soft elastic-
iIsed bandage material secured with Velcro fasten-
ers.

2.3 Image reconstruction

The 1mages were reconstructed assuming that the
contour of the scalp was relatively flat and that
the scalp, skull, cerebrospinal fluid, and brain
could be treated as a homogeneous, semi-infinite
medium except for the region of activation. The
optical properties outside the plane are assumed
to be unchanged. Images were reconstructed 1n a
plane approximately equal to the size of the grid,
positioned at a depth of 10 mm and with a thick-
ness of 1 mm. The voxel size was 3 X 2 X 1 mm.
This plane was parallel to the plane of sources
and detectors. With this geometry, images were
reconstructed using synchronous iterative recon-
structive technique (SIRT) [17]. Images were pro-
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duced and displayed on the computer monitor in
approximately real-time fashion. Ten iterations of
SIRT was used for reconstruction.

2.4 Optical imaging protocol (1)

All clinical studies were performed under an in-
stitutional review board-approved protocol, and
parents signed informed consent prior to initia-
tion of studies. For the mitial studies, two ex-
tremely 1ll premature infants underwent passive
motor stimulation and optical functional 1maging.
The patients were quiet and asleep, but not phar-
macologically sedated or paralyzed. The infants
were 75 day old former 24 week estimated gesta-
tional age (EGA) male twins, both of whom had
had complicated hospital courses and were me-
chanically ventilated at the time ol the studies.
Both had normal heart rates and O: saturations as
determined by pulse oximetry during the approxi-
mately 40 minute study periods. There were no
complications from probe placement.

For these mitial studies, the smaller prototype
probe was placed approximately medially above
the region infant brain, which corresponded to the
motor cortex (figure 1). However, due to the
small size of the probe. 1t was positioned in such
a way as to mclude a larger area of the motor
cortex contralateral to the side of arm movement.
Baseline data was collected for 20 scconds. Then,
based on ease of access to the patient, the left or
right arm was flexed and extended at the elbow
by the examiner al a frequency ol approximately
1 Hz. For these first studies, passive motor stimu-
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lation continued for 20 seconds, followed by a
20—45 second resting period, then stimulation
was re-initiated. Data was averaged over the en-
tire 20) second stimulation period, which repre-
sented seven independent cycles of the sources.
Data for these lhirst studies were collecied only at
830 nm.

2.5 Optical imaging protocol (2)

With further probe and software development,
additional studies were undertaken. As with the
previous protocol, all studies were carried out un-
der an IRB-approved protocol, and informed con-
sent was obtained prior to the initiation of the
studies. For these studics, 3 two to three week old
32—33 week EGA infants underwent a similar
passive motor stimulation protocol. The infants
were quict and asleep, but not pharmacologically
sedated or paralyzed. These infants had had hos-
pital courses which included short periods of in-
tubation and mechanical ventilation or continuous
positive airway pressure, but all were extubated
and on room air or nasal cannula oxygen at the
time of the studies. All patients had normal heart
rates and O» saturations by pulse oximetry during
the approximately 40 minute study period. There
were no complications from probe placement.

For these studies, a larger probe was developed
and it was placed in true midline position in the
region that corresponded to the motor cortex (fig-
ure 2). Baseline data was again collected for
20 seconds, then the patient right or left arm was
flexed and extended at the elbow. These studies

Figure 1. Prototype fiberoplic probe bemng
placed on a 75 day old, former 24 wcck
EGA infant.
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Figure 2. Advanced prototype fiberoptic probe in place
on 3 week old. former 32 week EGA infant,

employed a 5 sccond integration time instead of
averaging over 20 seconds, and each stimulation
period was increased to 30 seconds with a corre-
spondingly longer rest period of 45—60 seconds
between each stimulation period. In addition, data
were collected at both 780 nm and 830 nm.

3 Results
3.1 Optical protocol (1) results

Representative images for the first study protocol
are shown in figurc 3. A probe placement dia-
gram 1s shown at the top of the figure. The first
optical image on the left shows the control
(“rest”) image, where very little variation is iden-
tified. The next two images show different activa-
tion maps, similar in appearance to topographical
weather maps. obtained 5 minutes apart. Using
830 nm only, increased absorbance on the lcfi, as
seen by yellow to red color change, was noted
consistently with passive motor stiimulation on
the right side. correlating with the contralateral
motor cortex. This change 1n absorbance at

830 nm could be consistent with increased blood
flow and oxygenation in that region. While the
images are qualitatively similar, the activation
map at each time period is slightly different. Also,
some increased absorption is noted in the 1ipsilat-
eral motor cortex arca as well. Due to the small
probe size during these studies, however, 1t was
not possible to investigate this finding simulta-
neously with contralateral motor corlex during
stimulation.

3.2 Optical protocol (2) results

Representative images are shown in [igure 4.
During these studies, both 780 nm and 830 nm
wavelengths were used. As seen on the second
row of images, there are clear increases in absor-
bance at 830 nm, indicated by the incrcase 1n yel-
low to red color, but also, as seen in the first row
of images, much greater absorbance at 780 nm.
Taken together, this data indicates an increase in
blood volume to the imaged areca, as well as an
overall increase in deoxyhemoglobin concentra-
tion.

A graphic representation of the greater absor-
bance at 780 nm versus 830 nm is seen in fig-
ure SA. These absorption coefficient changes as-
sociated with the stimulation were averaged from
nine voxels from the centroid of contralateral ac-
tivation. A spectroscopic analysis of these absorp-
tion cocfficient changes vields the corresponding
change in oxy- and deoxyhemoglobin [4, 5]. The
increasing change in deoxyhemoglobin concen-
tration (Hb) over time is shown in figure 5B. The
slope of these changes appears to continuc to
increase beyond the period of stimulation.

4 Discussion

These data indicate that real-time, bedside func-
tional imaging of the infant brain is feasible.
Further, these initial studies reveal that, m a
particular preterm population, cerebral regional
blood volume and oxygenation patterns during
passive motor stimulation appear to be different
from those expected in an adult population
based on previous [unctional imaging studies
of neuronal activation [13, 19, 20]. Continued
development of this non-invasive optical tech-
nique should lead to long-term investigations ol
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Figure 3. Represenlative DOTS func-
tional 1mages obtained using optical
protocol (1) during passive movement
of the right arm. Note increase in yellow
to red color during passive motor stimu-
lation indicating mcreased absorbance in
the region ol the motor cortex contralat-
eral to the side of movement.

Figure 4. DOTS functional images ob-
tained using optical protocol (2) during
passive movement of the nght arm.
Images using this protocol were updated
every [ive seconds. Greatest mcreasing
absorbance at both 780 nm and 830 nm
is noted with stimulation in the region
of the motor cortex contralateral to the
side of movement, however somc
increase in absorbance is also noted in
the ipsilateral side.

Figure 5. Graphic representation of ab-
sorption coefficient changes at 780 nm
and 830 nm (at left), and oxyhemoglo-
bin (HbO) and deoxyhemoglohin (Hb)
(at right) over passive stimulation study
time course.
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infants at risk for subsequent neurodevelopmen-
tal abnormalities.

Despite a reduction in the preterm infant mortal-
ity rate due to advances in respiratory and cardio-
vascular support, the developmental pathways
and mechanisms of injury of the infant bram re-
main poorly described. Premature infants are fre-
quently critically ill, requiring maximum medical
intervention. and are unable to be moved outside
of the mtensive care environment for radiologic
studies. Invasive monitoring would not be toler-
ated, or in many cases, possible, in this patient
population. Bedside brain imaging techniques,
particularly cranial ultrasound. have made diag-
noses of specilic anatomic abnormalities possible.
Certain ultrasound-diagnosed cranial abnormali-
tics, such as grade 11 or IV intraventricular hem-
orrhage (IVH) or cystic periventricular leukoma-
lacia (PVL) have been identified as prognostic in-
dicators of abnormal neurodevelopmental out-
come [7, 27, 33]. Long term follow up studies,
however. indicate that the presence of I'VH alone
15 a poor Indicator of motor, cognitive and
sensory impairment, whereas cerebral ischemia
may be the more [requent culprit [31]. Efforts to
identify preterm infants at nisk for cystic PVL,
and therefore potentially intervene before
irreversible damage has been done, have revealed
that most have had a relatively benign clinical
course [26].

Therefore, many functional imaging modalities
such as MRI have been used to evaluate and
correlate functional outcome in nconatal leuko-
malacia [3] as well as brain development m
preterm infants [14]. Also, due to the phenome-
non of decreased cerebral blood flow with hy-
perventilation, fMRI has been used to assess
local cerebral C(); reactivity In preterm and
distressed term infants [32], demonstrating local
impairment of CO> reactivity as compared with
adults. SPECT functional imaging of infants
with West syndrome revealed subtle areas of
cerebral hypoperfusion not seen with other 1im-
aging techniques [15]. In infants who have un-
dergone extracorporeal membrane oxygenation
(ECMO), SPECT revealed subtle abnormalities
in rCBF soon after ECMO therapy ended [25].
Similarly, rCBI abnormalities have been re-
vealed in infants who have undergone complex
cardiovascular surgery using SPECT [6]. It has

also been suggested that functional imaging
techniques may be a helpful tool in the diagno-
sis of neuromigrational disorders and the eval-
uation of functional focal abnormalitics associ-
ated with seizure activity, even in the presence

of a normal MRI [16].

Although these studies have identified important
subclinical injuries in these patients, MRI, PET
and SPECT scans cannol be performed te make
moment to moment assessments, cannot cur-
rently be used as monitoring devices, and gen-
crally reveal damage or changes that have al-
ready occurred. A better functional imaging
method would mclude bedside, continuous mon-
itoring to allow for intervention in response to
changes in rCBF and oxygenation. This would
be especially important in the high-risk popula-
tion, such as neonatal cardiovascular surgical
paticnts, where the prevalence of subsequent
neurological problems may approach 23% [8].
With the advent of neuroprotective agents on
the horizon, rcal-time functional monitorimg will
be essential. The system used n the studies
presented here, DOTS, has the advantages of
functional 1maging, 1.e. measurement of
changes in regional total hemoglobin and cere-
bral oxygenation, with the benefits afforded by
portability, non-invasivenecss, and potential as a
continuous monitoring device supported by real-
time 1mage production. These aspects of the
device are of particular importance to the pre-
mature and extremely il term nfant population,
in which transport to a PET or MRI facility 1s
not feasible. Furthermore, such an exam would
simply represent a “snap shot” for the medically
unstable patient in question.

Although the initial studies with a single wave-
length may be seen as feasibility studies, the sec-
ondary studies with two wavelengths revealed
relative decreases in regional oxygenation over
the period of stimulation. This 1s similar to what
is referred to in the fMRI literature as an inverse
blood oxygen level dependent (inverse BOLD)
effect. As opposed to adults, who show increased
BOLD fMRI signal and therefore decreased
deoxyhemoglobin concentration and increased
blood flow in corresponding areas of the brain
during stimulation, recent studies have shown de-
creased BOLD fMRI signal during visual stimu-
lation in infants and young children [1]. Similar
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results have been reported using NIRS technigques
to evaluate hemodynamic responses to visual sti-
mulation in infants [21]. This difference has been
speculated to be due to a higher proportional
increase in  oxygen extraction relative to
increased rCBF during activation, but [urther
studies are required to clucidate the precise mech-
anisin.

In addition, further changes and improvements 1n
future DOTS clinical studies should be consid-
ered. First, although improved images were
achicved following a change to a larger probe de-
sign during our secondary studies, further evalua-
tion of the areas of activation is needed. To that
end, probe design and hardware improvements
are in progress, including larger probe detector
array, and additional laser wavelengths. Specifi-
cally, the extent of ipsilateral activation and cau-
sation of quantitative changes in the motor activa-
tion map over time requires further study. One
speculation is that this ipsilateral activation repre-
sents activation of nonprimary motor areas in the
cortex, as has been reported in adult studies of
motor activation using PET and MRI [10, 24]. Of
note, in movement protocols in which unitlateral
movements were compared with rest, as in the
protocol used in the present study, ipsilateral acti-
vation was also noted in a recent functional MRI1
study [24]. Second, design of the appropriate sti-
mulation protocol is a challenging 1ssue. The nco-
natal population is extraordinarily difficult to
study in this regard; unlike adults and children,
they obviously do not respond to commands, and
unfortunately are casily disturbed. The present
protocols were designed in order to minimize any
potentially confounding effects of sedative agents
or neuromuscular blockade. However. future

Abstract

Background: Changes in regional brain blood low and
hemoglobin oxygen saturation occur in the human cor-
tex in response to neural activation. Traditional func-
tional radiologic methods cannot provide continuous,
portable measurements. Imaging methods, which use
near-infrared light allow for non-invasive measurements
by laking advantage of the lact that hemoglobin is a
strong absorber at these wavelengths.

Aims: To test the feasibility of a new optical functional
imaging system in premature infants, and to obtain pre-

1. Perinat. Med. 29 (2001)
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studies with infants may require sedation as a
longer stimulation time will be needed to evaluate
the continued increase in deoxyhemoglobin con-
centration change seen in the present studies. In
addition, timing of recovery of absorption to
baseline after stimulation could be an important
additional factor to explore. Finally, relatively Iit-
tle 1s known regarding “normal” functional 1m-
aging changes in the neonate over time and gesta-
tion. Many paticnts of differing gestational and
actual age, as well as acuity of illness, will need
to be studied as part of a multicenter mitiative In
order to creatc a “library” of optical functional
images in the neonate. Certainly, functional im-
aging changes have been shown over maturation
using SPECT in previous studies by Rubinstein
et al. [29]; regional blood volume or oxygenation
changes over gestational age and actual age
would not be unexpected findings using optical
functional imaging techniques. The present study
is clearly complicated by the fact that the infants
studicd are of very diffcrent gestational age, ac-
tual ages, and severity of illness. It 1s therefore
presented to demonstrate the potential of a new,
real-time, non-invasive system, and is mercly a
start to the “library” of images that will be needed
to draw more informed conclusions about the
function of the premature bram.

Functional imaging using near-infrared tech-
niques requires and deserves further study, espe-
cially in the preterm and term nfant. Given our
limited understanding of the exact causation and
pathophysiology of, and therefore preventative
measures for significant neonatal neurodevelop-
mental damage such as cercbral palsy [9], contin-
ued studies focusing on real-time and continuous
regional blood volume and oxygenation changes
are warranted.

liminary brain imaging ol passive motor activation in
this population.

Methods: A new optical imaging system, the Diffuse
Optical Tomography System (DOTS), was used to
provide real-time, bedside assessments. Custom-made
soft flexible fiberoptic probes were placed on two ex-
tremely ill, mechanically ventilated 24 week premalture
infants, and three healthier 32 week premature mtants.
Passive motor stimulation protocols were used during
Imaging.
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Results: Specific movement of the arm resulted in re-  Conelusions: In the intensive care seting, continuous
producible focal, contralateral changes in cerebral ab-  non-invasive optical [unctional imaging could be criti-
sorption. The data suggest an overall increase n blood  cally important and, with [urther study, may provide a
volume to the imaged area, as well as an increase m bedside monitoning (ool for prospectively identifying
deoxyhemoglobin concentration. These findings in pre-  patients at high risk for bram mjury.

malture mlants dilfer [rom those expecled in adults.

Keywords: Brain, funchional imaging, infant, near-infrared, neonate, optical.

Abbreviations: tMRI: lunctional MRI, PLT: Positron Emission Tomography, 5PECT: Single Photon Enussion
Computed Tomography, TOTFA: time-of-flight and absorbance, DOTS: Diffuse Optical Tomography System,
rCBT: regional cercbral blood flow
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