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Abstract. For the first time, we have implemented photoacoustic tomography (PAT) to image the water content of
an edema in vivo. We produced and imaged a cold-induced cerebral edema transcranially, then obtained blood
vessel and water accumulation images at 610 and 975 nm, respectively. We tracked the changes at 12, 24, and
36 h after the cold injury. The blood volume decreased after the cold injury, and the maximum area of edema
was observed 24 h after the cold injury. We validated PAT of the water content of the edema through magnetic
Resonance Imaging and the water spectrum from the spectrophotometric measurement. ©2011 Society of Photo-Optical

Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3584847]
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The homeostasis of the intracellular and extracellular fluids
inside the brain is established under the precise regulation of wa-
ter transportation across the major cellular barrier: blood-brain
barrier (BBB).! Cerebral edema is a pathological status in which
tissues swell as a result of excess water accumulation. In cere-
bral edema, the BBB tight endothelial junctions are weakened,
thus increasing the osmolality. As a result, intravascular fluids
and proteins penetrate into cerebral extracellular space.! There
are several types of cerebral edema.”? Diffuse cerebral edema
is formed due to a head injury. Vasogenic edema arises from
transvascular leakage, and is usually associated with focal con-
tusions or hematomas. Cytotoxic edema is an intracellular pro-
cess resulting from the failure of the membrane pump. It is also
induced by a head injury, and will cause post-traumatic ischemia
and tissue hypoxia. Cerebral edema plays an important role in a
wide variety of nervous system disorders, including head trauma,
tumors, stroke, infections, and metabolic disorders.? Detecting,
monitoring, and especially imaging edema is helpful in under-
standing its mechanisms and offering therapeutic options. Cere-
bral edema has been detected by morphological imaging modal-
ities such as x-ray computerized tomography and magnetic res-
onance imaging (MRI).*> Itabashi et al.> combined MRI and
perfusion studies of brain edema to obtain both structural and
functional imaging, followed by histological examination.

Photoacoustic tomography (PAT) has been implemented to
image various tissues.® Many types of optical absorbers, such
as hemoglobin, melanoma, and various natural and artificial
exogenous contrast agents, have been imaged for their high
contrast. We have previously demonstrated that PAT has the
potential to image water in tissue, taking advantage of the fact
that water has a peak absorption coefficient around 975 nm, with
a full width at half maximum (FWHM) of 920 to 1040 nm.” Here
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we applied PAT to imaging cerebral edema. To our knowledge,
it is the first successful attempt to image water in vivo by PAT.
Our new full-ring array PAT system,® shown in Fig. 1,
was used in the study. The illumination source was a tunable
laser [Vibrant (HE) 355 I, OPOTEK], which provided laser
pulses at a repetition rate of 10 Hz. Two wavelengths, 610 and
975 nm, were used to image a mouse brain in vivo in order to
image both blood vessels and water content. A ground glass
homogenized the laser beam before it reached the brain sur-
face. The average fluence on the mouse surface is 4.78 and
0.95 mJ/cm? for 610 and 975 nm, respectively, which were
lower than the American National Standards Institute (ANSI)
safety standard (20 mJ/cm?). The beam diameter is ~1 cm. A
512-element full-ring array, with a 5 cm diameter and a 5 MHz
center frequency, served as the ultrasonic detector. It took 16 s
to obtain one cross-sectional image with 10 times averaging.
Three mice weighing 25 g were used for the repeated exper-
iments. In each experiment, the mouse was anesthetized with
ketamine/xylazine to facilitate the placement of the animal on
an experimental stage and keep it motionless. The skull re-
gion of interest was depilated using a commercial hair remover.
Before the imaging period, 0.4 ml/ 20 gm saline was injected
intra-abdominally in order to replenish lost fluids.” The mouse
remained under anesthesia during the experiment, with isofluo-
rane delivered through a nose cone. The head was covered by
a plastic film, above which mineral oil was filled as an acous-
tic coupling medium. Prior to the induction of cerebral edema,
baseline images of the mouse brain were collected for compari-
son with images collected after the cold injury. After the baseline
image was obtained, mineral oil was extracted temporarily with
a syringe. A cold-induced cerebral edema!® was created by fill-
ing an aluminum tube with liquid nitrogen and placing the tube
in contact with the mouse scalp for 30 s. To prevent adhesion,
the plastic membrane remained between the aluminum tube and
the scalp. After the tube was withdrawn, the mineral oil was
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Fig. 1 Schematic of the photoacoustic tomography system.
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replaced. The animal remained on the experimental stage for the
entire duration of imaging. For two of the animals, changes in
blood volume and water accumulation at the edema site were
tracked 12, 24, and 36 h after the cold injury. For the third an-
imal, only changes at 12 and 24 h after the cold injury were
tracked. After that, the mouse was sacrificed and an MRI image
of the cortex was taken immediately.

The solid-angle-weighted image reconstruction algorithm
approximated by Li and Wang!! was used for the image re-
construction. Due to the limited bandwidth of the system re-
sponse, there are negative values on some of the reconstructed
image pixels. Here an iterative algorithm was applied'> while
the positivity constraint was added during each iterative step.

Figure 2 shows the brain images acquired in vivo by PAT
at both 610 and 975 nm and subsequently acquired ex vivo by
MRI. The imaging depth is ~1 mm beneath the mouse brain
surface. The upper (610 nm) images in Figs. 2(a)-2(c) indicate
the decreased amount of blood in the vessel during the first 24
h after the cold injury, which is consistent with the findings
of Frei et al.'> At the same time, the lower (975 nm) images
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Fig. 2 Transcranial photoacoustic images of the mouse brain acquired through the intact scalp and skull noninvasively acquired (a) before cold
injury, (b) 12 h after injury, and (c) 24 h after injury. The upper and lower row images were acquired at 610 and 975 nm optical wavelengths,
respectively. Three mice were imaged: two of them were kept alive until 36 h after cold injury, and the third was sacrificed 24 h after the cold injury
for MRI imaging. (d) Integrated water and blood signal strengths in the dashed line area computed for the three mice. The signal strengths were
normalized to the water signal acquired before cold injury. () MRI image of the mouse cortex, taken immediately after the mouse was sacrificed
[24 h after cold injury]. The edema is indicated by the arrow. The dashed line area in lower (c) outlines the contour area according to 60% of the

maximum water signal acquired at 975 nm.
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show an accumulation of water after the cold injury. The region
with water accumulation increased to a maximum size 24 h af-
ter the cold injury. Figure 2(d) shows the integrated signals of
both blood and water. The region of the edema as encircled by
the dashed line in the lower (975 nm) part of Fig. 2(c), which
is the contour line at 60% of the maximum pixel value. Here,
when integrating the signal within the contour, we eliminated the
blood signal at 975 nm by obtaining the least squares solution to
the linear equation with three unknowns (concentration of wa-
ter, oxy-, and deoxy-hemoglobin), based on the photoacoustic
(PA) signal from both the upper (610 nm) images and the lower
(975 nm) ones. The linear equation was formed by applying dif-
ferent oxy- and deoxy-hemoglobin molar extinction coefficients
at two wavelengths, the molar extinction coefficient of water!* at
975 nm, and the laser energy for calibration, described as

Pa()‘-l)/[F()‘-l)r/th] = 80x()‘-1)C0x

+8de()"1)cde + Ewater()\l)cwater,

Pa()‘Z)/[F()‘-Z)nthr] = Sox()‘Z)Cox

+ Sde()\Z)Cde + 8water()\2)cwalerv

where A} = 610 nm, A, = 975 nm; €x , €de, aNd € yyer are the
known molar extinction coefficients of oxy-, deoxy-hemoglobin,
and water, respectively; Cox, Cge and Cyyer are the molar con-
centrations of oxy-, deoxy-hemoglobin, and water, respectively,
in the brain; F()) is the laser fluence at A; ny, is the percentage of
deposited optical energy that is converted into heat; I" is the the
Grueneisen parameter, which is regarded as a constant;'* P,(1)
is the reconstructed photoacoustic signal amplitude at A.

Here, the photodiode (DET210, Thorlabs, Inc., Newton,
New Jersey) was used to record the energy of every laser
pulse for the calibration. We assumed the oxygen saturation
is 95% and ignored the slight difference in scattering coef-
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ficients at the two wavelengths.”> From Fig. 2(d), we could
see that 36 h after the cold injury, the water signal at the
edema region had decreased, while the blood signal had in-
creased slightly compared to the signal 24 h after cold injury,
indicating that the mouse began to recover from the edema
36 h after the cold injury. We applied linear regressions to
all the data within the first 24 h (3 animals multiplied by 3
time points) for both the blood and water signals, respectively,
and then performed a t-test of the slopes against zero. The
p-values for the blood and water signals were less than 0.0001
and 0.0022, respectively.

The T2-based MRI image [shown in Fig. 2(e)] validated
the edema region observed by PAT. The image of the ex vivo
mouse was acquired at 4.7 T using a Varian/Agilent DirectDrive
small-animal MRI scanner. A Doty linear volume coil was used
for excitation and signal reception. Fast spin-echo image was
acquired using repetition time TR = 5 s, echo train length (ETL)
= 8, a 12 ms echo spacing, effective echo time TE . = 48 ms,
and 10 signal averages.

The contrast-to-noise ratios (CNRs) were calculated to quan-
tify the water contrast in both the MRI and PAT images, which
were 22.2 + 4.1 and 25.3 £ 5.2 dB, respectively. Here the
regions of interests were selected within the contour line at 60%
of the maximum pixel value, and the CNRs were calculated
with the method proposed by Scott et al.'® The standard devia-
tions were obtained by applying the formula of propagation of
uncertainty.!”

In addition to the MRI image in Fig. 2(e), to demonstrate that
what we observed was water, we integrated the signals in the
water accumulation region labeled in the lower part (975 nm)
of Fig. 2(c) at five different wavelengths: 925, 95, 975, 1000,
and 1025 nm [images shown in Figs. 3(a)-3(d)]. The data were
compared with the expected water absorption from spectropho-
tometric measurement in Fig. 3(e). The relative absorption
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Fig. 3 (a)-(d) Transcranial photoacoustic images acquired at 24 h after cold injury at 925, 950, 1000, and 1025 nm wavelengths, respectively. The
dashed line area is the same as the one shown in the lower part of Fig. 2(c). (e) Comparison between the water absorption coefficients calculated by
signal integrations in the reconstructed water accumulation region and the coefficients from spectrophotometric measurements.

Journal of Biomedical Optics

066020-3

June 2011 * Vol. 16(6)

Downloaded from SPIE Digital Library on 16 Jun 2011 to 128.252.20.193. Terms of Use: http://spiedl.org/terms



Xu, Zhu, and Wang: In vivo photoacoustic tomography of mouse cerebral edema...

spectrum was converted to absolute values by calibrating with
the absorption coefficient of deionized water at 975 nm mea-
sured by a spectrophotometer (Cary 5E, Varian, Walnut Greek,
California). From the Fig. 3 we could see that the PAT mea-
surement of water showed good agreement with the spectropho-
tometric measurement, which indicated that the photoacoustic
contrast in the labeled region was due to water.

In this paper, we first imaged water in vivo with our PAT
system. We monitored the formation of edema and its expan-
sion and recovery with PAT. Due to disruption to the BBB,
the venules and capillaries become leaky; thus, both proteins
and water may have flowed into the extracellular space, leading
to a net water increase. The photoacoustic approach demon-
strated its ability to image the cold-induced cerebral edema and
its potential to image water. In imaging cerebral edema, PAT
required less time than MRI. Imaging water with PAT offers
the possibility of accurately monitoring physiological parame-
ters in addition to oxygen saturation and hemoglobin concen-
tration, by differentiating several contrasts with more optical
wavelengths.
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