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ABSTRACT

Using the method of 3D optoacoustic tomography, we studied changes in tissues of the whole body of nude mice as the
changes manifested themselves from live to postmortem. The studies provided the necessary baseline for optoacoustic
imaging of necrotizing tissue, acute and chronic hypoxia, and reperfusion. They also establish a new optoacoustic model
of early postmortem conditions of the whole mouse body. Animals were scanned in a 37°C water bath using a three-
dimensional optoacoustic tomography system previously shown to provide high contrast maps of vasculature and organs
based on changes in the optical absorbance. The scans were performed right before, 5 minutes after, 2 hours and 1 day
after a lethal injection of KCI. The near-infrared laser wavelength of 765 nm was used to evaluate physiological features
of postmortem changes. Our data showed that optoacoustic imaging is well suited for visualization of both live and
postmortem tissues. The images revealed changes of optical properties in mouse organs and tissues. Specifically, we
observed improvements in contrast of the vascular network and organs after the death of the animal. We associated these
with reduced optical scattering, loss of motion artifacts, and blood coagulation.

Keywords: photoacoustic thermoacoustic tomography, postmortem tissue changes, 3D tomography, nude mice, rigor
mortis, blood coagulation, deoxygenation.

1. INTRODUCTION

Postmortem studies have a broad range of fields associated with it such as pathophysiological stages such as global
changes of tissue in hypoxia and necrosis."” It is important for forensic medicine, thermal therapy, and pathological
anatomy. In the case of thermal therapy, it would be good to know when the targeted tissue is destroyed and how well
the non-targeted tissue fair during the treatment. Another scenario is tissue hypoxia leading to necrosis like during frost
bite when the blood circulation is restricted over a long span of time possibly killing the tissue.

It is known that the body undergoes various phases of changes during the time of necrosis in terms of physiology,
chemistry, and biology of a specimen.***® Figure 1 shows many of the various transitions that the cells, tissues, and
organs occur once the organism is dead. Physical changes happen rather quickly from minutes to days and consist of
pallor (paleness), algor (temperature change), hypostasis (gravitation), etc. Also closely related to the physical changes
are chemical changes which tend to also occur rather quickly ranging from minutes to weeks manifested in rigor mortis
(cadaverous rigidity), blood coagulation, autolysis, etc. Biological changes like of putrefaction and further cadaverous
decomposition related to bacteria and insects happen within days to months.”**!° Early changes associated with death
include the loss of movement such as the fall of blood pressure and cessation of circulation of blood. Also the physical
characteristics of the body such as temperature and rigidity happen in a span of a day. Within the first day following the
death of an organism, changes to acoustic impedance and speed of sound are onset due to rigor mortis and blood
coagulation in addition to deoxygenation which all can be detected with optoacoustic (OA) imaging.'' Figure 2 presents
some of the processes that lead to rigor mortis and blood coagulation due to the deoxygenation of the organism and
subsequent creation of an acidic environment. This in turn causes contraction of the muscle fibers for rigor mortis and
the release of thrombokinases when blood coagulation occurs. Upon rigor mortis, a dead organism previously flaccid for

Photons Plus Ultrasound: Imaging and Sensing 2012, edited by Alexander A. Oraevsky, Lihong V. Wang,
Proc. of SPIE Vol. 8223, 82230K - © 2012 SPIE - CCC code: 1605-7422/12/$18 - doi: 10.1117/12.910975

Proc. of SPIE Vol. 8223 82230K-1



two to three hours is becoming stiff starting from smaller muscle groups and proceeding to the whole body. This rigidity
though is not permanent and begins to soften again after a day and a half to two days.

Figure 1. Diagram of various changes occurring within the body after death over time

Postmortem OA imaging has an advantage due to the loss of movement artifacts (breathing or muscle contractions
during the scan). Rigor mortis, blood coagulation and loss of oxygen from the blood are the main events we attempt to
see using OA imaging during early postmortem stages. It is known that prior to 800nm, deoxygenated blood is more
optically absorbing than the oxygenated blood.'” Additionally, there have been publications showing increased
absorption and scattering of blood after photocoagulation."” It was therefore hypothesized that optoacoustic imaging can
track those acoustic and optical changes in terms of increased contrast over time.
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Figure 2. Consequences of the postmortem deoxygenation of blood

2. MATERIALS AND METHODS

[llumination was performed in quad configuration where the linear light sources were placed in both orthogonal and
backward mode with approximately twice more energy going into orthogonal mode. We used a custom designed pulsed
titanium sapphire laser from Quanta Systems (Solbiate Olona, Italy) operating at 10 Hz repetition rate with center
wavelength of 764nm. Energy output through the illumination system was about 1mJ/cm” measured at the location of the
subject. Acoustic signals were measured with an arc array of 64 piezo-composite elements (central frequency of 3.1
MHz) spanning a 152° arc angle with a focal length of 65mm (Imasonic SAS, Voray sur I’Ognon, France). Mice were
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kept at a constant temperature around 35°C within a PID controlled water tank. A DGM60-ASK Vexta rotational motor
and EZ Limo linear motor from Oriental Motors were used to rotate the mouse as well as to control its position along the
axis of rotation during scans. Additionally, a Newport manual XY translational stage was added in order to align the
rotation axis to pass through the focal point of the arc. The acquisition sampling frequency was set to 25MHz and 1536
samples were collected for each of the 64 channels."* A picture of the OA setup with mouse, arc probe, and illumination
bars is seen in Figure 3.
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Figure 3. Schematic diagram (a) and a photograph (b) of the LOIS-3D imaging module (within a water tank) with a mouse and the arc
probe in the center, and black illumination bars positioned in orthogonal and backward optoacoustic modes.

We used four male Athymic Nude-Foxn1™ mice (Harlan, Indianapolis Indiana) that were 6 to 7 weeks old at the time of

the scans. They ranged in body mass from 22 to 26g. Each acquired dataset was averaged 64 times. The rotation was up
to 360 degrees with 2.4 degree steps providing a total of 150 data sets and took about 15 minutes. In-vivo mice imaging
was done with the use of a mixture of isoflurane and room air that put the mice to sleep and acted as an analgesic. A
custom made mouse holder used in our prior studies was used to provide ample imaging area of the body while creating
a diving bell for required air."> After live OA scans, the mouse was taken out of the water tank still held in the mouse
holder and euthanized with potassium chloride while under isoflurane. After verification of death by observing breathing
patterns, the mice were placed back into the imaging tank and immediately scanned. The dead mouse would be left in the
water tank until a second scan would be taken two hours postmortem to allow for rigor mortis to set. The mouse would
then be taken out of the water tank and wrapped in wet towels, then covered with plastic wrap, and placed in a
refrigerator at 4-6°C overnight. The dead mouse was taken out of the refrigerator the following day around half hour
prior to its next scan and placed back into the OA imaging system to allow for temperature stabilization. The third
postmortem scan was done over 20 hours after the euthanasia to see changes caused by rigor mortis and blood
coagulation. In this manner, temperature changes should not be significant due to control of the ambient water
temperature during scans and allowing the postmortem mice core temperature to stabilize following refrigeration.

Signal processing was kept the same among all the mice involved, using deconvolution of the acousto-electric impulse
response, 7-scaled wavelet transform, and a single principal component removal.'® A full data set from 150 acquisitions
spread over 2.4 degrees apart created a sphere of 9600 transducers that could be reconstructed into a volume of 45
million voxels in less than 55 seconds.'” Image processing was kept constant across all mice such that it was based on
percentages associated with their respective histograms of the initial in-vivo images. This would allow for a single mouse
to be compared across all postmortem scans as well as give a feeling of how each scan performed with respect to one
another. Using Volview 2.0 from Kitware, the scalar opacity mapping forced all negative values up to 0 transparent.
Then a linear opacity ramp up was applied up a level of 0.3 at 70% of the dynamic range of the histogram followed by
the maximum level of 1 immediately afterwards. Color mapping was done in a similar manner such that blue was set to 0
transitioning to green at 20% the dynamic range of a live scan and becoming flat red at 70%. Gradient opacity mapping
was mostly handled such that all lower gradients up to the intensity distribution mode were zeroed out with Volview
automatically setting the ramp to match with its Strong Edge detection heuristics.
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3. RESULTS & DISCUSSION

Using prior experience with optoacoustic imaging of a live mouse we could predict that blood rich regions would show
up well.""” This was once more the case as we saw similar in quality visualization of the spleen, left and right kidneys,
and some major blood vessels like the femoral veins. All these were seen in the in-vivo scans of the mice and the image
processing was such that those regions were seen but mainly colored green and yellow as observed in Figure 4. The first
set of postmortem scans could also be considered a control scan since it was performed immediately after death of the
mouse. There was a definite increase in contrast in the initial postmortem images as compared to in vivo images as more
areas of red were found, especially within the spleen, kidneys, and larger blood vessels. Also, the fragments of liver
became visible over the right kidney as seen in Figure 5. The belief for the major reason of this enhancement is the loss
of movement artifacts due to breathing and blood circulation although deoxygenation would be happening during this
time period as well.
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Figure 4. In-vivo OA images of the four mice

The second postmortem scan done two hours after euthanizing showed an even greater increase in contrast than both in-
vivo and 5 minutes postmortem which is shown in Figure 5. Comparing the two postmortem scans, this increase would
not be due to the loss of breathing but physiological and chemical changes that may occur within that time frame. There
an even higher contrast found within the spleen, kidneys, and larger blood vessels. The liver over the right kidney is
becoming more opaque with more regions of red as well. Smaller branching blood vessels are also becoming more
apparent during these times, of note are those below the kidneys and near the gonadal veins. At this time, deoxygenation
of the blood should be close to finalized but more importantly blood coagulation and rigor mortis should be ongoing. It
was noticed that at the end of the scan the mouse was relatively stiff.
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Figure 5. Postmortem changes of optoacoustic images of one of the mice

The last postmortem scan done about a day after euthanizing the mouse once more showed an overall increase in contrast
around the targets seen prior in the 2 hour scan. There was also less of a static noise around those contrasted objects of
interest as well as organs showing less contrast around their edges as compared to before. Particularly significant
increase in the optoacoustic contrast was observed around the vertebrae. This was possibly attributed to more blood
coagulation around the vertebrac due to the hemolytic effect of an acidic medium progressing into the later stages.
Additionally, it is possible that the advanced stage of rigor mortis further limited any small movements due to rotating in
the water. Temperature should not be an issue in our imaging since the acoustically coupling medium is warm water that
is maintained at a constant temperature for about thirty minutes prior to the scan to help stabilize the mouse after
refrigeration. All these observations can be seen in Figures 4 and 5 which show two of the mice imaged using 764nm
wavelength.

With just one wavelength, it is not clear how sensitive the present optoacoustic images are to the deoxygenation of blood.
Using titanium sapphire where deoxygenated blood is more absorbing as compared to oxygenated blood, one can infer
that it should help increase the contrast further in time from when it was alive but how much is uncertain. There would
need to be at least one secondary wavelength where oxygenated blood would be more absorbing like 1064nm, available
in a YAG laser. This would help confirm which effects are due to acoustic changes such as rigor mortis and blood
coagulation and which are due to optical changes in oxyhemoglobin and deoxyhemoglobin. Another addition to these
experiments would be the addition of longer term studies where rigor mortis would begin to alleviate in determining its
effect in optoacoustic imaging. This would hypothetically help in determining if our increased contrast was due to blood
coagulation alone or if rigor mortis did add some element of increase contrast.

4. CONCLUSION

In this work, we were interested in identifying the changes that could be detected using optoacoustic 3D tomography in
dying mammalian organisms. Such an issue may arise from cases like frostbite where a localized cold injury is often
found in feet and toes or hands and fingers. If the damage is extensive enough, amputation of the body part is required
and possibly using OA imaging one can quickly differentiate regions of dead tissue from live. It was seen here that
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within a day there is a general increase in contrast associated with blood rich tissues and organs. It is probably related
from a combination of optical changes from blood coagulation and deoxygenated blood as well as acoustic changes from
blood coagulation and rigor mortis. Concerning deoxygenated blood though, there is a need to add a scan with a
separated laser wavelength preferably something like 1064nm where oxygenated blood absorbs more as opposed to
deoxygenated blood seen at 764nm. Also, it would be beneficial to continue scans past a day after an animal’s death to
see at which point OA imaging starts degrading and its correlation to changes in cadaverous tissue at that time. If
optoacoustic imaging can monitor and track all the various blood and tissue related changes in the body it might be used
to help estimate the time of death.
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