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INTRODUCTION:

Casualties in Operation Iragi Freedom (OIF) and Operation Enduring Freedom
(OEF) have experienced a high rate of extremity injuries with nearly ubiquitous
diffuse tissue damage and compromised local circulation often associated with
overt vascular injury. These injuries include traumatic amputations, open
fractures, crush injuries, burns, acute vascular disruption, blastwave-associated
pressure injuries, air, thrombotic, and fat embolism, and compartment syndrome.

In the treatment of such complex traumatic injuries, improved assessment of
global and regional perfusion, extent of infection, location and development of
necrotic tissue, as well as location and development of early heterotopic
ossification would facilitate the resuscitation and definitive treatment of these
patients. Noninvasive spectroscopic methods may fulfill such a role, particularly
Raman spectroscopy, infrared imaging, near-infrared spectroscopic imaging, and
visible reflectance spectroscopic imaging. These technologies are capable of
monitoring tissue temperature[l], perfusion[2] and associated hypoxia[3-6],
collagen deposition[7-8], and development of calcified tissue[9-18].

BODY:

Aim 1 is comprised of four tasks:

a) Optimize each imaging system for focal distance, illumination source and
power, and acquisition times.

Task la was significantly delayed because of the manufacturing of the
custom LED array. The original LED array was not delivered in the desired
format, as indicated by the prototype drawings. As a result, we than had to
wait for an additional piece to be machined. The entire multimodal system is
not assembled, but calibration of individual components has begun for all
components. We are currently drafting a design for the final assembly of the
system. To date, the infrared system and 3-CCD systems have been
calibrated. Figure 1 demonstrates the linearity of the 3-CCD response
compared to the fluorescence tissue oxygenation probe. The original 3-CCD
image (Figure 1A) shows a six well plate with four wells of blood. Increasing
amounts of sodium dithionite, a reducing agent, has been added to three of
the wells, decreasing the concentration of HbO, in those wells. The individual
3-CCD channel responses are displayed (Figures 1B-C), along with the
calculated response (Figure 1D). There is clearly a linear relationship
between the amount of sodium dithionite added to the wells and the
measured pO, (as measured by the fluorescence probe), as expected —
Figure 1E. Finally, we demonstrate a linear relationship between the
calculated response of the 3-CCD camera and the fluorescence probe
measurements (Figure 1F). The visible reflectance imaging system is
currently undergoing calibration along with the fluorescence oxygenation
probes.

b) Collect images and Raman spectra of unaffected tissue of patients at various
anatomical sites.



For Task 1b, an amendment was submitted and approved by the IRB for
collection of “control” Raman spectra. We have begun enrolling patients (two
to date) and anticipate completing this task in one month or less.

c) Characterize specific tissue features of normal tissue.

Once Task 1b is competed and we have collected control muscle for an
additional 20 patients, Task 1c will be completed.

d) Correlate spectral parameters of normal tissue and their response with
physician observations.

Once Task 1b is competed and we have collected control muscle for an
additional 20 patients, Task 1c will be completed. Upon completion, we will
initiate Task 1d.

Aim 2 is comprised of five tasks:
a) Correlate the presence of necrotic tissue with spectroscopic markers.
b) Correlate spectroscopic markers with wound infection.
c) Correlate spectroscopic markers with the development of heterotopic ossification.

Since submission of the proposal, we have received tissue biopsies from
wounds for an additional 24 patients and Raman spectra have been collected
for these patients. We have also enrolled 33 patients into the 3-CCD study,
collecting 3-CCD images of wounds for all of these patients. Preliminary
results for the 3-CCD study are outlined in the attached poster (A) presented
recently at the Federation of Analytical Chemist and Spectroscopy Societites
(FACSS) — see the Reportable Outcomes section for “Monitoring Limb
Ischemia Using Non-invasive Imaging and Spectroscopic Techniques”.
Briefly, the majority of the patients enrolled in the 3-CCD study to date have
been normal healers, so correlation of outcome to 3-CCD data has not yet
been possible. We have, however, determined the optimum conditions for
obtained quality 3-CCD images and this practice has been implemented by
the clinical team. White balancing the camera prior to image acquisition is
critical for correcting for various illumination conditions. This step was critical
for obtaining usable data consistently.

We have also collected Raman spectra of bacterial isolates for four species
of bacteria found in combat wounds (MRSA, Klebsiella, Pseudomonas, and
Acinetobacter). For Acinetobacter, we have collected Raman spectra of 30
unique strains. For preliminary results, please see the attached poster (B)
presented recently at FACSS — see the Reportable Outcomes section for
“Profiling Wound Healing with Effluent: Raman Spectroscopic Indicators of
Infection”. Briefly, hierarchical clustering with very little pre-processing is able



to classify individual Acinetobacter baumannii strains into groups of
relatedness (Figure 2). For instance, strains 13, 15, 23, and 26 are spectrally
similar (purple spectrum) and exhibit a unique band at 978 cm™ (Figure 3);
these particular strains are also genetically similar and demonstrate
increased virulence. We are currently working with Dr. Daniel Zurawski in the
Department of Infectious Diseases at the Walter Reed Army Institute of
Research to optimize Raman spectroscopic results for accurate genetic and
phenotypic classification. This model will be used to classify the Raman
spectra of bacteria collected from wound effluent or tissue. We have noticed
a large fluorescence background that dominates some of the bacterial
Raman spectra; this can make extraction of a quality Raman spectrum
difficult. We are currently investigating rinsing techniques to diminish the
fluorescence signal as well as the use of Raman signal enhancing
substrates.

Our examination of heterotopic ossification (HO) tissue and non-HO tissue
has revealed differences between normal tissue and tissue that goes on to
develop HO. Briefly, preliminary results illuminate distinct differences
between control muscle and muscle that eventually develops HO (Figure 4).
These spectral differences can be directly attributed to protein and mineral
content. Tissue that goes on to develop HO exhibits bands that are more
similar to type | collagen, the matrix framework for bone; this is evidenced by
a decreased 1240/1270 cm™ band area ratio (BAR) and a decreased
1340/1270 cm™ BAR. Additionally, examination of the mineral bands of HO
tissue indicates that HO that develops quickly after injury has lower
carbonate content (1070:960 cm™ band area ratio) and an increased 948 cm
! shoulder (945:960 cm™ band area ratio), indicating a less mature HO that
may not be fully mineralized (Figure 6).

d) Correlate spectral parameters and their response with physician and pathologist
observations.

We have not completed enrolling patients for Task 2 and do not anticipate
doing so until the following fiscal year. Upon completion of Tasks 2a-c, Task
2d will be initiated.
KEY RESEARCH ACCOMPLISHMENTS:
- The infrared system and 3-CCD systems have been calibrated.
- An amended protocol was submitted and approved by the IRB for collection of
“control” Raman spectra. We have begun enrolling patients (two to date) and

anticipate completing this task in one month or less.

- We have received tissue biopsies from wounds for an additional 24 patients and
Raman spectra have been collected for these patients.

- We have also enrolled 33 patients into the 3-CCD study, collecting 3-CCD images



of wounds for all of these patients.

We have also collected Raman spectra of bacterial isolates for four species of
bacteria found in combat wounds (MRSA, Klebsiella, Pseudomonas, and
Acinetobacter). For Acinetobacter, we have collected Raman spectra of 30 unique
strains.

We have used hierarchical clustering to classify individual Acinetobacter baumannii
strains into groups of relatedness. We are currently working with Dr. Daniel
Zurawski in the Department of Infectious Diseases at the Walter Reed Army
Institute of Research to optimize Raman spectroscopic results for accurate genetic
and phenotypic classification.

Our examination of heterotopic ossification (HO) tissue and non-HO tissue has
revealed differences between normal tissue and tissue that goes on to develop HO.
These spectral differences can be directly attributed to protein and mineral content.

REPORTABLE OUTCOMES:

Poster presentations:

Rajiv Luthra, Nicole Crane, Eric Elster. “Monitoring Limb Ischemia Using Non-
invasive Imaging and Spectroscopic Techniques”. FACSS. Reno, NV: October 2-7",
2011.

Nicole Crane, Rajiv Luthra, Eric Elster. “Profiling Wound Healing with Effluent:
Raman Spectroscopic Indicators of Infection”. FACSS. Reno, NV: October 2-7™,
2011.

Oral Presentations:

Nicole Crane, Eric Elster. Developing a New Toolbox for Analysis of Warrior Wound
Biopsies: Vibrational Spectroscopy. Photonics West BiOS. San Francisco, CA:
January 22" - 27" 2011.

Nicole Crane. Developing a New Toolbox for Analysis of Warrior Wounds.
Biomedical Sciences and Engineering Conference. Knoxville, TN: March 17", 2011.
Nicole Crane. Raman Spectroscopic Studies of Heterotopic Ossification in Combat-
W(t)hunded Soldiers. Metropolitan Biophotonics Symposium. College Park, MD: April
16", 2011.

Nicole Crane. Vibrational Spectroscopy: A New Tool for the Analysis of Warfighter
Wounds. Invited talk at Uniformed Services University of Health Sciences.
Bethesda, MD: May 19", 2011.

Manuscripts:

B. K. Potter, J. A. Forsberg, T. A. Davis, K. N. Evans, J. S. Hawksworth, D.
Tadaki, T. S. Brown, N. J. Crane, T. C. Burns, F. P. O’'Brien, E. A. Elster.
Heterotopic Ossification Following Combat-Related Trauma. J. Bone Joint Surg.,
92, 74-89, 2010.

Nicole J. Crane, Frederick P. O'Brien, Jonathan A. Forsberg, Benjamin K. Potter,
Eric A. Elster. Developing a toolbox for analysis of warrior wound biopsies:



vibrational spectroscopy. Proceedings of SPIE, 7895-24 (2011).

- S. Phinney, N. J. Crane, F. A. Gage, A. M. Gorbach, E. A. Elster (2011). Use of
Optical Imaging and Spectroscopy in Assessment of Organ Perfusion. In K.
Uygun and C. Lee (eds.), Organ Preservation and Reengineering (pp. 137-159).
Norwood, MA: Artech House.

CONCLUSION:

In this effort we have made progress in all task areas and disseminated our findings
through both national presentations and publications. With regards to three of the key
outcomes in wounded warriors (the development of HO, wound failure and wound
infection) our efforts have begun to demonstrate success. The ability to detect soft tissue
mineralization prior to phenotypic HO development has the potential to direct both surgical
and pharmacologic therapy.

With regards to wound healing, we have enrolled more than 50 patients (each with multiple
wounds and time points) for both Raman and 3CCD analysis and have begun obtaining
control specimens from non-injured patients. As these data are analyzed along with patient
outcomes we will move closer to an “optical biomarker” which can guide debridement and
predict outcomes.

Finally, as both HO and wound failure are related to the presence of bioburden our efforts
in determining the spectra of common flora in combat patients will not only augment our
understanding of the interplay between host and response to injury but help select
appropriate anti-microbial approaches. In summary, this multi-faceted approach has laid
the foundation for continued advances over the ensuing years.
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Figure 1. Displayed are the original 3-CCD image (A) and its red (B) and blue (C) channel
responses, in addition to the calculated image of the red channel response minus the blue
channel response (D) for wells filled with blood. There is a linear trend for pO-
fluorescence measurements and the concentration of sodium dithionite added to the wells
of blood, a surrogate for HbO, concentration (E). A linear relationship is also demonstrated
for the calculated 3-CCD values for each well and the pO, fluorescence measurements

(F).
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Figure 2. Hierarchical clustering of Acinetobacter baumannii strains based on Raman
spectra of bacterial isolates.
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Figure 3. Average spectra of Acinetobacter baumannii classes, as determined by Raman
spectroscopy.
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Figure 4. The Raman spectrum of uninjured muscle looks distinctly different pre-HO tissue
or HO tissue.

Ocontrol ®injured DOunmineralized Emineralized

3
L
2
=
=
=
£
=
-z
<

1660/1445 1680/1445 1640/1445 1240/1270 1340/1270

Figure 5. Comparisons of band area ratios for the Amide | and Amide Il envelopes
(proteins) demonstrate significant differences for HO and non-HO tissue.
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Figure 6. Comparison of the mineral bands for HO tissue also demonstrates differences
that correlate with the maturity of the HO tissue.



Raman Spectroscopic Studies of
Heterotopic Ossification in Combat-
Wounded Soldiers
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Acute Combat Wounds

The management of modern traumatic war wounds remains a significant challenge for

clinicians.

» Extensive osseous and soft-tissue damage caused by blasts and high-energy projectiles.

The ensuing inflammatory response ultimately dictates the pace of wound healing and

tissue regeneration.
The timing of wound closure or definitive coverage is subjectively based.

Despite the use and application of novel wound-specific treatment modalities, some

wounds fall to close, or dehisce.

* wound infection and subsequent biofilm formation

» heterotopic ossification (the pathological mineralization of soft tissues)



Acute Combat Wounds

An understanding of the molecular environment of acute wounds throughout the
debridement process can provide valuable insight into the mechanisms
associated with the eventual wound outcome.




Acute Combat Wounds — Current Treatment

Surgical debridements are performed every 2-3 days.

- remove devitalized tissue
- decrease bacterial load

Negative pressure wound therapy (NPWT) is applied between
debridements. NPWT promotes wound closure.

Wound assessment involves:

- patient’s general condition

- Injury location

- adequacy of perfusion

- gross appearance of the wound



Acute Combat Wounds — The Challenge

Monitor wound healing in vivo, i.e. monitor wound healing
during surgical debridements.

Is it the best time to close the wound?
Is the wound developing HO?

Is the wound infected? With what?

Develop an objective and predictive model for wound
healing.



Data Collection

Approximately 1 cm? tissue biopsy is excised from the center of the
wound bed.

Tissue is fixed in 10% neutral buffered formalin for storage.

Prior to spectral acquisition, samples are rinsed in 0.9% NacCl saline
solution.

Examine multiple spots
across the tissue.

40 accumulations, 5s Ry
spectrum A
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Monitoring a Wound Over Time —
Normal vs. Impaired Healing

* Previous study
demonstrated the potential
of Raman spectroscopic
analysis of wound biopsies
for classification of wounds
as normal or impaired
healing from changes in the
1665 cm1/1445 cm band
area ratio.

Wound Rep Regen. 18(4): 409-416,
2010.

Ann Surg. 250(6):1002-7, 2009. "~ Casel Case3 Case2 Case8 Case 10 Case7 Case5 Case4 Case6 Case9

% DIFFERENCE 1665/1448 cM1 BAND AREA RATIO

B Impaired healing @ Normal healing

 Impaired healing wounds demonstrate a significant decrease in the 1665/1448 cm-! band
area ratio compared to normal healing wounds, as demonstrated by Raman spectroscopic

mapping.



Monitoring a Wound Over Time —
Normal vs. Impaired Healing

» Results were corroborated by altered collagen/collagenase gene expression profiles of tissue biopsies.

» Gene expression profiles confirm decreased gene expression of collagen types | and Il at the first
debridement and collagen type Il at the final debridement in impaired wounds.
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« COL18A1 mRNA expression remains elevated for impaired healing wounds at almost all time points
when compared to normal healing wounds. Continued elevation of endostatin would inhibit
neovascularization.



The Development of Heterotopic
Ossification




Heterotopic Ossification

» Heterotopic ossification (HO) refers to the aberrant formation of
mature, lamellar bone in non-osseous tissues.

» Currently, orthopaedic surgeons faced with treating mature,
refractory, symptomatic HO are left with few options other than
Opel‘atlve eXCISIOI’] Potter et al. J Bone Joint Surg Am. 2007;89:476-486.

» Following most civilian trauma, HO formation is relatively rare in
the absence of head injury. Even following traumatic brain or
spinal cord injury, it develops in only 20% and 11% of patients.
Rates of HO formation exceed 50% only in the setting of femoral
shaft fractures with concomitant head injury.

Potter et al. J Bone Joint Surg Am. (In press).

ORTHOPEDICS 2008;31(12):1237.
UPOJ 1998;11:59-66.



Heterotopic Ossification

* In a study evaluating whether the mechanism of injury
(blast or non-blast) correlated with either the presence
or severity of HO, we found clinically detectable HO in
63% of residual limbs. Combat-related injuries, In
general, are associated with higher-than-expected
prevalence of HO, when compared to civilian data.

« Some patients with HO remain entirely asymptomatic
and no specific treatment is indicated. Many patients,
however, develop symptoms directly attributable to
their HO which persists indefinitely.

e The most common indications for HO excision in our N
wounded warrior population is pain with prosthesis 2,
wear.

USA Today, February 12, 2006.

Potter et al. J Bone Joint Surg Am. (In press).



Bone

* Bone is 35% organic material and 65% inorganic

material

15 11 0.7nm
(L W H)

* For organic material
- 90% of organic material is type | collagen 300 nm

. 10% noncollagenous proteins

» For inorganic material

. commonly assumed to be some form of
hydroxyapatite

Ca;o(PO,),(OH),

. more closely resembles a B-type carbonated apatite

Cags 17(PO,)43(COz)(HPO,)o7(OH)g 3
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Heterotopic Ossification

* Pre-HO tissue is not necessarily obvious.




Heterotopic Ossification

» Sometimes HO tissue is incredibly obvious.




Heterotopic Ossification

Spectral comparison of muscle and collagen.
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Heterotopic Ossification
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Heterotopic Ossification
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Heterotopic Ossification

Soft tissue was subtracted from the spectrum to isolate the mineral spectrum.



Normal Bone vs. HO Bone

The adjacent femur is used as a normal bone control.



Heterotopic Ossification
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Heterotopic Ossification

Preliminary results illuminate distinct differences between control muscle and
muscle that eventually develops HO.

HO that develops quickly after injury has lower carbonate content (1070:960
cm® band area ratio) and an increased 948 cm-* shoulder (945:960 cm-* band
area ratio).

We would like to be able to accurately determine which portions of the tissue
are mineralizing — this has significant implications for amputation revisions.
Additionally, we may be able to prevent the development of HO by accurately
excising pre-HO tissue during the course of the surgical debridements.

While we only have samples from 5 patients that developed HO, we are
continuing to collect samples.



Disclaimer

The multidisciplinary care of these patients would not have been possible without the dedicated
efforts of everyone at WRAMC and NNMC. Both civilian and military personnel have rendered skilled
and compassionate care for these casualties. All of our efforts are dedicated to those who have been
placed in harm’s way for the good of our nation.

The views expressed in this manuscript are those of the authors and do not reflect the official policy
of the Department of the Army, Department of the Navy, the Department of Defense or the United
States Government.

This effort was supported (in part) by the U.S. Navy Bureau of Medicine and Surgery under the
Medical Development Program and Office of Naval Research work unit number
(604771N.0933.001.A0604).

We are a military service members (or employee of the U.S. Government). This work was prepared
as part of our official duties. Title 17 U.S.C. 105 provides the “Copyright protection under this title is
not available for any work of the United States Government.” Title 17 U.S.C. 101 defines a U.S.
Government work as a work prepared by a military service member or employee of the U.S.
Government as part of that person’s official duties.

This study was approved by the National Naval Medical Center Institutional Review Board in
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Acute Combat Wounds

The management of modern traumatic war wounds remains a significant challenge for

clinicians.

« Extensive osseous and soft-tissue damage caused by blasts and high-energy projectiles.

The ensuing inflammatory response ultimately dictates the pace of wound healing and

tissue regeneration.
The timing of wound closure or definitive coverage is subjectively based.

Despite the use and application of novel wound-specific treatment modalities, some

wounds fall to close, or dehisce.

» wound infection and subsequent biofilm formation

* heterotopic ossification (the pathological mineralization of soft tissues)




Acute Combat Wounds

An understanding of the molecular environment of acute wounds throughout the
debridement process can provide valuable insight into the mechanisms
associated with the eventual wound outcome.




Acute Combat Wounds — Current Treatment

Surgical debridements are performed every 2-3 days.

- remove devitalized tissue
- decrease bacterial load

Negative pressure wound therapy (NPWT) is applied between
debridements. NPWT promotes wound closure.

Wound assessment involves:

patient’s general condition
Injury location

adequacy of perfusion

gross appearance of the wound




Acute Combat Wounds — The Challenge

Monitor wound healing in vivo, I.e. monitor wound healing
during surgical debridements.

Is it the best time to close the wound?
Is the wound developing HO?

Is the wound infected? With what?

Develop an objective and predictive model for wound
healing.




Data Collection

Approximately 1 cm? tissue biopsy is excised from the center of the
wound bed.

Tissue is fixed in 10% neutral buffered formalin for storage.

Prior to spectral acquisition, samples are rinsed in 0.9% NacCl saline
solution.

Examine multiple spots
across the tissue.

40 accumulations, 5s
spectrum

1800 1600 1400 1200 1000 800 600
Raman Shift (cm1)




Monitoring a Wound Over Time —
Normal vs. Impaired Healing

* Previous study
demonstrated the potential
of Raman spectroscopic
analysis of wound biopsies
for classification of wounds
as normal or impaired
healing from changes in the
1665 cm1/1445 cm! band
area ratio.

Wound Rep Regen. 18(4): 409-416,
2010.

Ann Surg. 250(6):1002-7, 2009. | | a%eici,asee Case 9

% DIFFERENCE 1665/1448 CM * BAND AREA RATIO

B Impaired healing B Normal healing

 Impaired healing wounds demonstrate a significant decrease in the 1665/1448 cm* band
area ratio compared to normal healing wounds, as demonstrated by Raman spectroscopic

mapping.
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Monitoring a Wound Over Time —
Normal vs. Impaired Healing

During early wound healing, type lll collagen is the most abundant
collagen and is gradually replaced by type | collagen.

- delayed deposition of type lll collagen = delayed deposition of
type | collagen = delayed re-epithelialization

Could this type of analysis be extended to intact wound

the need for excisional




Monitoring a Wound Over Time -

Normal vs. Impaired Healing




Monitoring a Wound Over Time —
Normal vs. Impaired Healing

First Debridement Final Debridement

= normal —
—— delayed

= dehisced

normal
— delayed

= dehisced

1600 1400 1200 1000 800 1400 1200 1000 800
Raman Shift (cm1) Raman Shift (cm-2)

At the first debridement, the normal and impaired healing biopsy spectra are similar.

The first debridement the wound biopsy from the dehisced wound already exhibits spectral differences
when compared to the normal and impaired healing wounds.

At the final debridement, there appears to be a decrease in the 1665 cm1/1445 cm! band area ratio of the
impaired healing wound.
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Monitoring a Wound Over Time —
Normal vs. Impaired Healing
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Monitoring a Wound Over Time —
Normal vs. Impaired Healing

Currently, we are building our biopsy database for Bayesian Belief Network
modeling.

We have over 200 tissue biopsies from over 50 patients.

Peak fitting needs to be performed over the entire spectrum to determine which
vibrational bands provide optimal sensitivity and specificity.

We have an amendment submitted to the IRB for the use of Raman
spectroscopy in the operating room during the surgical debridements. Note, at
this time the collection of Raman spectra will not alter the course of treatment,
l.e. not a clinical diagnostic.




The Development of Heterotopic

Ossification




Heterotopic Ossification

» Heterotopic ossification (HO) refers to the aberrant formation of
mature, lamellar bone in non-osseous tissues.

Currently, orthopaedic surgeons faced with treating mature,
refractory, symptomatic HO are left with few options other than
Operatlve eXC|S|On Potter et al. J Bone Joint Surg Am. 2007;89:476-486.

Following most civilian trauma, HO formation is relatively rare in
the absence of head injury. Even following traumatic brain or
spinal cord injury, it develops in only 20% and 11% of patients.
Rates of HO formation exceed 50% only in the setting of femoral
shaft fractures with concomitant head injury.

Potter et al. J Bone Joint Surg Am. (In press).

ORTHOPEDICS 2008;31(12):1237. Ay
UPOJ 1998;11:59-66.




Heterotopic Ossification

* In a study evaluating whether the mechanism of injury
(blast or non-blast) correlated with either the presence
or severity of HO, we found clinically detectable HO in
63% of residual limbs. Combat-related injuries, in
general, are associated with higher-than-expected
prevalence of HO, when compared to civilian data.

e Some patients with HO remain entirely asymptomatic
and no specific treatment is indicated. Many patients,
however, develop symptoms directly attributable to
their HO which persists indefinitely.

* The most common indications for HO excision in our
wounded warrior population is pain with prosthesis
wear.

USA Today, February 12, 2006.

Potter et al. J Bone Joint Surg Am. (In press).




Heterotopic Ossification

* Pre-HO tissue is not necessarily obvious.




Heterotopic Ossification

» Sometimes HO tissue is incredibly obvious.




Heterotopic Ossification

Spectral comparison of muscle and collagen.
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Heterotopic Ossification

Uninjured muscle

Unmineralized pre-HO tissue

Mineralized HO tissue

1200 1000

Raman Shift (cm1)




Heterotopic Ossification
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Heterotopic Ossification

Preliminary results illuminate distinct differences between control muscle and
muscle that eventually develops HO.

We would like to be able to accurately determine which portions of the tissue
are mineralizing — this has significant implications for amputation revisions.
Additionally, we may be able to prevent the development of HO by accurately
excising pre-HO tissue during the course of the surgical debridements.

While we only have samples from 4 patients that developed HO, we are
continuing to collect samples.

We have not yet examined the quality of the bone formed during HO
development.




FTIR Images of Wound Effluent




Wound Effluent

- Also called exudate — fluid that filters from the circulatory system into lesions or
areas of inflammation.

- Complicated mixture of various fluids, cells, and proteins.
- Plasma, lymph fluid, white blood cells, red blood cells, dead tissue, dead cells,
cytokines, chemokines, immunoglobulins, growth factors, etc.




Sample Preparation

— Effluent was collected from WoundVac container
« Sample was centrifuged at 12,000-13,000 g
« Supernatant was drawn off with pipette and passed through a 0.65 um filter

e Samples stored at -20°C
— 4ulL of effluent were deposited onto an aluminized slide and allowed to air dry

— FTIR images were acquired using the Nicolet IN10 FTIR microscope

* Imaging Parameters:
8 cm-1 spectral resolution
4000 — 715 cm! spectral range

« Factor analysis performed on images over truncated spectral range (1870-

715 cm)




Effluent from a Normal Healing Wound, Not
Colonized

high
intensity

low
intensity

1600 1400 1200 1000
Wavenumber (cm1)




Effluent from a Dehisced Wound, Colonized
with Acinetobacter
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Effluent from an Impaired Healing Wound,
Colonized with Acinetobacter
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Effluent from Impaired Healing Wound,
Colonized with Acinetobacter
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Different Strains of Biofilm-producing
Acinetobacter Baumannii

1700 1600 1500 1400 1300 1200 1100 1000 900 3200 3100 3000 2900 2800

Wavenumber (cm-t) Wavenumber (cm-1)

* Four strains of Acinetobacter obtained from WRAIR Infectious Diseases.

» Spectral differences largely observed from 1200-1000 cm-?, attributed to saccharide
components.




Comparison of Acinetobacter Spectra and the
Second Factor

* Likely that the second factor extracted from the FTIR images is Acinetobacter,
but likely a different strain from those examined.

1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber (cmt)




Wound Effluent

FTIR has been previously used to identify different strains of Acinetobacter

The use of FTIR imaging has the potential to reduce the time for microbiological
processing of effluent samples from 24-48 hours to 1-2 hours.

Raman spectroscopy has also been used to differentiate Acinetobacter strains
; we have yet to explore the use of
Raman spectroscopy with our samples.




Disclaimer

The multidisciplinary care of these patients would not have been possible without the dedicated
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and compassionate care for these casualties. All of our efforts are dedicated to those who have been
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The management of modern traumatic war wounds remains a significant challenge for

clinicians.

« Extensive osseous and soft-tissue damage caused by blasts and high-energy projectiles.

The ensuing inflammatory response ultimately dictates the pace of wound healing and

tissue regeneration.
The timing of wound closure or definitive coverage is subjectively based.

Despite the use and application of novel wound-specific treatment modalities, some

wounds fall to close, or dehisce.

In addition, some wounds are complicated by wound infection and subsequent biofilm

formation , and heterotopic ossification (the pathological mineralization of soft tissues).



Acute Combat Wounds

An understanding of the molecular environment of acute wounds throughout the
debridement process can provide valuable insight into the mechanisms
associated with the eventual wound outcome.




Current Treatment

Surgical debridements are performed every 2-3 days.

- remove devitalized tissue
- decrease bacterial load

Negative pressure wound therapy (NPWT) is applied between
debridements. NPWT promotes wound closure.

Wound assessment involves:

- patient’s general condition

- Injury location

- adequacy of perfusion

- gross appearance of the wound



The Challenge

Monitor wound healing in vivo, i.e. monitor wound healing
during surgical debridements.

- Is it the best time to close the wound?
- Is the wound developing HO?

- Is the wound infected? With what?

Develop an objective and predictive model for wound
healing.



The Toolbox

Multiplex Protein Assay

Raman Spectroscopy

Visible Reflectance
leziefinie) FTIR Imaging
Bayesian beliet = :
| - | hermograpny
Network modeling IR




Needs and Knowledge Gaps

- Develop assays for enhanced detection and quantification of
pathogenic organisms in combat wounds.

- Better understanding of the contribution of the species-specific
composition of wound colonization to wound healing.

- Rapid, clinically-relevant assay for wound colonization and the
potential risk to patient, wound healing, or heterotopic ossification.

- Objective decision-supportive tools utilizing biomarkers to provide
personalized care based on an individual patient’s current health
condition.

- Record keeping system that includes sample repository tracking,
workflow tracking, clinical information, and data storage.



Disclaimer

* The multidisciplinary care of these patients would not have been possible without the dedicated
efforts of everyone at WRAMC and NNMC. Both civilian and military personnel have rendered skilled
and compassionate care for these casualties. All of our efforts are dedicated to those who have been
placed in harm’s way for the good of our nation.

* The views expressed in this presentation are those of the authors and do not reflect the official policy
of the Department of the Army, Department of the Navy, the Department of Defense or the United
States Government.
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Medical Development Program and Office of Naval Research work unit number
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as part of our official duties. Title 17 U.S.C. 105 provides the “Copyright protection under this title is
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Government work as a work prepared by a military service member or employee of the U.S.
Government as part of that person’s official duties.

* This study was approved by the National Naval Medical Center Institutional Review Board in
compliance with all Federal regulations governing the protection of human subjects.
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Acute Combat Wounds




Acute Combat Wounds

The management of modern traumatic war wounds remains a significant challenge for

clinicians.

» Extensive osseous and soft-tissue damage caused by blasts and high-energy projectiles.

The ensuing inflammatory response ultimately dictates the pace of wound healing and

tissue regeneration.
The timing of wound closure or definitive coverage is subjectively based.

Despite the use and application of novel wound-specific treatment modalities, some

wounds fall to close, or dehisce.

* wound infection and subsequent biofilm formation

» heterotopic ossification (the pathological mineralization of soft tissues)



Acute Combat Wounds

An understanding of the molecular environment of acute wounds throughout the
debridement process can provide valuable insight into the mechanisms
associated with the eventual wound outcome.




Acute Combat Wounds — Current Treatment

Surgical debridements are performed every 2-3 days.

- remove devitalized tissue
- decrease bacterial load

Negative pressure wound therapy (NPWT) is applied between
debridements. NPWT promotes wound closure.

Wound assessment involves:

- patient’s general condition

- Injury location

- adequacy of perfusion

- gross appearance of the wound



Acute Combat Wounds — The Challenge

Monitor wound healing in vivo, i.e. monitor wound healing
during surgical debridements.

Is it the best time to close the wound?
Is the wound developing HO?

Is the wound infected? With what?

Develop an objective and predictive model for wound
healing.



The Toolbox




Our Toolbox

Real-time PCR

vidltiplex Protein Assay

Raman SpPectroscopy

ViSIDle Retlectance
maging

-TIR Imaging

Bayesian Beliet
Network modeling

1 hermograpny




Vibrational Spectroscopy
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Vibrational Spectroscopy

Raman Shift (cm™) Vibrational Band Assignment Component
860 V(C-C) nucleic acids
920 Vv(C-N), v(C-C) nucleic acids, keratin
1032 ° 1004 V(C-C) ring phenylalanine
004 | 1068 1030 V(C-C) skeletal nucleic acids, protein
1070 V(C-C) skeletal nucleic acids, protein
1240, 1270 v (C-N) and 8(N-H); Amide I1I protein
1300 d(CH,) twisting nucleic acids, protein
1445 8(CHz) and 8(CH,, scissoring protein
1609

aromatic amino acids
1665 v(C=0); Amide | protein

Raman Shift (cm-1)



Preliminary Study —
Raman Spectroscopic Mapping




Preliminary Study — Raman Mapping

First Debridement Last Debridement
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Preliminary Study — Raman Mapping

— Last debridement
First debridement
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Preliminary Study —
Raman Mapping Results

* Previous study
demonstrated the potential
of Raman spectroscopic
analysis of wound biopsies
for classification of wounds
as normal or impaired
healing from changes in the
1665 cm1/1445 cm band
area ratio.

Wound Rep Regen. 18(4): 409-416,
2010.

Ann Surg. 250(6):1002-7, 2009. "~ Casel Case3 Case2 Case8 Case 10 Case7 Case5 Case4 Case6 Case9

% DIFFERENCE 1665/1448 cM1 BAND AREA RATIO

B Impaired healing @ Normal healing

 Impaired healing wounds demonstrate a significant decrease in the 1665/1448 cm-! band
area ratio compared to normal healing wounds, as demonstrated by Raman spectroscopic

mapping.



Preliminary Study —
Real-Time PCR Analysis Results

» Results were corroborated by altered collagen/collagenase gene expression profiles of tissue biopsies.

» Gene expression profiles confirm decreased gene expression of collagen types | and Il at the first
debridement and collagen type Il at the final debridement in impaired wounds.

3.50
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2.50
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. “
0.50
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ENormal
EImpaired

COL18A1 COL1A1 COL3A1 COL4A1 COL4A3

3.50

3.00

2.50

2.00

1.50

1.00

LAST DEBRIDEMENT

ENormal
B Impaired

COL18A1 COL1A1 COL3A1 COL4A1 COL4A3

« COL18A1 mRNA expression remains elevated for impaired healing wounds at almost all time points
when compared to normal healing wounds. Continued elevation of endostatin would inhibit
neovascularization.



Monitoring a Wound Over Time —
Normal vs. Impaired Healing

During early wound healing, type lll collagen is the most abundant
collagen and is gradually replaced by type | collagen.

- delayed deposition of type Ill collagen = delayed deposition of
type | collagen = delayed re-epithelialization

Could this type of analysis be extended to intact wound
biopsies and ultimately obviate the need for excisional

wound biopsies?



Monitoring a Wound Over Time -
Normal vs. Impaired Healing




Raman Fiber Probe Data Collection

Approximately 1 cm? tissue biopsy is excised from the center of the
wound bed.

Tissue is fixed in 10% neutral buffered formalin for storage.

Prior to spectral acquisition, samples are rinsed in 0.9% NacCl saline
solution.

Examine multiple spots
across the tissue.

40 accumulations, 5s Ry
spectrum A
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Monitoring a Wound Over Time —
Normal vs. Impaired Healing

First Debridement Final Debridement

= normal
—— delayed

= dehisced

= normal
—— delayed

= dehisced

1600 1400 L 1000 = 600 1600 1400 1200 1000 800 600
Raman Shift (cm™) Raman Shift (cm-1)
» At the first debridement, the normal and impaired healing biopsy spectra are similar.

* The first debridement the wound biopsy from the dehisced wound already exhibits spectral differences
when compared to the normal and impaired healing wounds.

« At the final debridement, there appears to be a decrease in the 1665 cm1/1445 cm-! band area ratio of the
impaired healing wound.



Monitoring a Wound Over Time —

Normal vs. Impaired Healing
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Monitoring a Wound Over Time —
Normal vs. Impaired Healing

Currently, we are building our biopsy database for Bayesian Belief Network
modeling.

We have over 200 tissue biopsies from over 50 patients.

Peak fitting needs to be performed over the entire spectrum to determine which
vibrational bands provide optimal sensitivity and specificity.

We have an amendment submitted to the IRB for the use of Raman
spectroscopy in the operating room during the surgical debridements. Note, at
this time the collection of Raman spectra will not alter the course of treatment,
l.e. not a clinical diagnostic.



The Development of Heterotopic
Ossification




Heterotopic Ossification

» Heterotopic ossification (HO) refers to the aberrant formation of
mature, lamellar bone in non-osseous tissues.

» Currently, orthopaedic surgeons faced with treating mature,
refractory, symptomatic HO are left with few options other than
Opel‘atlve eXCISIOI’] Potter et al. J Bone Joint Surg Am. 2007;89:476-486.

» Following most civilian trauma, HO formation is relatively rare in
the absence of head injury. Even following traumatic brain or
spinal cord injury, it develops in only 20% and 11% of patients.
Rates of HO formation exceed 50% only in the setting of femoral
shaft fractures with concomitant head injury.

Potter et al. J Bone Joint Surg Am. (In press).

ORTHOPEDICS 2008;31(12):1237.
UPOJ 1998;11:59-66.



Heterotopic Ossification

* In a study evaluating whether the mechanism of injury
(blast or non-blast) correlated with either the presence
or severity of HO, we found clinically detectable HO in
63% of residual limbs. Combat-related injuries, In
general, are associated with higher-than-expected
prevalence of HO, when compared to civilian data.

« Some patients with HO remain entirely asymptomatic
and no specific treatment is indicated. Many patients,
however, develop symptoms directly attributable to
their HO which persists indefinitely.

e The most common indications for HO excision in our N
wounded warrior population is pain with prosthesis 2,
wear.

USA Today, February 12, 2006.

Potter et al. J Bone Joint Surg Am. (In press).



Bone

* Bone is 35% organic material and 65% inorganic

material

15 11 0.7nm
(L W H)

* For organic material
- 90% of organic material is type | collagen 300 nm

. 10% noncollagenous proteins

» For inorganic material

. commonly assumed to be some form of
hydroxyapatite

Ca;o(PO,),(OH),

. more closely resembles a B-type carbonated apatite

Cags 17(PO,)43(COz)(HPO,)o7(OH)g 3
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Heterotopic Ossification

* Pre-HO tissue is not necessarily obvious.




Heterotopic Ossification

» Sometimes HO tissue is incredibly obvious.




Heterotopic Ossification

Spectral comparison of muscle and collagen.
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Heterotopic Ossification
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Heterotopic Ossification

Arbitrary Units (a.u.)

2.5

2.0

15

1.0

0.5

0.0

1660/1445

|
ik

1680/1445

o

0.01

Ll
‘B

1640/1445

Ocontrol

Binjured DOunmineralized Emineralized

<0.01

X

l_l_\

1240/1270

<0.05

-
-

<0.05

1340/1270



Heterotopic Ossification

Soft tissue was subtracted from the spectrum to isolate the mineral spectrum.



Normal Bone vs. HO Bone

The adjacent femur is used as a normal bone control.

In normal bone, carbonate content increases with age (1070:960 cm
BAR), as does crystallinity (945:960 cm™* BAR) and degree of
mineralization.
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Heterotopic Ossification

Preliminary results illuminate distinct differences between control muscle and
muscle that eventually develops HO.

HO that develops quickly after injury has lower carbonate content (1070:960
cm® band area ratio) and an increased 948 cm-* shoulder (945:960 cm-* band
area ratio).

We would like to be able to accurately determine which portions of the tissue
are mineralizing — this has significant implications for amputation revisions.
Additionally, we may be able to prevent the development of HO by accurately
excising pre-HO tissue during the course of the surgical debridements.

While we only have samples from 5 patients that developed HO, we are
continuing to collect samples.



FTIR Images of Wound Effluent




Wound Effluent

- Also called exudate — fluid that filters from the circulatory system into lesions or
areas of inflammation.

- Complicated mixture of various fluids, cells, and proteins.
- Plasma, lymph fluid, white blood cells, red blood cells, dead tissue, dead cells,
cytokines, chemokines, immunoglobulins, growth factors, etc.




Sample Preparation

— Effluent was collected from WoundVac container
« Sample was centrifuged at 12,000-13,000 g
« Supernatant was drawn off with pipette and passed through a 0.65 um filter

o Samples stored at -20 C
— 4ulL of effluent were deposited onto an aluminized slide and allowed to air dry

— FTIR images were acquired using the Nicolet IN10 FTIR microscope

* Imaging Parameters:
8 cm-! spectral resolution
4000 — 715 cm? spectral range

* Factor analysis performed on images over truncated spectral range (1870-

715 cm)



Effluent from a Normal Healing Wound, Not
Colonized
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Effluent from a Dehisced Wound, Colonized
with Acinetobacter
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Effluent from an Impaired Healing Wound,
Colonized with Acinetobacter
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Effluent from Impaired Healing Wound,
Colonized with Acinetobacter
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Different Strains of Biofilm-producing
Acinetobacter Baumannii

1700 1600 1500 1400 1300 1200 1100 1000 900 3200 3100 3000 2900 2800
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* Four strains of Acinetobacter obtained from WRAIR Infectious Diseases.

« Spectral differences largely observed from 1200-1000 cm, attributed to saccharide
components.



Comparison of Acinetobacter Spectra and the
Second Factor

« Likely that the second factor extracted from the FTIR images is Acinetobacter,
but likely a different strain from those examined.
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Wound Effluent

 FTIR has been previously used to identify different strains of Acinetobacter
(J Appl Microbiol. 96(2): 328-339, 2004).

* The use of FTIR imaging has the potential to reduce the time for microbiological
processing of effluent samples from 24-48 hours to 1-2 hours.

 Raman spectroscopy has also been used to differentiate Acinetobacter strains
(J Microbiol Methods. 64(1): 126-131, 2006); we have yet to explore the use of
Raman spectroscopy with our samples.
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Heterotopic Ossification Following
Combat-Related Trauma

By MAJ Benjamin K. Potter, MD, LCDR Jonathan A. Forsberg, MD, Thomas A. Davis, PhD, CPT Korboi N. Evans, MD,
MA]J Jason S. Hawksworth, MD, Doug Tadaki, PhD, Trevor S. Brown, PhD, Nicole J. Crane, PhD, MA]J Travis C. Burns, MD,
CPT Frederick P. O’Brien, MD, and CDR Eric A. Elster, MD

Introduction

he term heterotopic ossification refers to the aberrant forma-

tion of mature, lamellar bone in nonosseous tissue. Trans-
lated from its Greek (heteros and topos) and Latin (ossificatio)
etymologic origins, heterotopic ossification can be literally de-
fined as “bone formation in other location.” The first written
account of heterotopic ossification describes the treatment of
symptomatic lesions. Al-Zahrawi (more commonly known in
Western cultures as Albucasis), widely considered the father of
surgery, wrote in the year 1000 C.E., “This callus often occurs after
the healing of a fracture. . .and sometimes there is limitation of
the natural function of the limb. . .if the callus is stony hard and its
removal is urgent, incise the place and cut away the superfluous
prominence, or pare it away with a scraper until it is gone; and
dress the wound until it heals”' Currently, orthopaedic surgeons
faced with treating mature, refractory, symptomatic heterotopic
ossification are left with few options other than operative excision.
Although it is remarkable that the treatment of heterotopic os-
sification has scarcely changed in the last millennium, it is gen-
erally accepted that prophylaxis against heterotopic ossification is
far preferable than the later treatment of symptomatic lesions. As
such, the focus of scientific effort in recent years has been directed
toward prophylaxis, not treatment.

The formation of heterotopic ossification has been ob-
served following total hip arthroplasty, acetabular and elbow
fracture surgery, electrocution and burn injuries, and traumatic
brain injury or spinal cord injury’. Following most traumatic
injuries in the civilian population, the formation of heterotopic
ossification is relatively rare in the absence of head injury. Even
following traumatic brain injury or spinal cord injury, hetero-
topic ossification develops in only 20% and 11% of patients,
respectively’. Rates of heterotopic ossification formation exceed
50% only in the setting of femoral shaft fractures with con-

comitant head injury*, although reported rates following ace-
tabular and elbow fractures vary substantially. Numerous
combat-related injury and amputation studies from the latter
half of the twentieth century make no specific mention of
heterotopic ossification, suggesting that it was not a common
occurrence in prior conflicts®®. However, military medical texts
from the U.S. Civil War and World War "' make specific
mention of heterotopic ossification as a common problem
following amputation, as described by Huntington: “...the
stumps became conical sooner or later; short stumps some-
times remained well-rounded, long stumps rarely; but when
they remained full it was often due to osteophytes, which in
time became troublesome.”"’

Thus, since the birth of both surgery and modern war-
fare, heterotopic ossification has been recognized as a nameless
condition that occurs following trauma. Indeed, in the current
conflicts in Iraq and Afghanistan, heterotopic ossification has
proven to be a frequent occurrence and a common clinical
problem. The goals of the present manuscript are to summarize
recent findings and the current state of science with regard to
combat-related heterotopic ossification as well as to present the
preliminary findings of ongoing studies and future directions.

Source of Funding

The aforementioned studies were supported, in part, by research
grants from USAMRAA OTRP W81XWH-07-1-0222, the Office
of Naval Research and U.S. Navy BUMED Advanced Medical
Development 6.4/5 Program 604771N.0933.001.A0604.

Epidemiology of and Risk Factors for Combat-Related
Heterotopic Ossification
he trend in modern warfare has shifted toward a higher
percentage of extremity injuries''"®. This, coupled with the

Disclosure: In support of their research for or preparation of this work, one or more of the authors received, in any one year, outside funding or grants in
excess of $10,000 from the U.S. Navy Bureau of Medicine and Surgery under the Medical Development Program and Office of Naval Research work unit
number 604771N.0933.001.A0604 and USAMRAA OTRP W81XWH-07-1-0222. Neither they nor a member of their immediate families received
payments or other benefits or a commitment or agreement to provide such benefits from a commercial entity.

Disclaimer: The views expressed in this manuscript are those of the authors and do not reflect the official policy of the Department of the Army, the
Department of the Navy, the Department of Defense or the United States Government. We are military service members (or employees of the U.S.
Government). This work was prepared as part of our official duties. Title 17 U.S.C. 105 provides the ““Copyright protection under this title is not available
for any work of the United States Government.”” Title 17 U.S.C. 101 defines a U.S. Government work as a work prepared by a military service member or

employee of the U.S. Government as part of that person’s official duties.
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introduction of improved body armor, the judicious use of tour-
niquets, and the availability of forward-deployed surgical units,
has given rise to highly survivable yet paradoxically devastating
extremity injury patterns'”*. As a result, the current prevalence
of heterotopic ossification has been found to be higher than
expected in the combat-wounded patient population® .

We were the first to report this increased prevalence of
heterotopic ossification in a cohort of 330 patients with 373
combat-related amputations, which are an important subset of
combat casualties™. The study evaluated whether the mecha-
nism of injury (blast or nonblast) correlated with either the
presence or severity of heterotopic ossification. Surgery-related
variables, such as the level of amputation (either within or
proximal to the zone of injury), the number of irrigation and
debridement procedures, the time from injury to definitive
wound closure, and the prevalence of early wound compli-
cations following definitive closure, were also evaluated. The
study found clinically detectable heterotopic ossification in
63% of residual limbs and, with the use of univariate analysis,
identified the following important risk factors for the eventual
development of heterotopic ossification: blast mechanism of
injury (p < 0.05), and amputations performed in the zone of
injury (p < 0.05). The latter risk factor also correlates with the
severity of lesions, with use of the newly described Walter Reed
Classification of heterotopic ossification® (Figs. 1-A, 1-B, and
1-C). Interestingly, only twenty-five limbs (6.7%) required
surgical excision of symptomatic lesions and a variety of pro-
phylactic measures against secondary recurrence were used,
including a single fraction of radiation therapy (700 cGy), in-
domethacin, cyclooxygenase (COX)-2 inhibitors, and other non-
steroidal anti-inflammatory drugs. Importantly, despite the
various means of secondary prophylaxis used, the rate of
symptomatic recurrence in this subgroup was low at 0%.

We also defined the prevalence of heterotopic ossification
in a separate cohort of patients with combat-related extremity
trauma requiring orthopaedic intervention®. Two hundred and
forty-three patients requiring amputation, external fixation, or
internal fixation were evaluated. This cohort study compared
157 patients who developed heterotopic ossification (the study
group) to eighty-six patients who did not (the control group).
This design enabled us to estimate the prevalence of heterotopic
ossification not only in amputees (66% of lower-extremity am-
putees and 30% of upper-extremity amputees), but also in pa-
tients undergoing limb salvage (60.1%). The findings from the
former study® corroborated our earlier findings®. The data from
the later study® suggested that combat-related injuries, in gen-
eral, are associated with a higher-than-expected prevalence of
heterotopic ossification, when compared with civilian data®***.

This study®' also identified several important risk factors
for the development of heterotopic ossification in this patient
population. Traumatic brain injury was associated with both the
presence (p = 0.006) and the severity (p = 0.003) of heterotopic
ossification on univariate but not multivariate analysis. Regres-
sion analysis revealed that the Injury Severity Score (as a con-
tinuous variable) and an Injury Severity Score of 216 (p = 0.02,
odds ratio = 2.2) were significant predictors, as was multiple

HETEROTOPIC OSSIFICATION FOLLOWING
COMBAT-RELATED TRAUMA

limb trauma requiring orthopaedic intervention (p = 0.002,
odds ratio = 3.9). The most striking observation, however, was
that the presence of an amputation was, itself, independently
associated with the development of heterotopic ossification
(p = 0.048, odds ratio = 2.9).

The association between heterotopic bone growth and the
number and method of surgical debridement procedures, in-
cluding the use of negative-pressure wound therapy, is contro-
versial. We have observed, on univariate analysis, that patients
who subsequently developed heterotopic ossification have un-
dergone more debridement procedures (p < 0.001) and thus have
been exposed to a longer duration of negative-pressure wound
therapy (p < 0.001)*". Nevertheless, these results should be in-
terpreted with caution because the increases in both the number
of debridement procedures and the duration of negative-pressure
wound therapy are likely more indicative of the severity of injury
than they are causal. This is supported by the nonsignificant
relationship between the formation of ectopic bone and these
wound-care modalities as revealed by multivariate analysis®.
Although local factors may play a supporting role, current
data’* suggest that the development of heterotopic ossifica-
tion in this patient population is largely due to systemic factors.

Barriers to Primary Prophylaxis
Given the high prevalence of combat-related heterotopic
ossification in our war-wounded patients, a primary pro-
phylaxis regimen including radiation therapy, conventional
nonsteroidal anti-inflammatory drugs, and/or etidronate (an
older, nonselective bisphosphonate and the only medication
currently approved by the U.S. Food and Drug Administration
for the treatment or prevention of heterotopic ossification)
would be extremely appealing. Local radiation therapy, gen-
erally administered within twenty-four hours preoperatively to
forty-eight hours postoperatively in patients at risk for hetero-
topic ossification, and nonsteroidal anti-inflammatory drugs
have well-documented efficacy in the prevention of primary
heterotopic ossification®"*****’. Recent meta-analyses and re-
views have suggested that radiation therapy may be slightly
more effective than nonsteroidal anti-inflammatory drugs for
this purpose, although most of this difference is thought to be
related to patient noncompliance with medication®*'. Unfor-
tunately, the vast majority of severely injured combatants have
multiple medical contraindications to prophylaxis against
heterotopic ossification that make the interventions listed
above difficult to accomplish. Commonly encountered relative
and absolute contraindications to prophylaxis against hetero-
topic ossification include severe systemic polytrauma, open
and contaminated wounds, concomitant traumatic brain in-
jury and/or long bone fractures or spinal column injuries re-
quiring operative stabilization and fusion, and the need for
serial surgical procedures. Additionally, substantial potential
for impaired renal function, bleeding, and stress gastritis have
precluded widespread use of nonsteroidal anti-inflammatory
drugs to date. Logistical limitations at remote, far-forward
medical facilities in the theater of war are additional hurdles,
particularly for the timely administration of radiation therapy.
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Fig. 1-A

Fig. 1-C

Etidronate can be administered later in the period after injury,
but there can be problems with late mineralization or forma-
tion of heterotopic ossification after the cessation of medica-
tion. Thus, the efficacy of etidronate has recently been called
into question by, among others, a recent Cochrane Database
review”. Etidronate is also a relatively nonselective osteoclast
inhibitor, potentially owing its limited efficacy to osteoblast in-

Fig. 1-B

Figs. 1-A, 1-B, and 1-C Representative radiographs de-
picting the Walter Reed classification system for grading the
severity of heterotopic ossification in the residual limbs of
amputees. The severity of heterotopic ossification is graded
on the basis of the single radiographic projection (either
anteroposterior or lateral) that demonstrates the greatest
amount of ectopic bone within the soft tissues of the re-
sidual limb. The heterotopic ossification is considered to be
(Fig. 1-A) Grade | (mild) if it occupies <25% of the cross-
sectional area of the residual limb on the radiograph; (Fig. 1-B)
Grade Il (moderate) if it occupies 25% to 50% of the cross-
sectional area; and (Fig. 1-C) Grade Il (severe) if it occupies
>50% of the cross-sectional area.

hibition, and may inhibit fracture-healing and spinal fusion.
Corticosteroids, colchicine, retinoid agonists, coumarin deriva-
tives, and calcitonin have all been studied for their value with
regard to prophylaxis against heterotopic ossification; however,
the data on human usage is either limited or absent and these
drugs share many of the same medical concerns and contrain-
dications as nonsteroidal anti-inflammatory drugs®**. Thus, no
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practicable primary prophylactic regimen for combat-related
heterotopic ossification has been identified, although a trial of the
COX-2 inhibitor celecoxib is in development, as discussed below.

Clinical Sequelae of Combat-Related
Heterotopic Ossification
Fortunately, some patients with combat-related heterotopic
ossification remain entirely asymptomatic and no specific
treatment is indicated. In many others, lesions are transiently
painful or bothersome and symptoms subside as adjacent joint
motion improves, residual limb “toughening” occurs, and the
combat-related heterotopic ossification transitions from its more
inflammatory formative phase into a more quiescent maturation
phase. Many patients, however, develop symptoms directly at-
tributable to their combat-related heterotopic ossification that
persist indefinitely. These symptoms may be localized pain, in-
cluding, but not limited to, residual limb pain and prosthetic
fitting difficulties; ulceration, particularly when the combat-
related heterotopic ossification develops beneath an overlying
skin graft (Figs. 2-A and 2-B); overt joint ankylosis; secondary
arthrofibrosis due to osseous impingement (Figs. 3-A and 3-B);
muscle entrapment (Fig. 4); or neurovascular entrapment (Figs.
5-A and 5-B). The treatment of symptomatic combat-related
heterotopic ossification is individualized to the patient and the
symptoms associated with their combat-related heterotopic
ossification.

Management of Symptomatic Combat-Related
Heterotopic Ossification
In the absence of overt ulceration causing concomitant deep
infection or overt joint ankylosis, the initial management of
symptomatic combat-related heterotopic ossification is nonop-
erative. This generally includes a period of rest, physical therapy,
and gentle stretching and splinting to treat secondary contrac-
tures. Taking pressure off of symptomatic areas by positioning,
pads or prosthetic socket adjustments, and optimizing pain
control and medication regimens are also important. Other
potentially contributing causes of pain should be investigated
and treated appropriately including infection, fracture non-
union, internal derangement of adjacent joints, symptomatic
neuromata, phantom pain, and complex regional pain syndrome.
When nonoperative measures fail, concurrent procedures in ad-
dition to “simple” heterotopic ossification excision are often in-
dicated and appropriate including amputation revision, neuroma
excision, quadricepsplasty, contracture release, and/or skin graft
excision. The most common indications for excision of combat-
related heterotopic ossification in our military patients are pain
that is caused by wearing a prosthesis and that has proven to be
refractory to multiple socket adjustments, and arthrofibrosis in
patients for whom limb salvage will be attempted.

Abundant recent evidence suggests that a prolonged wait-
ing period of twelve to twenty-four months for heterotopic os-
sification “maturation” prior to excision is not necessary in the
post-extremity trauma setting, particularly in the absence of
traumatic injury to the brain or spinal cord™”®. Instead, a
waiting period of six months after injury appears to be adequate

HETEROTOPIC OSSIFICATION FOLLOWING
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to permit sufficient bone maturation to ensure the presence of a
gross cortical rind to facilitate marginal excision and to permit a
diligent trial of nonoperative treatments. Patients with recalci-
trant ulcerations or severe secondary joint contractures may be-
come operative candidates as early as three to four months after

injury.

Operative Planning and Three-Dimensional Modeling

he operative approach to combat-related heterotopic ossi-

fication must account for the local anatomy, the location
and severity of the heterotopic ossification, and the patient’s
prior wounds and incisions. We advocate a direct approach
utilizing, when feasible, existing incisions, followed by marginal
excision of the symptomatic lesion(s). The entirety of the het-
erotopic ossification need not be removed when the patient’s
symptoms are focal, particularly when access to the entire lesion
would be difficult and the combat-related heterotopic ossifica-
tion has a mature cortical shell. Wide excision to prevent re-
currence would not be feasible in most patients because of the
magnitude of tissue sacrifice that would be required. We have
noted infrequent recurrences following excision about the el-
bow, but no symptomatic recurrences in residual limbs or about
the thigh in more than 100 patients (unpublished data). This
surgical approach has been coupled with the judicious use of
secondary prophylaxis with nonsteroidal anti-inflammatory
drugs. The decision was made to incorporate the use of sec-
ondary prophylaxis into our treatment protocol because of the
high rate of wound complications in our initial series of am-
putees who were treated with radiation, which is used along
with nonsteroidal anti-inflammatory drugs in patients with the
most severe conditions™*. However, the prognosis for con-
comitant excision and quadricepsplasty of the thigh for treat-
ment of combat-related heterotopic ossification is guarded as a
result of anecdotally high rates of wound complications, re-
current arthrofibrosis, extensor mechanism compromise, or
preexisting arthrosis due to prior fractures, prolonged immo-
bilization, or ankylosis.

Computed tomography-based three-dimensional model-
ing is very useful in the evaluation and treatment of symptomatic
combat-related heterotopic ossification (Figs. 6-A and 6-B).
Clinically, it is useful for allowing patients, therapists, and pros-
thetists to anatomically localize symptomatic areas and take ef-
forts to avoid irritation through the use of activity modification,
prosthetic socket relief, or model-assisted stereolithographic
socket design. For the patient with symptomatic combat-related
heterotopic ossification, resin models are useful for both preop-
erative planning and intraoperative referencing. The formation of
combat-related heterotopic ossification distorts normal anatomy,
placing critical neurovascular structures and muscle groups at
risk for inadvertent injury. In some instances, major nerves and
vessels may pass directly through and be incarcerated in the
combat-related heterotopic ossification. The physical resin mod-
els serve as intraoperative anatomical guides that are based on
heterotopic ossification topography. This is particularly helpful
for patients in whom the condition is severe or for patients
in whom excision of the focal, symptomatic combat-related
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Fig. 2-B

Fig. 2-A Clinical photograph demonstrating overt ulceration of split-thickness skin graft of a transfemoral amputation due to underlying heterotopic ossification.
Fig. 2-B Intraoperative photograph during marginal excision of the heterotopic ossification with concurrent revision of the amputation in the same patient.

heterotopic ossification is attempted in an effort to avoid com-
plete takedown of the myodesis and revision of the amputation
stump.

Biochemical Signature of Heterotopic Ossification
t is generally accepted that systemic inflammation is as-
sociated with the development of heterotopic ossification.
Evans et al.” examined the systemic and local wound inflam-
matory response in twenty-four patients with high-energy, pen-
etrating extremity wounds. In preparation for the development of

a prognostic clinical decision model, the goal of this pilot study
was to identify whether a particular cytokine and chemokine
profile could be identified in those at risk of developing het-
erotopic ossification. Serum and wound effluent samples were
collected prior to each of these procedures in a manner pre-
viously described®®'. Twenty-two cytokines and chemokines
(including interleukin [IL]-1 through 8, 10, 12, 13, and 15;
interferon [IFN]-vy; eotaxin; tumor necrosis factor [TNF]-o;
monocyte chemotactic protein [MCP]-1; granulocyte colony
stimulating factor [GCSF]; macrophage inflammatory protein
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Fig. 3-A
Figs. 3-A and 3-B Anteroposterior radiograph (Fig. 3-A) and sagittal computed tomography reconstruction (Fig. 3-B) of a transfemoral amputation with limited
hip flexion due to direct impingement of severe heterotopic ossification against the anterior pelvic brim and acetabulum.

[MIP]-1a; the protein regulated on activation, normal T ex-
pressed and secreted [RANTES]; and IFN-+y inducible protein-
10) were quantified. After a minimum follow-up of two
months, subjects were then stratified according to a two-author
(K.N.E. and J.A.E.) blinded review of radiographs into a study
group and a control group, on the basis of the presence
or absence of heterotopic ossification within the wounded
extremity.

Serum analysis demonstrated a profound systemic in-
flammatory response in the study group. Of the twenty-two
serum cytokines and chemokines analyzed, only three (IL-6,
IL-10, and human MCP-1 [also known as chemokine (C-C
motif) ligand 2, or CCL-2]) differed significantly between
the two groups (unpublished data). Specifically, IL-6 re-
mained elevated at all time points, as did MCP-1. Both are
inflammatory agents and recruit monocytes and macrophages
to the site(s) of injury, indicating sustained inflammation
throughout the debridement process. MCP-1, however, is also
involved in bone remodeling and may be an early indicator of
this process. Interestingly, concentrations of IL-10, an anti-
inflammatory cytokine that is important in inhibiting the
production of pro-inflammatory cytokines, became signifi-
cantly more concentrated in the study group approximately
two weeks after injury, as compared that in the control group.
The late upregulation of this anti-inflammatory mediator also
signifies the presence of persistent systemic inflammation
and supports our previous observation® that the systemic

Fig. 3-B

inflammatory response in this patient population has aberrant
regulation.

An analysis of the local wound effluent during the serial
debridement process produced similar findings. Wounds that
developed heterotopic ossification expressed significantly
higher concentrations of MIP-1a and lower concentrations of
IFN-v-inducible protein-10 in the study group as compared
with controls. Although both are considered pro-inflammatory,
their prolonged, discordant expression, without a demonstra-
ble compensatory anti-inflammatory component, also appears
dysregulated. The change in the regulation of the inflammatory
response that was observed systemically also seems to persist
within the local wound environment. As such, the association
between these biomarkers and heterotopic ossification may not
simply be related to the difference in concentration between
the two groups, but rather, the relationship between pro-
inflammatory and anti-inflammatory mediators as well as their
relative time-dependent concentrations as measured through-
out the debridement process.

Progenitor Cell Research
he cellular and biochemical etiology and pathophysiology
of heterotopic ossification remain unclear. A postulate
theory is that heterotopic ossification results from the presence
of osteoprogenitors that pathologically are induced by an im-
balance of local and/or systemic factors in soft tissue following
traumatic injury. It is thought that a systemic increase in the
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Fig. 4
Lateral radiograph of the distal part of the femur of a

patient with fractures of the femoral shaft and tibial
plateau, above a transtibial amputation. The radiograph
shows arthrofibrosis of the knee joint secondary to en-
trapment of the quadriceps muscle by heterotopic ossi-
fication at the anterior portion of the femur, extending
from the femoral shaft fracture callus. The patient had
only 10° of total knee motion (5° to 15°) at eight months
after a blast injury. He underwent excision of the hetero-
topic ossification with concurrent release of the knee and
quadricepsplasty and achieved an intraoperative range of
motion of 0° to 115°. Following a subsequent manipu-
lation under anesthesia at seven weeks postoperatively,
the patient was able to maintain a range of motion of 0° to
105°. In our experience, however, such results are not
typical, with frequent recurrence of arthrofibrosis, infec-
tion, and/or compromise of the extensor mechanism,
generally occurring even in the absence of recurrent
heterotopic ossification.

osteogenic potential of endogenous muscle progenitor cells
occurs in these severely injured patients in the immediate pe-
riod after trauma.

Mesenchymal stem cells are multipotent, adult progen-
itor cells of great interest because of their unique immunologic
properties and regenerative potential”’. Mesenchymal stem
cells reside within most adult connective tissues and organs®.
Muscle-derived mesenchymal progenitor cells have been shown
to be inherently plastic, enabling them to differentiate along
multiple lineages; they promote wound-healing and regeneration
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of surrounding tissues by migrating to the site of injury, pro-
moting repair and regeneration of damaged tissue, modulating
immune and inflammatory responses, stimulating the prolif-
eration and differentiation of resident progenitor cells, and
secreting other trophic factors that are important in wound-
healing and tissue remodeling®™**. Several recent reports de-
scribe the isolation and characterization of extensively passaged
mesenchymal cell-like progenitor cells (MPCs) isolated from
tissue collected following surgical debridement of traumatic
orthopaedic extremity wounds™®”". Yet, the effects of acute and
often prolonged aberrant inflammation® on muscle-derived
mesenchymal cells are unclear.

We speculate that the initiation of heterotopic ossification
involves a complex interplay of signaling molecules secreted
from the injured tissue. Proliferation and recruitment of local
and/or circulating progenitor cells and the aberrant commit-
ment, growth, and differentiation of these cells into bone occur
early in the process of wound-healing and repair. In a series of
preliminary studies, we have found that wound effluent col-
lected strictly from patients with heterotopic ossification at times
of early wound debridement is highly osteogenic, which accel-
erates the directed in vitro osteogenic differentiation of multi-
potent bone-derived mesenchymal stem cells in culture (Fig. 7).
In contrast, mesenchymal stem-cell cultures treated with wound
effluent alone, without exogenous exposure to standard induc-
tion media, had no measurable effect on the induction of bone
formation. Therefore, there is some strong preliminary evidence
that severe trauma leads to the release and delivery of osteogenic
factors. The identity of these factors and how they interact with
progenitor-cell signaling remain unknown.

Currently, little is known about the precursor cell to het-
erotopic ossification or the environment that permits formation
of heterotopic ossification. Understanding the signaling path-
ways and the involvement of MPC differentiation is essential
for the development of early diagnostic and prognostic tests
and the development of novel prophylactic therapies. We have
developed a unique cell-isolation process and in vitro culture
system to easily quantify functionally assayable multipotent
muscle-derived progenitor cells at the clonal level. The multi-
potent differentiation capacity of individual clonal cell-derived
colonies can be easily assessed by their ability to undergo os-
teogenic, chondrogenic, and adipogenic differentiation when
incubated with specific differentiation induction media. Using
this system, we tested the hypothesis that endogenous muscle-
derived progenitor cells following severe blunt trauma are
greater in number and have a stronger osteogenic potential in
patients in whom wound-healing is associated with the for-
mation of combat-related heterotopic ossification than in
patients whose wounds heal uneventfully. We prospectively
collected wound muscle biopsies during debridements of ten
active-duty service members who sustained high-energy pen-
etrating injuries of an extremity during combat operations.
Ectopic bone formation was determined by follow-up radio-
graphic assessment at various intervals during the recovery
period and was compared with culture results. We also col-
lected hamstring muscle as control tissue from five healthy
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Fig. 5-A

Fig. 5-B

patients undergoing elective anterior cruciate ligament recon-
struction with hamstring autograft. We found that the number
of adherent colony-forming progenitor cells that could be
isolated per gram of tissue from wartime wounds was pro-
foundly increased (range, thirty-twofold to fiftyfold) compared
with the number in the uninjured muscle tissue of the control
group (Fig. 8). Quantification of progenitor cells with osteo-
genic potential showed that the measured 2.3-fold increase in
osteogenic progenitors in tissue from patients with combat-
related heterotopic ossification compared with that in tissue
from patients with noncombat-related heterotopic ossification
was significant (p < 0.007)”. Therefore, these findings suggest

Figs. 5-A and 5-B Lateral radiograph (Fig. 5-A) and axial
computed tomography scan (Fig. 5-B) showing a femoral
shaft fracture. Fracture-healing was complicated by hetero-
topic ossification, which caused symptomatic entrapment
of the sciatic nerve (i.e., decreased distal motor function
and dysesthesia of the foot, exacerbated by deep knee
flexion). Partial excision of the heterotopic ossification was
performed along with neurolysis and decompression of the
sciatic nerve. Distal motor and sensory function were re-
tained, and the patient’s symptoms abated.

that wounds that present with a higher prevalence of resident
assayable osteoprogenitors in the tissue, presumably supported
through local and/or systemic reactions, correlate with the
eventual formation of ectopic bone in traumatized tissue.

Raman Spectroscopy

Raman spectroscopy is a scattering technique that can be
used to gain information about the structure and com-

position of molecules from their vibrational transitions. A

Raman spectrum can be thought of as a chemical “fingerprint”

and is thought of as a complementary technique to the more

widely known infrared spectroscopic techniques. The vibra-
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Fig. 6-A
Figs. 6-A and 6-B Digital three-dimensional computed tomography reconstruction (Fig. 6-A) and photograph of the corresponding life-size three-dimensional
resin model (Fig. 6-B) of both residual limbs and the pelvis of a blast-injured bilateral transfemoral amputee with severe heterotopic ossification of both
residual limbs. The model was a useful reference intraoperatively during the staged surgical procedures to excise the heterotopic ossification and revise the
amputation, as it provided a ‘‘roadmap” of the surface topography of the ectopic bone.

tional (and rotational) bands in a Raman spectrum are specific
to the chemical bonds and particular structure of the mole-
cule(s) being investigated. In addition, the band area of a
Raman vibrational band is proportional to the amount of
analyte present. Thus, Raman spectroscopy can identify the
components that are present and quantify the amount of each
component.

Over the past fifteen years, Raman spectroscopy has be-
come an attractive technology for probing biomedical samples
for several reasons. First, Raman spectroscopy can be used to
study both organic and inorganic components (i.e., protein and
mineral). Second, Raman spectroscopy can be applied non-
invasively. Recent in vivo Raman spectroscopic studies include
incorporation of a Raman probe into an endoscope for ex-
amination of the esophagus and stomach™”, detection of
cervical dysplasia”, diagnosis of nonmelanoma skin cancer”,
characterization of psoriatic skin”, observation of human-
swine coronary xenografts after transplantation”, measure-

79-82

ment of macular carotenoids in the eye” ™, and transcutaneous
monitoring of bone®. Third, most biological samples contain
water, and unlike infrared spectroscopy, the Raman spectra of
biological samples do not suffer from spectral interference of
water vibrational bands. Fourth, Raman spectroscopy is a scat-
tering technique, requiring very little, if any, sample prepara-
tion. Finally, the technological advances during the past fifteen
years, such as holographic notch filters, small-form diode la-
sers, and thermoelectrically cooled charge-coupled device
detectors, have enabled the production of less expensive,
compact, and portable Raman spectroscopic systems.

While Raman spectroscopy has been used extensively
to study the process of biomineralization®™, it has not been
previously used to provide insight into the pathologic process
of heterotopic ossification. We have collected Raman spectra
of uninjured muscle, injured muscle, and combat-injured
tissue with pre-heterotopic ossification (defined as palpably
firm or “woody” tissue without roentgenographic evidence
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Fig. 6-B

of heterotopic ossification) found within high-energy pen-
etrating wounds (Fig. 9). When comparing uninjured to in-
jured muscle, there is an apparent decrease in the 1340 and
1320 cm! vibrational bands in the injured muscle as well as an
increase in the 1266 cm™! vibrational band. This suggests collagen-
specific alterations within the tissue, as a result of traumatic
injury. In one case, a patient exhibited combat-injured muscle
with pre-heterotopic ossification during a debridement pro-
cedure. On Raman spectroscopic examination, it was clear that
the tissue was indeed mineralized, even in “soft” tissue areas.
Mineral vibrational bands at 1070, 960, and 591 cm!, typical of
a carbonated apatite, were prominent in the spectrum. These
vibrational bands are attributed to the phosphate and carbonate
stretching modes of bone”. Thus, Raman spectroscopy can
potentially be utilized to identify areas of tissue affected by early
combat-related heterotopic ossification as well as areas of tissue
that may be predisposed to the formation of combat-related
heterotopic ossification.

Small Animal Model
critical hurdle in our investigation of the etiology, treat-
ment, and prevention of combat-related heterotopic os-

sification is the absence of a reliable and reproducible small
animal model in which to further characterize the formation of
combat-related heterotopic ossification, potentially identifying
new therapeutic targets, and to test new therapeutic inter-
ventions. Currently, several small animal models exist. These
models include the forcible passive manipulation of the hind-
limbs of paralyzed rabbits'™'"""; implantation of Matrigel (base-
ment membrane/collagen-IV matrix; BD Biosciences, Bedford,
Massachusetts) impregnated with recombinant human bone
morphogenetic protein (rhBMP)-2* or BMP-4'” in genetically
predisposed mice; implantation of genetically engineered, BMP-
2-producing human or murine fibroblasts into immunocom-
promised mice'”; and crush injury of the quadriceps augmented
with syngeneic bone-marrow stem cells in inbred rats'*. Our
current understanding of heterotopic ossification suggests that
these models have important limitations that may make them
unsuitable proxies for combat-related heterotopic ossification.
Specifically, these models all lack the systemic injury (e.g., blast
injury and/or traumatic brain injury) components commonly
seen in injured military personnel with combat-related hetero-
topic ossification. Additionally, no induced wound with associ-
ated bacterial contamination and resulting bioburden, as is the
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Microphotographs of commercially available adult mesenchymal stem cells (hnMSC) cultured in standard bone or basal media, with the addition of
wound effluent from blast-injured patients who developed heterotopic ossification at the same site, blast-injured patients who did not develop ectopic

bone, or phosphate-buffered saline solution, at days 9 and 16 of cell culture. Alizarin red (bone) staining (x10 magnification) demonstrated increased

osteogenesis in the cells cultured with wound effluent from a patient who developed heterotopic ossification. HO = heterotopic ossification, and PBS =

phosphate-buffered saline.

rule rather than the exception for combat injuries, is associated
with these models. Moreover, there is a lack of general agree-
ment within the current literature as to whether all inciting
events lead to heterotopic ossification via the same cellular
mechanisms and even whether all heterotopic ossification oc-
curs via enchondral ossification®**'*”. Finally, these models are
non-physiologic in that they artificially induce bone growth
in the soft tissues of small animals through augmentation or
manipulation of cellular signals, genetic predispositions, and/
or cell presence. Previously described small-animal models
therefore produce ectopic bone growth that may have little, if
any, relationship to the clinical heterotopic ossification that is
seen in human patients in general or in combat-injured pa-
tients in particular.

We have conceived of a physiologic rodent model that we
hope will fill this research gap. Our model incorporates blast
exposure, soft-tissue crush injury, and bacterial contamination,
augmented with one of several additional systemic insults to
invoke additional systemic inflammation. The fracture com-
ponent will be omitted to limit rodent mortality as well as avoid
confounding results due to exuberant fracture callus, if it were
to occur. It is our hope that this model will reliably produce
heterotopic ossification through mechanisms similar to that seen
in our combat-wounded patients and that it will allow further
characterization of this pathologic process. Once validated, this

model may permit future identification of novel therapeutic
targets as well as testing of various described and original ther-
apeutic modalities.

Prospective Randomized Trial of Primary Prophylaxis
in Combat-Injured Patients
As noted, due to medical contraindications and logisti-
cal constraints, no practicable primary prophylaxis reg-
imen has yet been developed, tested, or widely utilized in
wounded servicemen despite the exceedingly high rate of
heterotopic ossification in this population. Recently, COX-2
inhibitors such as celecoxib have been shown to be safe and
efficacious for the prevention of heterotopic ossification fol-
lowing hip and acetabular surgery'”'* and may be useful in
our patient population. COX-2 is required for endochondral
bone formation, a mechanism implicated in the development
of heterotopic ossification'”. Although not prescribed as
prophylaxis against heterotopic ossification, COX-2 inhibi-
tors are currently used in this institution as part of a com-
prehensive pain-management regimen and are thought to
decrease the patient’s opioid requirement. Concerns about
COX-2 inhibitors in an orthopaedic population stem from
the blunting of “helpful” inflammation necessary for endo-
chondral ossification in early fracture-healing'”'". Never-
theless, several studies evaluating COX-2 inhibitors found



THE JOURNAL OF BONE & JOINT SURGERY *JBJS.ORG
VOLUME 92-A - SUPPLEMENT 2 -2010

HETEROTOPIC OSSIFICATION FOLLOWING
COMBAT-RELATED TRAUMA

350 1
B Muscle-derived colony-forming
‘g‘ units (CFUs)
: 300 1 mOsteogenic progenitor cells
3
8 250 - *
-
©
£ 200 +
g
o
.
2 150 ~
=
@
o 100 ~
(-
5]
™
8 50 -
E
=
=
E—
Control Injured-nonHO  Injured-HO
(n=3) (n=5) (n=9)

Fig. 8

Graphical depiction of the number of muscle-derived colony-forming units and osteogenic

progenitor cells cultured from muscle tissue of normal (control) patients, combat-injured
patients who did not develop heterotopic ossification (Injured-nonHO), and combat-
injured patients who developed heterotopic ossification (Injured-HO). Even with these
preliminary results (n = 5 patients per group) a significant (*, p < 0.05) increase in the
number of osteogenic progenitor cells is evident in patients who developed heterotopic

ossification as compared with patients in the other two groups. (Error bars indicate 95%

confidence interval.)

little or no deleterious effect on fracture-healing or osseous
healing99,114-ll7.

In order to address the safety and efficacy of COX-2
inhibition in combat-related heterotopic ossification, a pro-
spective randomized trial of celecoxib, started within five days
after injury for a two-week treatment period (200 mg by mouth
twice a day), will begin enrolling patients this year. The study
will enroll as many as 100 patients (fifty in the treatment arm
and fifty in the control arm), and is powered to detect a 30%
relative decrease in the rate of formation of combat-related
heterotopic ossification (e.g., a decrease from 60% to 40%).
Primary study end points are the overall prevalence and
severity of combat-related heterotopic ossification in study
patients. This decrease in combat-related prevalence of het-
erotopic ossification is well below that anticipated on the
basis of a putative 56% to 67% reduction in heterotopic ossi-
fication rates with use of nonsteroidal anti-inflammatory drugs
in other populations’. Testing for this lower rate of reduction
appears reasonable because the actual effect of nonsteroidal
anti-inflammatory drugs may differ in patients with combat-
related heterotopic ossification, because treatment cannot
practicably be initiated at the point and time of injury, and
because testing would serve to ensure adequate power of the
trial. Secondary end points include fracture nonunion, time to

fracture union, rate of impaired wound-healing, medical and
drug-related complications (e.g., gastrointestinal problems
and renal dysfunction), and patient pain ratings and opioid
requirements.

The concern that celecoxib may delay fracture-healing is
an important one. Nevertheless, its effect may be tempered by
the timing of fracture fixation in a high-energy penetrating in-
jury of an extremity. In most cases, fracture fixation is not per-
formed until ten to fourteen days after injury, which is the time it
takes to debride and prepare the wound for closure or flap
coverage. Prophylaxis against heterotopic ossification is started
as soon after injury as possible and continued for fourteen days.
Ideally, celecoxib dosing for the purpose of prophylaxis against
heterotopic ossification will be complete prior to definitive
fracture fixation. Goodman and colleagues demonstrated
that COX-2 inhibitors, if given within the first fourteen days
following fracture, did not result in appreciable impairment
of fracture-healing''"®. There is also no evidence to suggest that
celecoxib significantly affects fracture-healing in our combat-
wounded patient population. Nevertheless, “nonunion” and
“time to union” will be reported as secondary outcomes in
this study. Of note, short-term use of celecoxib in patients
without fractures, including amputees, has not been associ-
ated with any negative effects.
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Raman spectra of (A) uninjured muscle (control tissue), (B) combat-injured muscle, and (C) combat-injured

muscle with pre-heterotopic ossification. The gray bands highlight spectral changes in the amide-lll envelope
(1340-1240 cm™) and the appearance of mineral vibrational bands at 1070, 960, and 591 cm™.

Conclusions and Future Directions
Combat-related heterotopic ossification is exceptionally
common and is often a harbinger of a complex and dif-
ficult clinical course. Operative excision of symptomatic
combat-related heterotopic ossification lesions is generally
successful and associated with low rates of recurrence but can
be technically demanding and fraught with complications,
particularly about the knee when concurrent quadricepsplasty
is required. We have identified numerous clinical factors and
biological markers that are predictive of eventual formation
of combat-related heterotopic ossification. Through ongoing
and future research efforts by our consortium, we hope to
further elucidate the biochemical and cellular basis for the
formation of combat-related heterotopic ossification, further
define the relative roles of local and systemic inflammation,
continue to develop new means of early diagnosis and prog-
nostication, and test and validate both conventional and novel
practicable primary prophylactic treatment modalities. It is
our hope that, through a combination of new diagnostic
and therapeutic interventions, we can affect both the inci-
dence and clinical management of combat-related hetero-
topic ossification. ®
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ABSTRACT

The management of modern traumatic war wounds remains a significant challenge for clinicians. This is a
reflection of the extensive osseous and soft-tissue damage caused by blasts and high-energy projectiles. The ensuing
inflammatory response ultimately dictates the pace of wound healing and tissue regeneration. Consequently, the
eventual timing of wound closure or definitive coverage is often subjectively based. Some wounds require an
extended period of time to close or fail to remain closed, despite the use and application of novel wound-specific
treatment modalities. Aside from impaired wound healing, additional wound complications include wound infection
and heterotopic ossification (the pathological mineralization of soft tissues). An understanding of the molecular
environment of acute wounds throughout the debridement process can provide valuable insight into the mechanisms
associated with the eventual wound outcome. The analysis of Raman spectra of ex vivo wound biopsy tissue
obtained from serial traumatic wound debridements reveals a decreased 1665 cm™/1445 cm™ band area ratio in
impaired healing wounds, indicative of an impaired remodeling process, in addition to a decreased 1240 cm™/1270
cm band area ratio. The examination of debrided tissue exhibits mineralization during the early development of
heterotopic ossification. Finally, preliminary results suggest that Fourier transform infrared (FT-IR) images of
wound effluent may be able to provide early microbiological information about the wound.

Keywords: combat wounds; biopsies; wound effluent; Raman spectroscopy; FT-IR imaging

1. INTRODUCTION

Extremity wounds have become the most common injuries sustained in modern warfare. These wounds, caused
predominately by blasts, are characterized by high-energy fractures, often with bacterial and environmental
contamination, thermal injury, and soft tissue loss. The result is a devastating life- and limb-threatening injury
pattern that demands considerable time, effort, and resources throughout all phases of treatment. Thus, the
management of modern combat extremity wounds is challenging, and complications such as infection and
heterotopic ossification are all too common.® Accurate assessment of these wounds is necessary to guide both
surgical decision-making and prophylactic medical therapy.

Wound healing is the result of complex cellular and molecular signals, ultimately leading to closure of the wound
gap and the formation of scar tissue. As such, much remains to be learned about the structure and composition of the
tissue itself during the wound healing process. Complicating the process of wound healing even more is the general
heterogeneity of tissue, specifically skin and the underlying soft tissues. Current methods for monitoring wound
healing rely largely on physician observations and are subjective, regardless of physician experience.



Raman vibrational spectroscopy is a modality that offers the capability to accurately detect and identify various
molecules that comprise the extracellular matrix during wound healing in their native state. It is a spectroscopic
technique in which the precise biochemical composition of biologic samples can be obtained via noninvasive and
nondestructive means. It has been proven effective in assessing tissues at the molecular level with diverse clinical
and diagnostic applications to include the analysis of cellular structure and the determination of tumor grade and
type.?"! pathologic alterations of wounds are accompanied by fundamental changes in the molecular environment
that can be analyzed by vibrational spectroscopy.!® ! The identified changes might provide the objective markers
of acute wound healing which can then be integrated with clinical characteristics to guide the management of
traumatic wounds. For instance, changes in collagen vibrational bands could be correlated with alterations in
collagen deposition and re-epithelialization of the wound bed. In addition, mineralization associated with pre-
clinical and pre-radiographic heterotopic ossification could be easily monitored with Raman spectroscopy. 22!

Also, because of vibrational spectroscopy’s molecular specificity, it can also be used to evaluate the bioburden of
wounds. There have been numerous Raman spectroscopic studies of microorganisms, many focusing on rapid
identification of the microorganisms.***! FT-IR spectroscopy can afford spectral information similar to that
provided by Raman spectroscopy. There are several studies that focus on the use of FT-IR spectroscopy to detect
and accurately classify microbiological organisms, such as Acinetobacter.*® 454!

We hypothesized that vibrational spectroscopy could predict whether or not a wound will heal normally, whether or
not a wound will develop heterotopic ossification, and whether or not wound effluent is colonized.

2. MATERIALS AND METHODS

2.1 Clinical Studies

The clinical studies were approved by the institutional review boards of the National Naval Medical Center
(NNMC) and the Walter Reed Army Medical Center (WRAMC). All study participants were recruited from
wounded Operation Iraqi Freedom and Operation Enduring Freedom U.S. service members evacuated to the
National Capital Area. Age-matched control subjects were enrolled to provide untraumatized muscle for
comparison. Patients in the control group were scheduled to undergo an elective ACL reconstruction using
hamstring autograft and were recruited from the outpatient orthopaedic clinic. Informed consent was obtained from
all participating patients.

For the treatment of combat wounds, surgical debridement and pulse lavage were performed in the operating room
every 48-72 hours until definitive wound closure or coverage. Negative pressure wound therapy SNPWT) was
applied to the wounds between surgical debridements, as per current standard practice at NNMC."® All wounds
were examined once daily following wound closure or coverage until the sutures were removed. All patients were
followed clinically for 30 days. Successful wound healing was defined as definitive wound closure or coverage.
Impaired wound healing included a delayed wound closure or subsequent wound dehiscence. Delayed wound
closure was defined as definitive closure occurring two standard deviations outside of the normal wound closure
time period, which, in this case, was greater than or equal to 21 days after injury. Dehiscence was defined as loss
after skin grafting. Thus, wounds that progressed to healing by thirty days after injury and did not necessitate a
return to the operating room were considered healed. The timing of the wound closure was at the discretion of the
attending surgeon.

2.2 Sample Collection

Control muscle samples (n=3) were collected from excess, discarded muscle tissue harvested during hamstring
autograft preparation following routine, elective anterior cruciate ligament reconstruction and stored in 0.9% NaCl
saline solution for transport. For injured muscle and wound biopsies (n=25), a 1 cm® wound tissue sample was
obtained from the center of the wound bed at each debridement (Figure 1A) and fixed in 10% neutral buffered
formalin for at least 48 hours. Samples were stored at -20°F until analysis. Prior to Raman spectral acquisition,
samples were thawed in 0.9% NaCl saline solution. Additionally, both soft and hard tissue heterotopic ossification



samples (n=25) were collected during the surgical removal of heterotopic ossification (Figures 1B and 1C,
respectively) and stored in 0.9% NaCl solution for transport.

Figure 1. A) Picture taken of a wound bed at the time of surgical debridement. The black box indicates the typical
biopsy size. B) Unmineralized tissue biopsy collected during excision of heterotopic ossification. Scale bar = 1 cm. C)
Partially mineralized tissue biopsy collected during excision of heterotopic ossification.

Wound effluent, the exudate that filters from the circulatory system into a wound bed, was collected from the
NPWT canister (without gel pack; Kinetic Concepts, Inc., San Antonio, TX) two hours following the first surgical
debridement and over a 12 hour period prior to each subsequent wound debridement. Samples (n=4) were
centrifuged at 12,000-13,000g. The supernatant was drawn off with a pipette and passed through a 0.65 um filter.

2.3 Raman Spectroscopy

Tissue samples were placed on an aluminum foil covered weighing dish prior to spectral acquisition. A 785 nm
Raman PhAT system (Kaiser Optical Systems, Inc., Ann Arbor, MI) was used to collect spectra of the tissue
biopsies. Final spectra were the accumulation of forty 15 second spectra, acquired using the 3 mm spot size. At least
three dark-subtracted, illumination-corrected spectra were obtained for each biopsy/sample. All spectral
preprocessing was performed in GRAMS/AI software (Thermo Fisher Scientific, Madison, WI). Raman spectra
were truncated to 1800-400 cm™ and baseline corrected with a sixth degree polynomial. Spectral subtraction of
blood was performed if spectral interference of blood was noted. All spectra were intensity normalized to the CH,
scissoring band at 1445 cm™. Subsequently, curve fitting was performed over two spectral regions, 1730-1500 cm™
and 1525-1185 cm™. All Raman bands were fit with mixed Gaussian/Lorentzian bands. The fit was considered good
when the R? value reached at least 0.99.

2.4 FTIR Imaging

Approximately 4 uL of wound effluent was pipette onto an aluminized slide (Thermo Fisher Scientific, Madison,
WI) and allowed to air dry. The Nicolet iN10 (Thermo Fisher Scientific, Madison, WI) was used to collect FT-IR
images of the deposited effluent with 8 cm™ spectral resolution from 4000 to 715 cm™. Total acquisition time for the
image was approximately 15 minutes. Factor analysis was performed on truncated data cubes (1800 to 715 cm™).
Briefly, all FT-IR image cubes were imported into MATLAB® (Mathworks, Natick, MA), where they were
subjected to multivariate analysis. Singular value decomposition was applied to all data sets. A Scree plot was used
to determine the necessary number of loadings such that 99% of the variance in the data set was described by the
chosen loadings. Loadings used for factor analysis were extracted with band target entropy minimization (BTEM)E*
%21 and then manually rotated until all factors were non-negative and their associated score images were non-



negative. Non-negative factors closely resemble real FT-IR spectra. Non-negative score images ensure orthogonality
of factors and a unique basis set.

2.5 Statistical Analysis
Differences in band area ratios were assessed using a Mann-Whitney U-test. Analyses were performed using SPSS

software (SPSS 18.0, SPSS Inc., Chicago, IL). Differences in values were considered statistically significant with a
two-tailed p-value less than 0.05.

3. RESULTS

3.1 Raman spectral comparison of wound biopsies

The spectral profiles of ex vivo wound biopsies were compared for a normal healing wound, a delayed healing
wound, and a dehisced wound. Raman spectra of wound biopsies collected during the first surgical debridement are
contrasted with Raman spectra of wound biopsies collected during the final surgical debridement in Figure 2. Major
bands exhibited in the spectra are shown in Table 1.

Table 1. Raman vibrational band assignments.!®® 5% (Phe - phenylalanine; Pyr — pyrrole; Tyr - tyrosine; Hb - hemoglobin;
Trp - tryptophan).

Raman Shift (cm™) Vibrational Band Assignment Component
938 V(CC) residues protein
1004 v(CC) aromatic ring Phe; protein
1035 V(CC) skeletal: C-O stretch mostly lipid w ith minor protein contribution;
1070, 1080 protein
1128 v(CC) and v(CN) skeletal; v(Pyr half ring) mostly lipid with minor protein contribution; Hb
1213 Tyr; Phe
1245 V(CN) Amide Il - B-sheet protein
1270 Vv(CN) Amide Ill - a-helix protein
1340 8(CH,); v(Pyr half ring) protein; Trp; Hb
1371 v(Pyr half ring) Hb
1405
1450 CH, scissoring protein
1557 V(CC) ring stretching protein; Trp; Hb
1622 V(C=C) Hb; Tyr; Phe
1657 V(C=0) Amide | protein

When examining the Raman spectra of the first debridement wound biopsies (Figure 2A), the profiles of the normal
healing and delayed healing wounds overlap extensively. The Raman spectrum of the wound biopsy from the
dehisced wound, however, demonstrates several differences. The intensities of the Raman vibrational bands at 1622
cm™, 1557 cm™, and 1371 cm™ are significantly increased for the wound biopsy from the dehisced wound compared
to the normal and delayed healing wounds. The 1270 cm™ and 1240 cm™ amide 111 bands also appear to be more
intense in the dehisced wound than in the normal or delayed healing wounds. Finally, the intensity of the 938 cm™
vibrational band in the Raman spectrum of the normal healing wound biopsy is increased when compared to the
band intensities of the delayed healing or dehisced wound biopsy spectra. Additionally, differences in the spectral
profiles of the wound biopsies from the final debridement are evident (Figure 2B). The overall intensity of the amide
I band in both the dehisced and delayed healing wounds is decreased when compared to the intensity of the normal
healing wound. The intensities of the Raman vibrational bands at 1622 cm™, 1557 cm™, 1371 cm™, 1270 cm™, and
1240 cm™ remain significantly increased for the wound biopsy from the dehisced wound compared to the normal
and delayed healing wounds. The amide 111 bands, including the 1340 cm™ Raman vibrational band, are also
decreased for the delayed healing wound compared to the normal healing wound, unlike at the first surgical
debridement. The intensity of the 938 cm™ vibrational band in the Raman spectrum of the normal healing wound



biopsy also remains increased when compared to the band intensities of the delayed healing or dehisced wound
biopsy spectra. Finally, the Raman vibrational band at 1405 cm™ is apparently decreased for the dehisced wound
biopsy when compared to the normal and delayed healing wounds, at both the first and final surgical debridements.

Band area ratios were calculated for the normal and delayed healing wounds for wound biopsies collected at each
surgical debridement. As expected, there are three additional time points presented for the delayed healing wound.
The plot of the 1665 cm™/1445 cm™ band area ratios shows an initial decrease followed by an increase for the
normal healing wound biopsies. The band area ratio for the delayed wound continues to decrease over time, unlike
the normal healing wound biopsies. A similar trend is observed for the 1240 cm™/1270 cm™ band area ratios; the
band area ratio increases for the normal healing wound but continually decreases for the delayed healing wound.
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Figure 2. A) Comparison of Raman spectra for first debridement biopsies from three different wounds. B)
Comparison of Raman spectra for final debridement biopsies from three different wounds. C) Profile of 1665 cm
/1445 cm™ band area ratio over time for biopsies from two different wounds. D) Profile of 1240 cm*/1270 cm™ band
area ratio over time for biopsies from the same two wounds.

3.2 Raman spectral comparison of muscle tissue and heterotopic ossification tissue

Raman spectra of ex vivo samples of uninjured (or control) muscle, injured muscle, and excised tissue from
heterotopic ossification surgical removal were also compared. Figure 3A shows the offset spectra of a control
muscle sample, a sample of unmineralized HO tissue, and a sample of mineralized HO tissue. The gray boxes
highlight regions of spectral difference. The mean band center for the amide | band of uninjured muscle is 1655
cm™. For the HO tissue, whether unmineralized or mineralized, the amide I band shifts to a higher frequency and is
centered at 1662-1663 cm™. Differences are also apparent in the amide 111 envelope of the spectra. The intensity of
the 1340 cm™ Raman vibrational band is decreased in the spectra of the HO tissue compared to the uninjured muscle
tissue. The 1270 cm™ and 1240 cm™ Raman vibrational bands are increased in the spectra of the HO tissue
compared to the uninjured muscle. The most notable difference in the spectrum of the mineralized HO tissue is the
presence of the 960 cm™ band, a v, P-O stretching mode. This is a typical Raman vibrational band observed for



hydroxyapatite, and in this case, for the carbonated hydroxyapatite in bone mineral. Finally, the intensities of the
921 cm™?, 876 cm™, and 855 cm™ bands are more intense in the spectra of the HO tissue than in the spectrum of the
uninjured muscle. The bands at 921 cm™, 876 cm™, and 855 cm™ are v(CC) stretching backbone modes, assigned to
proline and hydroxyproline in collagen.
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Figure 3. A) Comparison of Raman spectra collected of a control muscle (top) sample, an unmineralized tissue
sample from a patient that develops HO (middle), and a mineralized tissue sample from a patient with
radiographically confirmed HO (bottom). The gray boxes indicate spectral regions with significantly different
profiles. B) Band area ratios calculated from spectra of control muscle, injured muscle, unmineralized HO tissue, and
mineralized HO tissue. Error bars = * standard deviation.

Figure 3B displays calculated band area ratios for the Raman spectra of control muscle (n=3), injured muscle (n=8),
unmineralized HO tissue (n=13), and mineralized HO tissue (n=12). There is a statistically significant difference
between the 1660 cm™/1445 cm™ band area ratio when comparing uninjured muscle to injured muscle, as well as
when comparing muscle tissue and HO tissue (p < 0.001). There is also a significant difference between the 1680
cm*/1445 cm™ and 1640 cm™/1445 cm™ band area ratios, when comparing muscle tissue and HO tissue (p < 0.04
and p < 0.02, respectively). Band area ratios for the amide 111 envelope also indicate significant differences between
the tissue types. The p-values calculated for the 1240 cm™/1270 cm™ band area ratios are < 0.01 for the comparison
of muscle tissue and unmineralized HO tissue and < 0.02 for the comparison of muscle tissue and mineralized HO
tissue. Notable differences are also demonstrated for the comparison of the 1340 cm™/1270 cm™ band area ratios
calculated for muscle tissue and HO tissue, as well as for unmineralized and mineralized HO tissue (p < 0.05).



3.3 FT-IR imaging of wound effluent

A visible light image of a dried, non-colonized effluent sample is displayed in Figure 4A. The corresponding score
image (Figure 4B) and major factor (Figure 4C) are also shown. The score image indicates that the presence of this
factor is contained primarily within the center of the effluent drop, not the ring of the effluent drop. The factor,
which is representative of the major component in the effluent, exhibits vibrational bands that can be mostly
attributed to various proteinaceous components — plasma, hemoglobin, cells. The 1666 cm™ and 1550 cm™
vibrational bands are assigned to the amide | and amide Il bands, respectively, and are evident in the spectrum of
proteins.® J The vibrational band at 1589 cm™ has been observed the FT-IR spectrum of plasma.® The band at
1454 cm™ has the same vibrational band assignment for Raman and FT-IR spectroscopy (C-H deformation of
CH,).® The vibrational band at 1404 cm™ is assigned to a C=0 stretching band (carbohydrates, amino acids) while
the 1312 cm™ and 1247 cm™ bands are assigned to the amide Il N-H deformation (proteins). The 1247 cm™ band
also overlaps with a P=0 stretching band, often observed in phospholipids.[38] The bands displayed between 1200-
900 cm™ are generally attributed to the C-O stretching modes of saccharides, glucose, lactate, and glycerol.[*!
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Figure 4. A) Visible light image of non-colonized wound effluent deposited onto aluminized slide. The FT-IR score
image (B) and corresponding factor (C) are also shown.

Similar results were obtained for a sample of colonized effluent (Figure 5). Bacterial colonization for this study is
defined as a bacterial load > 10° colony forming units.® The dried effluent appears visibly similar (Figure 5A) to
the sample shown in Figure 4. The score image in Figure 5B and the factor in Figure 5D also resemble the score
image and factor obtained for the previously mentioned sample. There is, however, a second factor (Figure 5E) and
corresponding score image. The score image in Figure 5C indicates that the second factor is present in the ring of the
effluent drop, as well as the center of the effluent drop. The factor in Figure 5E is also proteinaceous in nature, but
contains bands that are shifted and have different intensities from the factor shown in Figure 5D.
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Figure 5. A) Visible light image of colonized wound effluent deposited onto aluminized slide. The FT-IR score
images, (B) and (C), and the corresponding major factors, (D) and (E), are also shown.

For this preliminary study, images from three colonized effluent samples (n=3) and one non-colonized effluent
sample (n=1) were examined. Microbiological tests of the effluent reported colonization with Acinetobacter
baumannii for three of the samples. Analysis of each of the colonized samples revealed a second factor, similar to
that shown in Figure 5E. Subsequently, the spectral profile of the second factor was compared to FT-IR spectra of
several biofilm producing Acinetobacter baumanni strains (Figure 6). The spectra overlay closely, suggesting the
possibility that the second factor is representative of bacteria, and more specifically Acinetobacter baumannii.
Differences in the spectral profiles for the Acinetobacter baumannii strains are found primarily in the vibrational
bands between 1350 cm™ and 900 cm™. These vibrational bands are of mixed origin, including carbohydrates,
proteins, phospholipids, and nucleic acids.
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Figure 6. Comparison of FT-IR spectral profiles of second colonized wound effluent factor (red) and reference
spectra of different biofilm forming Acinetobacter baumannii strains (bluge).



4. DISCUSSION

Wounds are currently evaluated using parameters such as location of injury, crude adequacy of perfusion, gross
appearance of the wound, wound tensile strength, and the patient’s general condition. Parameters like location of
injury, gross appearance of the wound, and the patient’s general condition are quite obvious and reasonably
assessed; however, parameters such as adequacy of perfusion and tensile strength are not readily quantifiable during
surgery. It has been previously demonstrated that there is a ?reater incidence of associated vascular injury in delayed
healing wounds when compared to normal healing wounds."! It is also well established that tensile strength of the
wound is dependent on collagen deposition.’®! Confounding these issues is the development of heterotopic
ossification (HO) in over 60% our patient population.t™ ®! Heterotopic ossification is the spontaneous mineralization
of soft tissue, which once formed, can only be managed surgically, as spontaneous resolution is infrequent.®
Because of this, prophylaxis is much preferred to the treatment. Thus, there exists a need for technologies that can
non-invasively and objectively assess these challenging wounds in an effort to better guide surgical decision-making
in the setting of delayed wound healing, and/or prophylactic therapy in cases of early mineralization (heterotopic
ossification).

In this preliminary study, Raman spectroscopic profiling of ex vivo wound biopsies collected during wound surgical
debridements demonstrates a decrease in the 1665 cm™/1445 cm™ band area ratio of an impaired healing wound
over the course of treatment compared to a normal healing wound. Using the CH, scissoring band area (1445 cm™)
as an indicator of overall proteinaceous content and the amide | band area (1665 cm™) as a measure of collagen
content, one can monitor collagen deposition in the wound biopsies, utilizing the 1665 cm™/1445 cm™ band area
ratio. Thus, the decrease in the 1665 cm™/1445 cm™ band area ratios could be an indication of impaired collagen
deposition in wounds that are classified as delayed healing wounds. Additionally, the delayed healing wound
exhibits a chronological decrease in the 1240 cm™/1270 cm™ band area ratio compared to the normal healing wound.
The Raman spectral profile of muscle differs from collagen, especially in the amide 111 envelope. Specifically,
muscle tissue exhibits a reduced 1240 cm™/1270cm™ band area ratio compared to collagen. Thus, an increase in the
1240 cm™/1270 cm™ band area ratio could also be reflective of collagen deposition within the site of injury. In a
response to muscle injury, collagen is formed and deposited within the site of the injury.’” These results corroborate
an earlier study, in which wound biopsies were mapped with Raman spectroscopy at two time points during the
healing process — first surgical debridement and last surgical debridement.*®

Raman spectroscopy was also utilized to discern molecular changes that precursor the development of heterotopic
ossification (HO). The molecular etiology of heterotopic ossification is complex and not well understood.? 856 &1
In this preliminary study, we compared normal muscle tissue to injured muscle tissue, unmineralized HO tissue, and
mineralized HO tissue. While mature HO tissue is generally apparent upon physical examination, radiologic studies,
or Raman spectroscopic probing, immature and largely unmineralized HO tissue is not as obvious. The Raman
spectra of various tissues demonstrate that there are clear differences in the amide | and amide 111 spectral regions of
HO tissue compared to normal tissue, which may provide clues as to whether or not muscle tissue will develop HO.
These differences include a significant shift in the location of the amide | band and an increase in the 1240 cm’
171270 cm™ band area ratio. In fact, the Raman spectrum of unmineralized HO tissue closely resembles the Raman
spectrum of collagen. Type | collagen not only plays an important role in the process of wound healing, but also in
the formation of osseous tissue, such as HO tissue. Osteoblasts secrete and deposit type | collagen, which comprises
90% of bone matrix, prior to mineralization.l"” In some cases, the collagen that serves as an initiator of wound
healing may also act as the scaffold for the deposition of bone mineral.

As we have demonstrated, vibrational spectroscopy can also be utilized to examine wound effluent, in addition to
the wound tissue itself. Wound effluent is a complex mixture of fluids, cells, and proteins, containing plasma, lymph
fluid, white blood cells, red blood cells, dead tissue and cells, cytokines, chemokines, and growth factors. In some
cases, the wound effluent is colonized with bacteria. The most common isolate observed in our patient population is
Acinetobacter baumannii.® Current microbiological techniques require a 24-48 culture period following sample
collection. Here, we were able to extract a spectroscopic factor that closely resembles the FT-IR spectrum of
Acinetobacter baumannii in less than an hour. FT-IR spectra of individual Acinetobacter baumannii strains
exhibited spectral differences from 1350-900 cm™. While the band assignments over this spectral region are mixed,
other studies have found subsets of that spectral region optimal for discriminating Brucella speciest’™, Gram



negative bacterial*, and Bordetella pertussis’.. This kind of rapid assessment may eventually help to direct
antibiotic therapy and prevent over- or under-treatment of bacterial infection.

Raman spectra of wound tissue was collected and analyzed, to compare the chemical compositions of normal
healing wound tissue, impaired healing wound tissue, and HO wound tissue. While all data acquisition and analysis
was performed outside of the surgical arena, it is possible to incorporate the Raman spectroscopic equipment into
the operating room. One advantage of Raman spectroscopy is that it can be employed in a non-invasive manner,
such as a fiber probe-coupled system. Another advantage of Raman spectroscopy, and particularly the fiber-coupled
probe used in this study, is the probe design itself. The Raman spectroscopic system utilized here could sample a
tissue volume of up to ~60 mm?, or greater; a standard punch biopsy samples approximately 140 mm® of tissue.
Though the number of samples examined here was small and preliminary, the results are encouraging and certainly
deserving of further study.

5. CONCLUSIONS

This study demonstrates the potential of vibrational spectroscopy as a technique capable of affording an objective
measurement regarding wound effluent colonization, wound healing, and wound HO in the operating room. Such a
capability would allow for real-time point of care analysis of wounds, allowing subjective decisions to be supplanted
by objective data. This is a critical need as constraints on surgical education reduce operative exposure and clinical
decision-making is moved from the subjective arena to personalized, data driven decisions. The use of such
methodologies as presented herein, may allow for fewer debridement procedures, reduced costs, and faster
rehabilitation in patients with traumatic wounds. In order to reach this potential, future work must to expand the
number of patients in the study to better delineate Raman spectroscopic trends during the wound healing process and
to explore and develop a classification model for wound infection.
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Abstract

We present procedures to use imaging to assess organ perfusion in an
ischemia/reperfusion injury model in the intraoperative and organ procure-
ment setting, in particular, on pump perfusion. These technologies, namely
3-CCD, IR, and VRIS imaging, use the spectral signatures of kidneys to deter-
mine tissue oxygenation and perfusion. This information not only correlates
directly with the physiology of organ perfusion but can be provided in a clini-
cally useful, real-time format. Utilization of the technologies in tandem for
quantitative assessment of organ viability is discussed.

Key terms imaging, infrared imaging (IR), organ perfusion,
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8.1 Introduction

Given the tremendous shortage of available organs, there is great interest in using donor
kidneys from extended criteria donors that may include underlying disease and pro-
longed ischemic time. One of the methods employed for this purpose is pump perfu-
sion, also referred to as machine perfusion-preservation. Advantages of pump perfusion
include:

1. Extending cold ischemic time without detriment to graft function;
2. Diagnosing segmental or global problems with flow and resistance [1];
3. Limiting delayed graft function [2].

As one of the available kidney perfusion modalities, normothermic pulsatile perfu-
sion is of special interest, as it may have the capability to maintain some metabolic pro-
cesses, deliver oxygen, remove oxygen free radicals, and preserve cellular adenosine
triphosphate (ATP). Normothermic pulsatile perfusion may improve early graft function
and possibly graft survival [3].

The major issue that arises with the use of nonideal donor organs is the assessment of
the condition of the organ, since it becomes necessary to avoid using those that are dam-
aged significantly and will likely result in graft failure. However, conventional methods
of assessing organ perfusion and viability often lack immediate real-time information
and organ specificity. In the preoperative setting, there may be surrogate information
such as donor comorbidities, creatinine, and glomerular filtration rate, in addition to
ischemic time. Intraoperatively or in the organ procurement setting, there is the appear-
ance of the organ, and in the case of pulsatile perfusion pump, pressure, flow, and resis-
tance. Postoperatively, with the return of urine output, labs tests such as creatinine,
glomerular filtration rate (GFR), and biopsy, or imaging studies such as CT (computed
tomography) scans and radionucleotide perfusion studies are possible though each have
significant disadvantages. However, none of these parameters provide direct, compre-
hensive, and conclusive information about vital factors in ischemia/reperfusion injury.
There is a need for real-time, relevant, and objective information to assist in the diagno-
sis of ischemia and to estimate the extent of ischemic damage and organ resilience. Cur-
rent clinical measures of ischemia, such as physical exam, intraoperative urine output,
and pump resistance and flow, can certainly be improved upon.

Advances in imaging using a variety of spectroscopic technologies hold promise for
specific, objective measurements in organ perfusion, particularly in intraoperative and
organ procurement settings. Such imaging technologies can be generally categorized
into systems which gather a detailed look at a focal area of tissue or globally assess an
entire surface of an organ. Using an enhanced understanding of the way light is emitted
by tissue (infrared), or reflected by tissue (e.g., a charged coupled device or 3-CCD, and
visible reflectance imaging system), we can begin to quantify the information gathered
to describe conditions at the cellular or molecular level. Many of these technologies
are emerging, some of which hold tremendous promise for an enhanced objective
assessment of organ perfusion in real time.

The characteristics of an ideal monitoring system for the assessment of intra-
operative organ oxygenation and perfusion would be noninvasive, reproducible,
real-time, cost-effective, and easily incorporated into the operating arena and organ pro-
curement lab, as well as capable of directly measuring tissue oxygenation and perfusion.



8.1 Introduction

These imaging techniques should ideally be capable of performing both point spectros-
copy, providing detailed information about a small area of tissue, (e.g., a cubic millime-
ter, equivalent to a biopsy specimen) and global imaging, which can more accurately
estimate the health of the entire organ by examining the entire surface or any specific
region of interest.

There are two characteristics of the kidney which are particularly relevant when con-
sidering different technologies to monitor tissue oxygenation and perfusion. First, the
kidney is an end organ entirely without collateral circulation in the parenchyma. Sec-
ond, the region of the kidney most sensitive to ischemia is the tubular epithelium, abun-
dant superficially beneath the renal capsule [4]. Therefore it is possible to capture the
ischemic state of the organ with high fidelity even if the imaging method has limited
depth of penetration.

In this chapter, we describe imaging methods to accurately assess kidney perfusion
and oxygenation in the intraoperative and organ procurement setting in ischemia/
reperfusion injury models, which provides information directly correlated with the
physiology of organ perfusion and can be obtained in a clinically useful, real-time
format. Both point spectroscopy and global imaging technologies are described. In
combination, these spectroscopic modalities have the potential to assess donor kidney
viability thoroughly, and therefore enable the use of many currently discarded organs.

8.1.1 Spectral Imaging Technologies Overview

We employ three alternative technologies to assess perfusion and oxygenation state of
ischemic kidneys. These technologies provide alternatives to each other with different
types of information, strengths, and weaknesses, which when used in tandem can
enable accurate and thorough assessment of the level of ischemia in a kidney and ulti-
mately enable real-time evaluation of its viability before, during, and after transplanta-
tion. Below, an overview of each technology in context of ischemic kidney evaluation
methodology is provided.

8.1.1.1 Three-Charged Coupled Device (3-CCD)

This relatively ubiquitous imaging technology provides chemically specific information
in oxygenated/deoxygenated hemoglobin along with a large field of view and real-time
in vivo detection simultaneously. It is present in commonly used surgical laparoscopic
equipment and a variety of handheld video cameras, hence rendering it an accessible
first option for assessing global oxygenation levels. Applications of 3-CCD technology
include not only quantification of oxygenation in parenchymal tissue, but also identifi-
cation of vascular structures in laparoscopic surgery.

3-CCD use in ischemia/reperfusion injury assessment relies on hemoglobin (Hb),
which exhibits well established spectroscopic characteristics in both oxygenated and
deoxygenated states. Oxygenated Hb has major absorption bands and 416, 541, and 577
nm and deoxygenated Hb has major absorption bands at 430, 556 nm; hence, tissue
oxygenation can be readily assessed spectroscopically via Hb. Briefly, a color image is
reconstructed and recorded using red, green, and blue bandpass filters in front of three
separate monochrome charge coupled devices (CCDs). 3-CCD cameras are widely used
in operating room (OR) suites due to better color sensitivity and increased color palette
range. The individual colors can be combined, subtracted, and otherwise manipulated

e
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to enhance the contrast of an image so that detection is sensitive to molecules of
interest, which for our purposes is hemoglobin.

Enhanced images are prepared by separating the filtered responses (see Figure 8.1)
and then by subtracting blue CCD channel absorbance from the red CCD channel
absorbance. The enhancement images are plotted using a red-blue color map, where red
corresponds to small differences between the signal intensity of the red and blue chan-
nels and blue corresponds to large differences between the signal intensity of the red
and blue channels. 3-CCD enhancement arises directly from the absorption properties
of hemoglobin (Hb). While the red channel total absorbance for deoxygenated Hb
(556-nm band) and oxygenated Hb (541-nm and 577-nm bands) are very similar, the
difference between deoxygenated Hb (430-nm band) and oxygenated Hb (416-nm
band) is much larger in the blue CCD channel. The intensity difference between red and
blue channels (AS) has a linear relationship with the degree of oxygenation in Hb.

Si= j:f(l)A(i)d(l)

S, the absorbance signal over a particular wavelength range (1), is evaluated as an integral
of the measured absorbance [A(1)] over the wavelength (a to b) convoluted with filter
attenuation [f(1)] over the same wavelength range. The contrast between the two differ-
ent filters is simply the difference of the two integrals:

AS = Sred - Sblue

red —blue
Deoxygenated Hb exhibits 20% more absorbance relative to oxygenated Hb in the blue
channel, when compared to the red channel.

When evaluating tissue in vivo, as in the studies described below, still images of the
kidneys are analyzed for glare-free regions of interest (ROIs) to demonstrate relative
intensity values, which may be compared to either a control kidney (baseline), or to
healthy nonischemic surrounding tissue, or to oxygen saturation of blood (sO,), as
described in Section 8.5.

—Hbo
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Figure 8.1 The spectral properties of hemoglobin as detected by a 3-CCD camera.
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8.1.1.2 Infrared (IR) Imaging

Infrared imaging is based on two-dimensional mapping of temperature differences by
detecting natural emissions from the tissue that are warmer (or cooler) than surrounding
structures. The relationship of radiation emitted (E) to temperature (T) is exponential
(i.e., small changes in temperature lead to large changes in radiation) as expressed by the
Stefan-Boltzmann law:

E=0T"*

This relationship is best demonstrated within the infrared spectrum from approxi-
mately 3-5 microns, necessitating specialized equipment. The IR signal is used to assess
the degree to which renal surface temperature reflects underlying renal ischemia. There
are multiple medical and surgical applications for infrared imaging, which include iden-
tification of biliary and ureteral structures and inadvertent injury [5, 6], as well as organ
perfusion/viability in transplant and general surgery [7]. In Figure 8.2, perfusion of a
live donor kidney is clearly demonstrated with infrared imaging. Prior to unclamping,
the kidney is dark; as the kidney reperfuses, the temperature of the kidney increases,
resulting in a bright kidney. Additionally, reperfusion of various regions of the kidney
can be profiled.

Work with IR on hypothermic pulsatile perfusion has demonstrated a strong correla-
tion with flow and resistance with IR readings, and increased homogeneity of flow after

Figure 8.2 Intraoperative thermal profiles from a live donor kidney: (a) kidney immediately prior to
unclamping vascular pedicle; (b) after 48 seconds of reperfusion; (c) after 220 seconds of reperfusion
and; (d) a grayscale version of (a) with the kidney edges outlined. The blue square in image (d) is a ROI
with the lowest signal, where the red square ROI has the highest signal. The graph (e) shows the ther-
mal profiles of each ROI over 250 seconds. Note the degree of heterogeneity in image (b) which has
resolved by 170 seconds later in image (c).
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pump perfusion both in small and large animal models. Temperature is directly propor-
tional to resistance and is inversely proportional to flow [8, 9].

In intraoperative studies, temperature profiles undergo spectral (frequency) analysis
to assess their relationship with well-described oscillations of microcirculation. Two
kinds of oscillations in particular are noted: tubuloglomerular feedback (TGF) and very
slow oscillations (VSO), at 0.02-0.05 Hz and 0.01 Hz, respectively. While the magnitudes
of both oscillations diminish with decreasing blood flow, becoming absent with suffi-
cient ischemia and the returning in a time dependent manner, VSO is more sensitive to
ischemia and reperfusion [10]. The intrinsic low frequency oscillations seen in viable
tissues in the kidney may represent autoregulation in the form of tubuloglomerular
feedback [11]. However, the origin of the low frequency oscillations has not been
established. To be able to register such oscillations, the infrared camera should be able
to identify small (~0.02-0.04°C) temperature gradients between perfused vasculature
and tissue.

Care should be taken to account the heat emitted from the OR spot lights. These
problems may be solved with the use of surgical light that incorporates light-emitting
diodes (LED) or a strobe light mechanism. In the organ procurement setting, however,
this is less of a problem; the IR camera is positioned above the organ while on the
pulsatile perfusion pump (Figure 8.3). IR imaging of kidneys preserved at 5°C on
pulsatile perfusion still retains enough temperature contrast to be clinically useful [9].
Likewise, use of cold/room temperature normal saline or use of ice intra-operatively can
increase the background temperature gradient and highlight ischemic portions in a
reproducible fashion.

8.1.1.3 Visible Reflectance Imaging System (VRIS)

VRIS uses the spectral signature of reflected light in the visible spectrum to infer
chemical information from the illuminated sample. Herein we specifically focus on

(a) (b)
Figure 8.3 (a) The infrared imaging system is positioned over a porcine kidney on a perfusion pump.
(b) Representative vascular segments are outlined on the anterior surface of the kidney.
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oxygenated and deoxygenated hemoglobin [12] although other autofluroscent mole-
cules such as NADH are also possible targets. Briefly, a quartz-tungsten halogen lamp,
emitting 100 watts of light, is used as the broadband white light source to illuminate the
kidney. The light is then reflected by mirrors to pass through a liquid crystal tunable fil-
ter (LCTF), which can be set to filter specific wavelengths of light. While the filter can
function over the wavelength range of 420-700 nm, here an abbreviated wavelength
range is employed that focuses just on hemoglobin specific bands (520-645 nm). Once
passed through the LCTF, the light is then focused by a camera lens onto a CCD for data
collection. Once data collection is finished, image analysis is performed on a personal
computer. In Figure 8.4, the index finger of the hand was made ischemic by occlusion
with a rubber band. The VRIS image shows a clear difference between the ischemic
finger and the rest of the hand. The spectral profile of the perfused finger exhibits
oxygenated Hb bands (544 nm and 577 nm), while the spectral profile of the ischemic
finger indicates the presence of predominately deoxygenated Hb (565 nm).
Reflectance spectroscopy, either in the visible or near-infrared (NIR) range, is becom-
ing a popular technology for obtaining noninvasive real-time chemical information
from tissue. NIR illumination provides a greater depth of penetration below the surface
compared to visible illumination, whereas visible illumination is able to reliably and
quickly gain spectral information, though from a smaller volume of tissue. Because the
difference in Hb oxygenation is greater in the blue region of the visible light spectrum
and its depth of penetration is reduced, VRIS can obtain saturated oxygen measurements
(sO,) more rapidly and from a smaller more shallow tissue sample [13]. These character-
istics allow for its use in smaller probes, even becoming incorporated into an endo-
scope/laparoscope. Reflectance spectroscopy has found applications in continuous
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Figure 8.4 Human hand with focal ischemia to the index finger as visualized by VRIS.
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peripheral tissue oximetry for identification of multiple organ failure vulnerability in
trauma patients [14], to quantify cardiac myoglobin oxygenation/hypoxia and its con-
tribution to supplying mitochondria in increased cardiac workload [15], and assessing
the viability of skin flaps [16].

8.1.1.4 Technology Summary

Each of the imaging technologies has strengths and weaknesses in the operative or pro-
curement setting. 3-CCD cameras can provide global tissue oxygenation information
during pump perfusion and postanastomosis. 3-CCD cameras are widely used in the
operating room and therefore less expensive, and the software for real-time analysis is
quickly becoming a reality. However, the depth of penetration for the image analysis is
superficial and essentially limited to an exposed organ surface. IR complements 3-CCD
by providing enhanced penetration depth, approximately 1-2 cm. The enhanced pene-
tration depth allows IR imaging to monitor tissue temperature and circulation during
machine perfusion or in vivo post anastomosis, including assessment of the hetero-
geneity of tissue microcirculation, particularly relevant in normothermic perfusion
of ischemically damaged organs. Further, IR is capable of detecting and quantifying
potentially metabolic and regulatory information in the oscillations within the micro-
circulation. Finally, VRIS further complements 3-CCD and IR by providing an entire
spectrum of light over a given range, offering very specific chemical information beyond
3CCD images, for instance tissue NADH levels as an indicator of energy levels dur-
ing/after ischemia. VRIS is able to measure small volumes of tissue quickly, as part of a
probe or endoscope [13, 17-21] or more conventionally for a more global picture of
organ perfusion [22-25]. It remains capable of, though further from, real-time assess-
ment than the other technologies and it is not currently commercially available.

In tandem, the three imaging modalities can provide detailed information about the
ischemic status of the organ at all stages of organ recovery, preservation, and transplan-
tation. Figure 8.5 summarizes each technology and shows how they might be integrated
into a single platform. Ultimately, we envision that the information provided by these
imaging methods can be employed to assess the viability of the organ in an objective,
quantitative, and accurate fashion such that the decision to transplant can be done
accurately with minimal waste of donor organs.

8.2 Experimental Design

Below we describe the equipment, materials, and methods necessary to perform com-
bined imaging with 3-CCD, IR, and VRIS techniques to evaluate ischemia in kidneys. In
order to assist in visualizing the experiments, the design is presented as a hypothetical
study evaluation viability of porcine kidneys after preservation in Figure 8.6, where an
autotransplant model (a Maastricht 1-2 renal autotransplantation/nephrectomy model
with 24 hours of interposed storage/pump time) is employed to compare the data and
results obtained by imaging modalities described with short term clinical outcomes
(urine output, serum creatinine, and histology). However, note that typical results are
exemplified in only some of these experimental scenarios. Specifically, the experimental
data presented demonstrates the use of IR on hypothermic and normothermic perfu-
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Figure 8.5 Summary of the optical and spectroscopic technologies with an operating microscope
platform incorporating each of the technologies.

sion, as well as ischemia reperfusion injury models in large and small animals. 3-CCD
and VRIS have been studied in large animals without perfusion in an ischemic
reperfusion injury model. Clinical utility has been demonstrated with both 3-CCD and
VRIS in normothermic perfusion-preservation.

8.3 Materials

= Pigs—either sex, any age, size 20-40 kg, 8 pigs per arm, 24 total (Animal Biotech
Industries, Inc. Danboro, Pennsylvania).

= Anesthetic medications: IV Ketamine, Buprenorphine, Cefazolin/Ceftriaxone,
Beuthanasia (www.henryschein.com, Melville, New York).

= Operative suite-standard halogen spot lights, laparotomy set, drapes, suction.

= 3-CCD camera—Ilaparoscopic camera without laparoscopic lens mounted on OR
lights, above pump during normothermic perfusion. Options for 3-CCD equip-
ment include:

- Conmed Linvatec (Goleta, California) laparoscopic tower includes: HD 3-CCD
camera head, 300W Xenon light source, fiber optic light guide;

o
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Figure 8.6 Proposed experimental design.

- Stryker (San Jose, California) laparoscopic tower includes: camera head and
coupler kit, three-chip camera head, Xenon light source (100W), fiber optic
light cable;

- Storz (El Segundo, California) laparoscopic tower includes: camera head and
coupler kit, 3-chip camera head, Xenon light source (100W), fiber optic light
cable.

= Infrared advanced digital camera (Santa Barbara Focal Plan Array, California) on
Zeiss operating microscopic stand with conventional surgical drapes. The camera
(14 bits, 0.02°C thermal resolution, 320 x 256 pixels per image, 1-2.0 Hz acquisi-
tion rate) is sensitive to the passive emission of IR photons over the wavelength
range of 3-5 microns. Intraoperative motion artifacts may be managed with a plas-
tic holder. Non-heat-producing LED OR spot lights are recommended; however,
conventional OR lights can be used with a strobe mechanism. Ten-minute collec-
tion intervals are needed for acquisition of oscillations. It is possible that the cam-
era will be sensitive enough to detect temperature differences despite the heat
generated by conventional OR lights. The camera is mounted above cold and
normothermic pumps on either a Zeiss operating stand or another mounting
bracket.
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= VRIS—intermittent collection intervals lasting 1.5 minutes, dual mounting on
Zeiss operating stand with sterile drapes. This system requires a white light source
during data acquisition:
- Output ~100W, 66890 Series Q quartz-tungsten-halogen lamp (Newport-Oriel,
Stratford, Connecticut);
- LCTF, 400-720 nm, 10-nm bandwidth (Cri Inc., Woburn, Massachusetts);
- Sensys, 768 x 512 pixel charge-coupled device detector (Photometrics, Tucson,
Arizona).

= Waters RM3 renal preservation system perfusion pump (Minneapolis, Minne-
sota)—Cold storage and cold pump solution is Belzer machine preservative solu-
tion, while the normothermic perfusion pump should have Lifor organ
preservation medium (Adelphia, New Jersey).

= Viaspan (also called University of Wisconsin, UW) solution for organ cold storage
from Cardinal Health (Dublin, Ohio); Belzer (UW pump) from Transmed Corpora-
tion (Elk River, Minnesota); Lifor solution from Lifeblood Medical (Adelphia, New
Jersey, www.lifebloodmedical.com).

= Video screen for intraoperative results.

= Computer and MATLAB software for analysis.

= Cold storage—wet ice.

8.4 Methods

8.4.1 Room Setup

The surgical suite should have adequate illumination with a standard surgical spot light.
A 3-CCD camera should be fixed to the arm of the spot light with an adequate view of
the surgical field. The VRIS equipment should be positioned on the pig’s left side with
appropriate operating microscope and surgical draping. This array should be positioned
above the exposed left kidney for a complete view of the anterior surface. The IR camera
should be on the pig’s right side, positioned 50-60 centimeters above the exposed left
kidney.

8.4.2 Preparation for Kidney Harvest

1. An 18-gauge core needle biopsy device should be kept close at hand. Be prepared to
place a figure-of-eight stitch into the biopsy wounds if they bleed.

2. Sedate and anesthetize the animal with isoflurane.

3. Position the pig on its right side down. Prep and drape with standard surgical
drapes.

4. Perform a cut down over the external jugular (EJ), tunnel the catheter to the back,
cannulate the EJ by modified Seldinger technique, secure catheter with heavy silk
suture, and close the cut down incision.

5. Reposition the pig into supine position, prep and drape abdomen in standard
surgical fashion.

6. Make a midline abdominal incision with left renal mobilization, hilar dissection
and identification of all renal vessels.
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7.

Position your Debakey vascular (or intestinal) clamps around the renal arteries.

8.4.3 Left Kidney Harvest, Preservation, and Data Collection

1.

10.

11.

12.

Obtain baseline measurements with 3-CCD, IR, and VRIS systems. IR data collection
for 20 minutes with OR lights off, VRIS data collection for 1.5 minutes with OR
lights on; harvest punch biopsy.
Clamp left renal artery, begin timing, and proceed with left renal harvest.
At ischemia for 10, 20, 30, 45, ands 60 minutes, gather IR images without the OR
spot light for 10-minute intervals, then VRIS for 1.5 minutes.
While waiting for the imaging to be completed the Waters RM3 (Waters Medical,
Rochester, Minnesota) renal preservation system should be set up and primed with
corresponding perfusate for arm 2 or arm 3. The Waters RM3 was chosen for this
experiment because it is the only FDA-approved renal perfusion system that uses
true pulsatile pressure and has a built-in oxygenator.
After the kidney has been imaged, transect the kidney from the swine.
Take the kidney to the back table.
Dissect the renal artery and vein and remove the adipose tissue from the renal
vascular structure.
Insert the appropriate sized straight renal cannula (Waters Medical, Rochester,
Minnesota) into the renal artery.
Tie the cannula in place with a 2-0 silk tie; if there are multiple renal arteries each
artery should be individually cannulated and then placed onto a multiple artery
adapter (Waters Medical, Rochester, Minnesota).
Place the cannula onto the perfusion circuit at approximately a 45° angle until all
the air is removed from the renal artery and the cannula.
The initial perfusion pressure should be set for a systolic pressure of 40 to 45 mmHg,
the flow and the temperature will fluctuate as the renal vascular system dilates. As
the renal vascular system dilates, the systolic pressure will decrease and the
perfusion pressure will need to be adjusted over the initial hour of perfusion to
maintain the systolic pressure at 40 to 45 mmHg; then the systolic pressure will be
maintained over the perfusion run at 40 to 45 mmHg until the kidney is taken off
the perfusion circuit for transplantation.
The three arms are separated into cold storage, cold pump, and normothermic
pump:
a. Cold storage: flush kidney with Viaspan solution, and place on ice. Perform
3-CCD, VRIS, and IR image collection every 4 hours as above. Punch biopsy
harvested every 8 hours.
b. Cold pump: flush kidney with Belzer solution and place in ice and on pump.
Record pump pressure, flow, resistance, and chemistries every hour', with
intermittent IR measurements every 4 hours. A punch biopsy is harvested from
the posterior surface of the organ every 8 hours. Perform 3-CCD, VRIS and IR
image collection every 4 hours as above. Punch biopsy harvested every 8 hours.
¢. Normothermic pump: flush with Lifor perfusilate solution, place on pump.
Record pump pressure, flow, resistance, and chemistries every hour. Punch

1 perfusate pH, PO,, PCO,, Na, K+, ionized calcium, lactate, glucose, calculated bicarb, osmolality.
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biopsy harvested every 8 hours. Perform 3-CCD, IR, VRIS data collection every 4
hours as above.

8.4.4 Autotransplantation

1. Return pig to OR after 24 hours on pump/in storage; anesthetize and prepare for
surgery in standard fashion.

2. Using the same midline incision, perform right nephrectomy. Keep the kidney on
the perfusion circuit until the right iliac fossa is prepared for implantation.

3. Remove the perfused kidney from the perfusion circuit and flush with cold lactated
ringers (both Belzer and Lifor have potassium, which could potentially cause
cardiac problems).

4. Afterrightiliac fossa has been prepared for autotransplantation, finish venous anas-
tomosis, and begin timing at reanastomosis of renal artery.

8.4.5 Reanastomosis

3-CCD, VRIS, IR data collection performed at reanastomosis, and again after 10, 15, and
30 minutes. Punch biopsy harvested at 30 minutes after arterial reanastomosis.

8.4.6 Completion of Surgery, Recovery, and Euthanasia

1. Complete reanastomosis of ureter, close abdomen.

2. Recover animal from anesthesia and surgery with appropriate postoperative
management.

3. Analgesia can be provided with Buprenex 0.5-1.0 mg/kg IM every 12 hours for the
first 3 days.

4. Record urine output and serum creatinine every 24 hours.

5. Euthanize at 14-21 days as creatinine stabilizes. Routine euthanasia: Ketamine (33
mg/kg) followed by Beuthanasia 100 mg/kg IV. Alternate euthanasia: Ketamine
(12-20 mg/kg) plus Xylazin (2.2 mg/kg) IM, followed by Euthasol 6 100 mg/kg IV.

8.5 Data Acquisition, Anticipated Results, and
Interpretation

Outcomes for the three arms (cold storage, cold pump, and normothermic pump) can be
divided into traditional and experimental outcomes. Traditional clinical measures
include serum creatinine, primary nonfunction, and delayed graft function®. Our
method seeks to add more direct measurements of oxygenation and cellular respiration
(3-CCD, VRIS, and IR) to enable better assessment of organ viability.

8.5.1 3-CCD

Using appropriate imaging software (such as MATLAB), regions of interest (ROIs) should
be selected on the surface of the kidney from each stage of the experiment, as illustrated
in Figure 8.7. Each ROI should be at least 10 pixels (usually on the order of 50 x 50) and

2 Defined as failure of creatinine to improve by greater than or equal to 25% of baseline in 24 hours.

e
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Figure 8.7 The anterior surface of porcine kidney with approximate vascular segments (solid lines).
Note the glare on middle and inferior segments that should be avoided when creating ROIs (dotted
boxes).

free from blood or obvious fat/connective tissue. A mean value is generated per ROI. The
ROIs from each segment are then averaged together to form a mean intensity value for
each segment.

Next, the intensity value is then converted to sO, using calibration data. Figure 8.8
provides an example of a calibration data set. For the calibration experiment, 3-CCD
measurements were made as FiO, was decreased from 100% to 2%. As sO, stabilized at
each FiO,, renal venous blood draws provided direct sO, measurements. Plotting the
mean ROI intensity values of the kidney parenchyma versus renal blood oxygenation
yields a linear relationship. Using the equations derived from the trendlines of the cali-
bration data, the mean ROI intensity value can be converted to sO,.

3-CCD intensity values have been compared with postoperative renal function. In a
series of nine living donor renal transplants, mobilized by laparoscopic nephrectomy
under 3-CCD visualization, intraoperative 3-CCD intensity values were compared to
serum creatinine before and after surgery (Table 8.1). Table 8.1 shows the mean intensity
normalized ROI values of human kidneys from both the start and end of each transplant
with recipient serum creatinine levels, pre- and post-operative (all donor creatinine lev-
els were normal). Normal serum creatinine levels are =1.6mg/mL [26]. In nine patients,
there were no significant differences in ROl intensity from the beginning to end of the
donor nephrectomy, indicating that mobilization of the donor kidney was performed
without a significant measurable ischemic event (p-values were calculated using a
two-tailed paired Student’s T-test). All graft recipients demonstrated immediate graft
function with eight of nine patients’ serum creatinine returning to normal. Note
that comparison between cases in this series is not performed due to variability in
illumination and duration of pneumoperitoneum [26].

Measuring the standard deviation within each ROl denotes how homogenous the
sample area is or is not—factors that can attribute to reduced homogeneity are glare
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Figure 8.8 A graph demonstrating the correlation of mean ROI intensity values and venous sO, in
four kidneys. R* = 0.977 (#), 0.990 (M), 0.909 (A) and 0.945 (x).

Table 8.1 _Comparison of 3-CCD Mean ROI Intensity Values and Recipient Serum Creatinine
Recipient Serum Creatinine
Case (mg/dl) Mean ROI Mean ROl p-value
Postop day 1 Postop day 5 Postop day 10 Starting point End point
A 51 15 1.7 48.40 44.48 0.13
B 51 1.7 1.6 54.88 65.02 0.56
C 7.9 1.8 1.6 72.42 61.17 0.16
D 5.6 1.2 1.0 84.27 75.58 0.14
E 4.1 11 0.9 79.78 68.64 0.21
F 3.6 1.3 13 81.17 75.98 0.38
G 41 14 1.6 75.50 78.96 0.60
H 79 24 1.7 62.41 60.29 0.79
| 3.8 19 2.0 73.09 67.74 0.07

and superficial fat. In addition, heterogeneity of the tissue (as indicated by mean ROI
values with large standard deviations) may become clinically relevant with a segmental
vasospasm or thrombosis.

To date, 3-CCD imaging has not been studied during pulsatile pump perfusion, but,
its clinical applicability should extend to normothermic pulsatile perfusion, due in large
part to the presence of bovine hemoglobin in the Lifor perfusate solution.
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8.5.2 Infrared

Infrared data consists of global and segmental regions of interest with mean temperature
profiles and localized oscillations. Data is collected for a given collection time in seg-
ments of 4 minutes. Image alignment between data measurements is accomplished
using three or more landmark points on each kidney (i.e., points of maximal curvature
of blood vessels or kidney edges or blood spots). Several software tools (ENVI imaging
registration tool, validated by a performance algorithm) exist to help minimize pixel
frame shift to a goal of 3-5 per image. Temperature profiles (IR intensity versus time) are
obtained for the established ROIs both globally and in segmental fashion, ultimately
providing a temporal aspect to thermal change (i.e., mean temperature changes over
time and localized oscillations for each ROI) (Figure 8.9).

Spectral analysis of the oscillation frequency range for temperature profiles is per-
formed for the global and segmental ROIs for living organs in the ischemia and
reperfusion phases. Figure 8.10 shows a correlation between oscillation and infrared
thermography in the setting of focal renal ischemia. During experiments, the presence
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Figure 8.9 Corresponding IR images with thermal profile in an ischemia reperfusion model.
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Figure 8.10 (a) Thermal and (b) oscillation images of the same kidney in which the superior pole ves-
sel was ligated produce an ischemic segment. Note that the ischemic area is not perfused and colder
and the dominant frequency is not present.
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of oscillations likely will not be found during cold storage or cold pump; however, it may
be present during use of the normothermic pump. Consequently, the 10-minute data
collection intervals should continue in the pump phase of the experiment. Our group
has already validated the presence of these oscillations against white noise in small
animals [8] and further research is planned in a large animal model. A first-order
polymonial detrending algorithm (ENVI/IDL, California) removes trends that might be
present across successive trends (such as room temperature changes). A power spectrum
is calculated by applying a fast Fourier transformation (FFT) to the data points in each
thermal profile (Figure 8.11).

The anticipated results from infrared analysis in this experiment should be thought
of as intraoperative and on-pump. Intraoperatively, thermal profiles and the very
slow oscillations (VSO) at 0.01 Hz should have a direct relationship with blood flow
(Figure 8.12). Accordingly, as the length of warm ischemic time progresses, one can
expect to see both the temperature and VSO diminish. Of great interest is the length of
ischemic time that the kidney can tolerate and recover to normal function. The expected
result off-pump is an attenuated or possibly absent post occlusive reactive hyperemia
(PORH).

While IR imaging can prove valuable for assessment even with static cold storage
perfusion as quantitative measure of ischemia, it is during machine perfusion—either
with cold or normothermic—that its true value is observed; IR imaging during machine
perfusion enables diagnosing segmental areas of poor flow—perhaps corresponding to
vasospasm. Table 8.2 shows a proportional relationship between colder thermal profiles
and flow (inversely proportional to resistance) in porcine and human kidneys. Colder
infrared thermal profiles have a direct relationship with flow (V) and inversely to
resistance (R) during hypothermic pulsatile perfusion. Heterogeneous perfusion that
improved over time with pulsatile perfusion would not have been seen without IR views.
Evaluating the hetereogeneity of flow through an organ is only possible via IR imaging.
Further, if such heterogeneity is observed, it is then possible to reverse the vasospasm,
for instance with nitrates, thus treating focal areas of poor flow in the higher risk donor
kidneys [27].
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Figure 8.11 Using fast Fourier transform analysis translated thermal profiles into a power spectrum to assess
whether the low-frequency oscillations were present in the model. Tubuloglomerular feedback (TGF) and very
slow oscillations (VSO) at 0.02-0.05 Hz and 0.01 Hz can be seen on the right.
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Figure 8.12 The percentage of the kidney recovering dominant frequency (VSO) after 30 minutes of
reperfusion. The recovery of the DF was inversely proportional to the length of the warm ischemia

period. Therefore, a kidney with 15 minutes of warm ischemia had 60% of the organ with the DF while
a kidney with 60 minutes of warm ischemia had 0% to 30% of the kidney with the DF.

Table 8.2 Relationships of Thermal Profiles with Flow (V) and Resistance (R)

Human Kidneys Mean V Mean R Porcine Kidneys Mean V Mean R

Cool (T =5.02) 88.3 0.24 Cool (T =5.02) 78 0.46

Warm (T = 5.84) 69 0.42 Warm (T = 5.84) 38 0.91

P value 0.0044 0.0085 P value 0.008 0.0016
8.5.3 VRIS

VRIS performs global imaging. This means that an entire image (two dimensional) is col-
lected at each specified wavelength, creating a three dimensional image cube. The CCD
detects an image (768 x 512 pixels) at each wavelength, over the range of 520-645 nm.
To increase the signal intensity and reduce the effect of aberrant photons, three neigh-
boring pixels are added together; this process is called binning. Each 768 x 512 pixel
image becomes a 256 x 170 pixel image, allowing for faster data acquisition and reduc-
ing the analysis time by compressing the data. Individual reflectance spectra can be
extracted from each pixel in the image.

The measured reflectance spectra are converted to apparent absorbance (A) by creat-
ing a ratio of reflected sample radiation (R) from a reflectance standard (R,) at given
wavelength (1).

Ro(4)

A(L) = IOQW

Once all spectra are apparent absorbance spectra, percent oxygenated Hb is deter-
mined by deconvoluting the measured spectra into its HbO, and Hb components;
deconvoluting the spectra via classic least squares fit is shown in Figure 8.13. By per-
forming a classic least squares regression for all of the spectra in the image cube, %HbO,
is calculated for each binned pixel. Thus, spectral measurements using VRIS provide a
direct relationship between the absorbance of oxygenated hemoglobin (HbO,) and
actual tissue oxygenation (sO,). In Figure 8.14(a—c), a kidney is monitored via every 5
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Figure 8.13 Classic least squares regression of Hb and HbO, spectra from a measured spectrum.
Deconvolution indicates approximately 30% HbO, and 70% Hb.

minutes during 30 minutes of cold ischemia (ice slush) and 30 minutes of reperfusion.
The relative concentration of HbO, drops slightly as ice slush is added to the abdomen
and then decreases significantly during ischemia. Following the unclamping of the renal
artery, reperfusion demonstrates hyperemia before returning to a baseline value of HbO,
[Figure 8.14(d)].

In the ischemia reperfusion model, expected results include a dose-dependent
decline in oxygenation within the tissue with a predictable hyperemia with reperfusion
and return to baseline provided the ischemic injury is not irreversible. We anticipate
that VRIS images collected during cold storage without pump perfusion will not provide
useful images due to the absence of hemoglobin in the perfusate solution.

8.6 Discussion and Commentary

The transplant community is increasingly relying on expanded criteria donors (ECD)
and donation after cardiac death (DCD) to meet the escalating need for organs. In this
light, there is a recognized need for better ways to assess the viability of cadaveric kid-
neys prior to transplantation. The development of pulsatile perfusion for organ preser-
vation in ECD and DCD kidneys allows for some measure of salvage for these nonideal
grafts. The use of flow and resistance during perfusion continues to be the most impor-
tant variables during machine perfusion-preservation of kidneys.

In this context, the normothermic perfusion approach is particularly exciting
because it may actually meet the metabolic needs of the kidney while on pump, con-
tinue to supply oxygen via oxygen carriers, and scavenge oxygen radicals. It is conceiv-
able that delayed graft function might be prevented in more of these nonideal donor

e
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Figure 8.14 Intraoperative VRIS images showing a kidney during (a) normal perfusion, (b) ischemia,
and (c) reperfusion. (d) Changes in relative HbO2 concentration, using the same ROI, are plotted dur-
ing 30 minutes of ischemia and reperfusion.

kidneys, potentially improving graft survival. Assessment of organ viability is especially
critical in this scenario.

The methodology described here demonstrates the viability of introducing imag-
ing and spectroscopic technologies to the perfusion system to assess the extent of
ischemia. The information gathered provides insight into the segmental vasculature
via assessment of heterogeneity of perfusion, tissue oxygenation via the oxygenation
of hemoglobin intraoperatively and on pump, and a rudimentary understanding of
microcirculatory regulation with the very slow oscillations (VSO) that appear to have an
inverse relationship with ischemia in living tissue. Ultimately an index of donor
allograft viability may be constructed from either the degree of image heterogeneity on
pump, percentage of graft with VSO after reperfusion, or time at a given tissue oxygena-
tion level, allowing for an accurate and quantitative prognosis before the kidney is
transplanted, hence removing the guesswork involved in marginal donor organ
transplantation.



8.8 Summary Points
® y

Each of the imaging technologies brings complementary information to this clinical
scenario. Compared individually to renal biopsy, or in combination, the imaging and
spectroscopic modalities of 3-CCD, IR, and VRIS hold a great deal of promise for accurate
monitoring of renal allograft perfusion in the intraoperative and organ preservation set-
tings. Accurate real-time information about tissue oxygenation is also critical with the
transplantation of other organs. In the bowel, a global analysis with 3-CCD or VRIS of
the surfaces of relatively large amounts of tissue would be important. In particular, the
use of 3-CCD intraoperatively to assess bowel viability in necrotizing enterocolitis or a
mid-gut volvulus might keep a patient from the morbidity and mortality associated with
asmall bowel transplant. Infrared imaging with its greater depth of penetration could be
useful for pancreas or liver. Cardiac transplantation might well benefit from 3-CCD,
VRIS, and particularly IR if motion artifact can be accounted for.

Troubleshooting Table

Complication Solution

Standard deviation >20 on 3-CCD intensity, Change ROI to avoid glare.

ROIs including glare.

Poor illumination on 3-CCD image. Perform white balance.

Too much motion artifact intraoperatively. Fashion plastic holder/surgical towels to immobilize organ.
Bleeding after punch biopsy. Figure of 8 stitch.

High flow, low diastolic pressure. Branch artery leak or artery leak, or leak around cannula.
High systolic pressure, low flow. Twisted artery.

High systolic pressure. Kinked artery, partially occluded artery with plaque/cannula.
No visual hilar pulse, reasonable pressure, low to moderate Partially twisted artery, partially blocked artery by

flows. cannula/plaque.

8.8 Summary Points

= The increasing demand for expanded criteria donors (ECD) and donors after car-
diac death (DCD) highlights the need to have accurate, specific methods of assess-
ing organ viability.

= Infrared (IR) imaging can add to organ preservation on pulsatile perfusion pump
with hypothermic perfusate the ability to assess segmental flow and resistance,
and, in living tissue, oscillations that may be related to microcirculatory regulation.

= 3-CCD and VRIS can add to organ preservation the ability to record tissue oxygena-
tion, even while on pulsatile perfusion pump with normothermic perfusate.

« Intraoperatively, 3-CCD, IR, and VRIS can diagnose focal ischemia and measure
tissue response to reperfusion.

= Each of these technologies individually or in combination adds relevant clinical

information to renal transplantation in the intraoperative and organ procurement
settings.
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