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INTRODUCTION

This research covered under this award was a three-part project planned to be conducted over three
years to validate the accuracy and reliability of using Near Infrared Spectroscopy (NIRS) to diagnose
acute compartment syndrome (ACS) in combat soldiers and civilians suffering high energy trauma to
the lower extremities. Part 1 was two clinical observational studies. The first part (Phase |) was
conducted at Landstuhl Regional Medical Center and was started in the first year of this award and
completed on time and on budget. The second study (Phase 2) was originally planned to be
conducted in theater at Level IIl CSHs in Afghanistan and Iraq with support from the Joint Combat
Casualty Research Team (JC2RT) and a researcher specifically deployed to lead this study in-
theater. However, during the protocol review process, USAMRMC petitioned for a pre-IDE
determination from the FDA, and it was decided that the study needed to be conducted as an FDA-
regulated study (with “abbreviated requirements”), and was transitioned to three civilian hospitals in
the state of Georgia. This transition caused over 12 months delay in initiating the study, as described
in our previous annual report. Because of this delay, we were granted an extension for this award
into a fourth year. Now, as we approach the conclusion of the fourth year of funding, we report that
the Phase 2 study has also been completed, marking successful completion of the original tasks
outlined in this grants’ Statement of Work.

Part 2 (Task 3) of this award used porcine models of ACS to further evaluate and validate the clinical
utility of using continuous NIRS monitoring to diagnose ACS. The initial experiments using albumin
infusion and contusion/albumin infusions models for inducing ACS were successfully completed on
target by the end of the second year of this grant. These studies demonstrated that NIRS
measurement of hemoglobin oxygen saturation in the tibial compartment provided reliable and
sensitive correlation to increases and decreases in intra-compartment pressure and intra-
compartment perfusion pressure. In year 3, we built on the success of the animal experiments by
employing a second model of tibial compartment syndrome, which uses an inflatable balloon to
increase intra-compartment pressure. This model was originally conceived in the US Army Institute
of Surgical Research. This demonstrated that NIRS accurately detected a critical hypoperfusion that
occurs in the setting of ACS. In the controlled state of an animal model, our series of studies has built
on prior knowledge to provide compelling evidence that NIRS can serve as an accurate and reliable
noninvasive means for diagnosing ACS. In the final year, we have (under a no-cost extension for the
UGA sub-award) designed and will complete animal testing to evaluate the NIRS data obtained when
ACS is “missed” or delayed in diagnosis, which is known to be a clinically devastating occurrence. In
short, our animal testing and that in existence makes us confident that NIRS can accurately monitor
the physiological states associated with severe leg injury and ACS, in the controlled setting of an
animal model. The challenges encountered in the clinical setting are discussed below.

The final part of this project (Tasks 4 — 6) included the translation of the current technology into a
proven means for detecting the presence of critical hypoperfusion of the leg compartments indicative
of acute compartment syndrome. The data collected in our Phase 1 and 2 clinical studies and the
animal studies will be used to optimize the technology, develop a diagnostic algorithm and ultimately
form the basis for a subsequent clinical trial to validate this algorithm and lead to the first FDA
indicated diagnostic device for ACS. The current FDA approved indication for the NIRS device used
in our clinical studies (the Nonin Equanox™ 7600 oximeter) is for monitoring regional tissue
oxygenation. This device has been validated and is currently marketed as a means for detecting
altered states of perfusion in normal (i.e. not traumatically injured, specifically cerebral) tissue. Our
research and development initiative has pushed this technology to its limits, by seeking to monitor
altered perfusion states in abnormal (i.e. traumatically injured) somatic tissue. In Period 4, our
industry partner and this research team have sought to identify areas to improve this technology in
the reduction to practice of an ACS diagnostic device. The FDA indication we will seek to develop,
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submit and defend using the results of the clinical and animal studies conducted under this grant and
the study to follow is a diagnostic indication such that the device can be approved to provide
information that directly impacts clinical decision-making. This function will meet the critical unmet
need in combat casualty care originally identified in our grant proposal.

BODY

The primary goal of work conducted in Period 4 was to complete the Phase 2 clinical study that was
initiated in Period 3. At the conclusion of the previous period, the study had been initiated at all three
sites, and each site had enrolled subjects. At the conclusion of the current period enrollment into the
study has been completed and we are preparing to close out the study.

TASK 1: Human Use Study — Phase 1
1a — g: All tasks completed on time and within budget in Periods 1 and 2

TASK 2: Human Use Study — Phase 2
2a — c: Tasks completed in Period 2

2d: Conduct Phase 2 Prospective Observational Study

The Phase 2 study covered under this award was established at three sites in Georgia during Period
3, at the end of which a total of 55 subjects had been enrolled, and 43 had finished study participation
(Table 1). At the end of Period 4 enrollment has been completed.

Subjects Enrolled Subjects Completed Total Required P ¢
ercen
Startof Addedin  End of Startof  Addedin  Endof | Complete by Complete
Period Period Period Period Period Period Subjects | Protocol
Cohort1 GMH 19 16 35 12 11 23 23 25 92.0% *
GMH 26 50 76 21 47 68
Cohorts  \yic 5 11 16 5 10 15 95 95 100%
2and3
ARMC 5 7 12 5 7 12
TOTAL 55 84 139 43 75 118 118 120 98.3% *

Table 1. The number of subjects who were enrolled in the study and who completed study
participation during the 4" period.

*No further subjects could be enrolled into the cohort, so enrollment was considered completed.

Subjects are considered to have completed study participation if they have at least two hours of
analyzable NIRS data. During the current year 84 subjects were enrolled, producing 75 completed
subjects, 11 in Cohort 1 and 64 in Cohorts 2 and 3. At the end of the study 139 subjects had been
enrolled and 118 had completed study participation. Twenty-nine enrolled subjects did not complete
study participation because they were determined to be screen failures after enroliment (47.6%), or
they withdrew consent (38.1%) or were withdrawn (14.3%) before two hours of data could be
collected.

Cohort 1 Subjects

Cohort 1 subjects serve as control subjects that are critically injured, but do not have any lower
extremity injuries. They were recruited only at GMH. At the start of Period 4, 19 subjects had been
enrolled into this Cohort, but only 12 had completed study participation. During Period 4 a protocol
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amendment was made to increase the Cohort size from 25 to 35 to ensure we had the 25 completed
subjects required of the protocol. However, we hit the new 35 enrollment limit on 08/20/2013 with
only 23 completed subjects. This was considered sufficient subjects for the control cohort, so another
protocol amendment to increase the sample size further was not considered.

Cohort 2 Subjects

Cohort 2 subjects are patients with tibia/fibula shaft or tibial plateau fractures that are caused by high-
energy impacts and are therefore likely to develop ACS. The size of this cohort was also increased
from 95 to 120 during the year to ensure 95 completed subjects were accrued according to our goal
in the award proposal. This commitment was achieved in September with the completion of the g5t
subject.

Cohort 3 Subjects

Cohort 3 subjects are Cohort 2 subjects that develop ACS and have a fasciotomy. In the original
award proposal we estimated that about 25% of our high energy leg trauma subjects would develop
ACS and transition into Cohort 3. We expected 25 Cohort 3 subjects to emerge from our 95 Cohort 2
subjects. However, this did not happen. Only eight cases of ACS resulting in fasciotomy were
encountered.

2e: Analyze Data, Provider Feedback

We have evaluated all the NIRS data recordings for quality purposes, identifying instances where
data is missing and correlating these instances against entries on the NIRS Monitoring Log that
document the coordinators’ experience with the NIRS devices and the patient’s clinical history while
on the study. The log is a meticulous record of events that happen that may cause a break in data
collection, such as when the patient is moved, and information on recording quality reported by the
NIRS device.

As part of some preliminary data analysis in the 2nd quarter of this year, data on the first 58 patients
enrolled into Cohort 2 (those with traumatic leg injuries), was analyzed to determine if near infrared
spectroscopy is able to accurately measure oxygenation in injured legs despite increased swelling,
edema and various depths of fat. This analysis has been continued through the 3" and 4th quarters
and now includes 95 patients, 50 analyzable subjects.

Data cleaning, analysis and abstract / manuscript preparation for public presentation of study results
will be undertaken in the time remaining in the overall grant period now that subject enrollment is
complete. The amount of data collected in this study is enormous as it includes longitudinal NIRS
measurements taken every 3 seconds for each patient over a 24 — 48 hour period. With data on the
last few subjects yet to be sent to the CRO for entry and the mountain of analysis and interpretation
before us, the completion of this task will necessitate a no-cost extension of the research study.

2f. Present and Publish Results of Phase 2 Study
Not due until completion of the Phase 2 study, planned for the second half of Year 4.

NIRS capabilities in the obese — NIRS is able to measure oxygenation to a depth of 2 to 3 cm below
the skin, raising concerns over the ability of NIRS to accurately determine oxygenation of leg
compartments in the obese. We collected data on 60 healthy participants. Our results indicated that
NIRS was able to detect changes in oxygen saturation of muscle with exercise in all 60 participants
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regardless of BMI. Even in the morbidly obese, depth of subcutaneous fat was less than 2cm in 98%
of subjects (Figure 1). This data has been submitted for publication.

Figure 1: Change in oxygenation of muscle compartments with incr-
easing depth of subcutaneous fat for anterior and superficial poste-
rior leqg compartments.

Subcutaneous depth in a traumatized lower extremity — In addition to obesity, concerns have also
been raised about the ability of NIRS to accurately determine oxygenation of injured leg
compartments in the presence of swelling and edema. We investigated these effects using data from
50 subjects in our Phase Il trial with analyzable ultrasound fat-depth measurements. Results
indicated that NIRS does have the ability to monitor muscle in injured extremities. There was no
significant difference in subcutaneous depth between injured and uninjured legs (Table 2). All
subjects had depths less than 2 cm. This data has been accepted for publication in the Journal of
Trauma and Acute Care Surgery’s Military Supplement. Please refer to the manuscript for more
detailed description of the results.

Table 2: Mean difference in adipose tissue thickness (ATT) by injury type

IGEVEHEIE VeSS PEGESERMII 11 6.01 (24 6.46 (377
\SabrisIResiealion I 8 604 (22 705243
High Velocity Gunshot Wound & 6.97 (3.99) 9.20 (4.68)
ESIISE S 5 7.5 (308 .48 293
ISR | 45 a8

TR 50 6.98(3.47) 7.06 (3.37)

Skin pigment — The objectives of this study were to 1) collect descriptive data that will allow us to
reach a more thorough understanding of factors that contribute to NIRS values and 2) to determine
which of three commercially available NIRS devices are able to accurately provide a NIRS value in
the presence of varying skin color (melanin and erythema). The three devices tested were the INVOS
by Covidien, the Equanox by Nonin Medical, and the ForeSight by Casmed. Significant correlation of
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skin pigment and oxygenation was found with the Covidien device, moderate with the Casmed device
and no significant correlation detected with the Nonin device. Tables depicting the correlations can be
seen in Tables 3a-b below. These results indicate that the Nonin device is the best at removing
effects of skin pigmentation. A manuscript is currently being prepared for submission to the Journal of
Biomedical Optics.

Table 3a

. Melanin  Erythema  Red = Green  Blue
ANVOS T -0.4281* -0.3647* 0.4262** 0.4230** 0.3970**
FEQUANOX™ -0.0574 0.0092 0.0259 0.0114 -0.0011
'CASMED " -0.3514** -0.2010** 0.3075** 0.2866** 0.2458*

Table 3b

ANVOS T -0.4900** -0.0079 0.3390** 0.5079** 0.4971*

FEQUANOX ™ -0.1342 -0.0638 0.1419 0.1406 0.1348
'CASMED " -0.1376 -0.0086 0.1343 0.1489* 0.1323

Correlation of rSO, values and Skin Color by Device. Skin color measurements were taken using the DSM |l
ColorMeter (Cortex Technology, Hadsund, Denmark). (a)The average of three measurements for each subject’s
anterior leg compartment was tested for significant correlation with rSO, within each device. An * indicates
significance at the 0.05 level, ** significance at a=0.01. (b) Correlations for the volar forearm were collected and
analyzed identically to the anterior leg compartment.

Ambient Light — Through our research we hope to prove, among other points, that NIRS would be a
valuable peri-operative tool for patients at risk of developing ACS. Here we investigated the effects of
ambient light on the oxygenation readings from the same three commercially available NIRS devices.
NIRS readings were recorded for 30 subjects at three different light levels: lights off, lights on, and
over-head OR lights on. Significant problems in producing a reading were detected with both covidien
and casmed, as they were unable to provide a value in the presence of too much light (OR lights on).
It was found that there was no significant difference in oxygenation values displayed between the
varying levels of light with the Nonin device. Casmed displayed no significant difference with lights on
versus off, although the device was unable to display a reading when OR lights were turned on.
Covidien, however, showed a significant difference between values when lights were off vs on (Diff of
-0.933; p=0.0045) as well as when lights were off vs OR lights on (Diff of -5.0; p=0.0035).This
manuscript is in its final stages of revision and will be submitted to the Journal of Biomedical Optics. A
more detailed version of the analysis and results will be included in this manuscript.

TASK 3: Animal Use Study

Three porcine studies were planned for this project, two of which were completed on time in previous
periods of this award. In the final quarter of Period 3 we began planning the last of the animal
studies, in which we will evaluate the NIRS response to a “missed” compartment syndrome. This
model uses NIRS to monitor the changes that take place when a fasciotomy is performed too late and
muscle has died. This study was initiated in the 1% quarter of the 4™ period under a no-cost extension
at UGA. This third stage of testing received IACUC and ACURO approval in the 3" quarter of this
period. All 6 pigs (two groups of 3) were completed in this final quarter of period 4.

3a: Created UGA IACUC Protocol Application for Animal Studies
The protocol for the missed fasciotomy porcine study was developed during the first quarter of Period
4, in which we evaluated the NIRS response to a “missed” compartment syndrome. This model used
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NIRS to monitor the changes that take place when a fasciotomy is performed too late and muscle has
died. For the final 6 pigs, we induced trauma to recreate a leg injury, then increased
intercompartmental pressure up to levels indicative of ACS for 8 hours via an albumin infusion. The 8
hour time period ensured that we would encounter dead muscle at the time of fasciotomy and allowed
us to longitudinally monitor the transition from ischemic to dead muscle tissue.

3b: Obtain UGA IACUC and USAMRMC ACURO Approvals for Second Study
The protocol was approved by the UGA IACUC in the first quarter of Period 4, and by ACURO in the
second quarter.

3c and d: Initiate and Conduct Animal Studies

In the third quarter of the fourth period the missed fasciotomy study was initiated and one animal had
completed the protocol. The study was completed in the fourth quarter with a sample size of 6
animals.

3e and f: Analyze Data and Prepare for Presentation and Publication

The manuscript submitted in quarter 4 of year 3 to the Journal of Orthopedic Trauma has been
accepted. As reported in the last quarter, the veterinary team is still in the process of writing a second
manuscript pending additional assay results. The abstract entitled Evaluation of NIRS, serum
biomarkers, and muscle damage in a porcine balloon compression model of acute compartment
syndrome, was accepted and presented at MHSRS in August.

TASK 4: Reduction to Practice and FDA Approval Process

4a: Finalize product development relationships between Nonin, Inc and J+M Shuler — Completed in
Year 2

4b: Begin reduction to practice process — Ongoing

4c: Produce final prototype for use in completion of Phase 1, all of Phase 2 and the investigational
clinical study to be supported by a future grant — Ongoing
In our earlier annual reports, based on our experience to date at the time, we had declared that the
NIRS technology is mature and ideal for our intended indication, and that we had the final prototype.
However, in view of the missing signal errors we have encountered (documented in the Problem
Areas section) in our Phase 2 clinical study completed this period, it is clear that there are some
unexpected challenges to using NIRS on traumatized tissue. Some of the challenges were user
related. The maturation of our research team into the world’s leading users of NIRS technology in the
setting of severe leg injury has allowed us to overcome many of the data acquisition issues; however,
despite excellent and perfected technique, some issues remain in some patients regarding missing
signal errors. In some injured muscle compartments there is increased absorption of NIR light such
that the amount reflected back to the sensor falls below the sensor’s sensitivity. Nonin developed a
prototype sensor with larger photoreceptive diodes, which may mitigate this issue. There are also
other modifications that could be made to the sensor to improve monitoring of rSO; in traumatized
tissue, such as increasing NIR light emission. The 7600 oximeter itself fits the intended use; although
increasing the number of ports per machine would be make it more functional.
4d: Respond to provider feedback re: functionality and industrial design — Completed
In our experience with the 7600 oximeter, the only two significant physical improvements needed are:
1. The addition of more ports to a machine, so that a patient can be monitored by a single
machine, and




2. "horse-tailing” of leads, such that four (or more) sensors connect via a short cable (one foot) to
a common trunk cable that runs to the device. This will cut down on the cable clutter in the
current configuration that has led to subjects withdrawing from the study.

TASK 5: Coordination between study sites

5a: Bi-annual collaborators meeting — Ongoing
Given the transition from LRMC as a research site for the Phase 2 clinical study, to the Atlanta area,
we have increased on-site visits to 3/year. On site visits during Period 3 include:

e 01 to 04 January 2013 — Site management

e 01 to 04 April 2013 — Site management

e 04 to 07 August 2013 — Site management and preparation for closeout

5b: Conduct weekly VTC (Telcon) for LRMC/J+M Shuler, and OIF/OEF during Phase 2 — No longer
required since Phase 2 study is not being conducted in Georgia and not at LRMC.

5c: Rapid interpretation of weakness in the design and function of sequential NIRS pad prototypes
and NIRS monitoring algorithms — Ongoing

The device is in a state where it is and has been fully ready for testing in our studies. It will probably
undergo some minor physical improvements with time. The major improvement will be the design
and validation of a diagnostic algorithm based on NIRS values. This process is ongoing and will
continue past our grant period. This process will ultimately require validation in a prospective
interventional trial.

5d: Coordinate response to FDA requests for information during approval process — Ongoing

LTC David Shoemaker, Marieann Brill and “Decision Gate” are all involved in USAMMDA'’s
sponsorship of this project and the creation/maintenance of an FDA compliant medical monitoring
program for the three clinical sites in the Phase 2 study. As a result, this Phase 2 study will be
permissible for inclusion in the “burden of proof” submission for our ultimately new FDA 510k
approved indication.

5e: Insure mandatory reporting to SAMMC, ISR & USAMRMC is maintained — Ongoing and in good
standing.

TASK 6. Future Research Endeavors

The main outcome of this task is to start the next step in the development and validation of NIRS for
diagnosis of ACS. Based on results from the animal and clinical studies included under this award,
clinical guidelines for the use of NIRS for the diagnosis and treatment of ACS will be developed and
validated. The next step is to plan and conduct a prospective, clinical trial to calculate the sensitivity
and specificity of NIRS to diagnose ACS using a series of comparative benchmarks. Over the current
period we have designed this study. A BAA pre-proposal has been written and submitted to
USAMRMC. We are hopeful for the continued funding and support needed to leverage the lessons
learned to date.

PROBLEM AREAS
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In our Period 3 Annual Report we disclosed that, in certain subjects or injured muscle compartments,
the NIRS sensors were unable to pick up or maintain a signal that is usable by the Nonin 7600
oximeter. Throughout Period 4 we have focused on determining the nature of the problem and
possible solutions, as documented in our quarterly reports. Our current theory is that there is
increased absorption of NIR light in traumatized tissue, possibly due to leakage of hemoglobin, such
that the amount of NIR light reflected back to the sensor falls below the sensor’s sensitivity limits.
During the first quarter we implemented use of the Nonin 7610 oximeter to capture raw NIR
wavelength data from all eight leg compartments that could be evaluated by Nonin engineers.
Baseline recordings were captured on all subjects, and additional recordings were taken if missing
signal errors were encountered. In all cases, 7610 data was captured on all eight compartments to
provide appropriate comparisons. Preliminary analysis of 7610 data confirmed that missing signal
errors were associated with levels of reflected NIR light that were below the detection sensitivity of
the sensor. Thus, the issue seems to be that low reflected light levels are compromising the existent
technologies ability to monitor injured compartments on all patients. Strategies for increasing
receptor sensitivity were tested at the end of the study with some favorable results. The physics of
this technology is an absolute truth, and the physiological feasibility has been repeatedly born out in
our animal testing and human control subjects. The issues are engineering a platform that is robust
enough to monitor all injured compartments. We are much closer today that at any point in the
history of NIRS technology use in the detection of ACS.

In the third quarter Nonin developed a strategy to mitigate the missing signal errors due to low
reflected NIR levels and to increase the quantity of engineering data that could be mined in these
situations. They constructed a prototype sensor with larger photoreceptive diodes, and subsequently
manufactured a batch of 50 “lemur” sensors (so called due to their visual and functional resemblance
to the endemic Malagasy primates). Once available, Lemur sensors were used on the four subjects,
in whom missed signal errors occurred, prior to the closure of this study. This data is still be
analyzed.

KEY RESEARCH ACCOMPLISHMENTS

1. Completed the Phase 2 study as outlined in the protocol and original grant proposal:
e Cohort 1 — 23 subjects completed (out of 25 — 92% complete)
e Cohorts 2 and 3 — 95 subjects completed (100%)

2. Fourth animal study completed

3. One manuscript prepared.

4. Four conference abstracts submitted

REPORTABLE OUTCOMES

Manuscripts
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1. Cathcart C, Shuler M, Freedman B, Reno L, Budsberg S. Correlation Of Near Infrared
Spectroscopy (NIRS) And Direct Pressure Monitoring In An Acute Porcine Compartmental
Syndrome Model. Journal of Orthopedic Trauma. July 2013.

2. Roskosky M, Robinson G, Reisman W, Ziran B, Shuler M, Freedman B. Subcutaneous Depth in a
Traumatized Lower Extremity. Journal of Trauma and Acute Care Surgery. (In-press)

Abstracts

1. Roskosky M, Robinson G, Shuler M, Freedman B. Subcutaneous Depth in a Traumatized Lower
Extremity. Society of Military Orthopedic Surgeons 55th Annual Meeting, December 2013.
(Podium)

2. Budsberg S, Shuler M, Freedman B, Hansen M, Roskosky M. Evaluation of NIRS,
serum biomarkers and muscle damage in a porcine balloon compression model of
acute compartment syndrome. Military Health System Research Symposium (MHSRS), August
2013, Fort Lauderdale, FL (Poster)

3. Roskosky M, Robinson G, Shuler M, Freedman B. Subcutaneous Depth in a Traumatized Lower
Extremity. Military Health System Research Symposium, August 2013. (Podium)

4. Roskosky M, Robinson G, Shuler M, Freedman B. Subcutaneous Depth in a Traumatized Lower
Extremity. Southern Orthopedic Association 30™ Annual Meeting, July 2013. (Poster)

CONCLUSIONS

The Phase 2 clinical study was completed during the fourth period. Eleven Cohort 1 subjects and 64
Cohort 2 subjects completed study participation during the year. Enroliment terminated at the end of
the fourth period with 23 Cohort 1 subjects and 95 Cohort 2 subjects having completed the study,
thus meeting our commitment under this award. The fourth porcine study was also completed during
the fourth period.

The major tasks under this award have been completed. The remaining tasks, including data
analysis, manuscript preparation, and presentation of results, will begin during the remainder of the
performance period (which terminates at the end of calendar year 2013) and will require a no-cost
extension for completion.

Our initial expectation of having a final prototype of an FDA-approved monitoring device with solid
basic scientific and initial clinical research support as a diagnostic tool for ACS has been achieved.
We complete Period 4, prepared to start and complete the final phase of this initiative. Unexpected
challenges associated with continuous rSO, monitoring in traumatized muscle compartments have
been confronted and most of been overcome. Preliminary data on the absorption and reflection of
the NIR light in traumatized muscle that was captured during our Phase 2 study will begin to be
analyzed over the final quarter of this award. This analysis will provide more information on the
missing signal errors, and may lead to sensor design modifications to mitigate the errors. A full
description of the missing signal errors and our strategy to understand and mitigate the errors will be
presented in the Final Report for this award.
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Acute Porcine Compartmental Syndrome Model

Objective: To correlate near infrared spectroscopy (NIRS) and the tibial intra-compartmental
perfusion pressure (TIPP) in an acute limb compartmental syndrome (ALCS).

Methods. Landrace swine subdivided into 2 groups, plasma infusion (N=16) and blunt trauma
plus plasma infusion (N=15). NIRS sensors were placed over the craniolateral muscle
compartment of proximal both tibiae. Albumin infusion elevated tibial intra-compartmental
pressures (TICP). Time synchronized measures of systolic (SAP), diastolic (DAP) and mean
pressures (MAP), TICP, and percent oxygenation from each leg were collected. For the blunt
trauma group, trauma was induced by dropping a 2kg weight 30 times from100 cms directly on
the muscle compartment. For each group, a repeated measures ANOVA model was used to test
differences in TICP, TIPP and oxygenation values. Pearson’s correlations were calculated
between TICP and oxygenation, and TIPP and oxygenation.

Results: Both models created reproducible increases in TICP and decreases in TIPP. Trauma did
not alter TICP, TIPP or percent oxygenation in the model. NIRS was able to detect significant
changes in tissue oxygenation at all the same time points. NIRS was able to detect decreased
oxygenation at every TIPP decrease and subsequent increase following fasciotomies. An increase
in percent oxygenation was seen in all cases once fasciotomy was performed and TICP was
reduced.

Conclusions: NIRS provided a sensitive measure correlating to both an increase and decrease in
TICP and TIPP, respectively, in this infusion model. The addition of blunt trauma to the model
did not alter the correlations of NIRS values with TICP and TIPP. Fasciotomy produced a
rebound in oxygenation values.

Key words: Compartmental Syndrome;Porcine Model;Near Infrared Spectroscopy
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Acute Porcine Compartmental Syndrome Model

I ntroduction

Over the last two decades, tissue oxygenation saturatiog) (88asured by near infrared
spectroscopy (NIRS) has been extensively evaluated for use in determining systemic and
regional tissue perfusion (1-4). It is widely used, and validated for monitoring cerebral
oxygenation during anesthesia (5-7). Recent efforts have focused on this use of NIRS in
assessing regional perfusion and more specifically regional perfusion in the setting of acute limb
compartmental syndrome [ALCS] (8-11). Current objective measures of compartment health in
ALCS focus on intra-compartmental pressure, as a proxy for perfusion of the tissue (12-14). The
invasive measurement of pressure within the limb compartment in question provides indirect
data on the physiological state of the limb compartment (9). This technique has been used for
decades and recommendations for fasciotomy (the universally accepted treatment for ALCS)
exist that are based upon both absolute intra-compartmental pressure (ICP) and differential
pressure (perfusion pressure or PP) [diastolic arterial pressure — ICP] (12-15). While either mean
arterial pressure or diastolic blood pressure could be used as the perfusion technique, diastolic
pressure seems to be a more reliable measure (16,17) Animal and human studies have explored
different aspects of ACLS as well as a variety of NIRS setting for potential use in ALCS (13,16-
25). Studies have suggested when PP drops below 20 to 10 mmHg tissue ischemia occurs and
justifies fasciotomy (16,17, 26) Correlating continuous NIRS monitoring of the compartment

with PP may help guide clinicians with treatment decisions as well as creating prognostic data
via StQ measurements. Two studies in a porcine model of ALCS in the proximal craniolateral
tibial compartment showed correlations of ICP with oxygenation, and documentation of

significantly different levels of StOmeasured by NIRS in hypotension, hypotension and
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Acute Porcine Compartmental Syndrome Model

hypoxeia (with and without increased ICP) respectively(18,19). In each study ALCS was defined
as a loss of muscle twitch during peroneal nerve stimulation but interestingly mean ICP varied
greatly. Neither study found an ICP predictive of muscle twitch cessation and furthermore there
is no data suggesting that either absolute ICP or PP values indicated reversible or irreversible
tissue injury in the limb compartment. Additionally, none of the research or clinical models to
date have addressed the potential concerns of NIRS measurement variability in the presence of

trauma induced tissue edema or hemorrhage.

The goal of this study was to correlate ICP and PP with percent oxygenation through a
wide range of ICP and PP values in an acute porcine model and to determine if blunt force
trauma to the limb would alter these correlations using a commercially available NIRS device.
The hypotheses tested were that ICP and PP would have correlations with percent oxygenation
throughout a wide range of pressures and that acute blunt force trauma would not alter

oxygenation values or the associated correlations with compartment pressures.
Materialsand Methods

Animals — Thirty one landrace swine (48-68 kg, 16 males, 15 females) were used in the study

(IACUC # A2010 1-012).

Study Design — Pigs were divided into two experiments. Experiment 1 was a plasma infusion
model (group 1) of 16, and the second experiment was the blunt trauma component completed
prior to the same plasma infusion (group 2) of 15 animals. All pigs underwent the same
experimental procedures and monitoring setup as described herein. Pigs were maintained on
isoflurane (IsoFI8, Abbott Laboratories, North Chicago, IL 60064 USi}h mechanical

positive pressure ventilation. A circulating warm water pad maintained rectal body temperatures
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86 between 98 and 101 degrees Fahrenheit. A 20 gauge intravenous catheter was placed in an

87 auricular vein for constant infusion of lactated ringer’s solution (Veterinary Lactated Ringer’s

88 Injection USP, Abbott Laboratories, North Chicago, IL 60064) at 5 ml/kg/hr. Pigs were

89  positioned in dorsal (supine) recumbency. Surgical cut downs exposed a median femoral artery

90 for direct arterial pressure measurement, and the right jugular and femoral vein for blood

91  sampling of the test leg via 18 gauge catheters. Both hind limbs (from stifle to tarsus) were

92 clipped of hair, cleaned with 4% chlorhexidine scrub (2% Chlorhexidine Gluconate, First

93  Priority Inc., Eglin, IL 60123-1146) and alcohol (70%). NIRS self-adhesive sensors

94 (EQUANOX™ Sensor, Model 8003CA, Nonin Medical; Inc., Plymouth, MN) were placed on

95 the skin overlying the muscles of the craniolateral compartment of each leg (i.e. test and control

96 legs of both the plasma infusion and blunt groups), such that at least 1 cm of craniolateral

97 compartment musculature extended proximal, cranial and caudal to the sensor. On the test leg,

98 four 18 gauge needles were placed at the periphery, centered on each side of the sensor and

99 angled 20 degrees toward the center of their tips were in the field monitored by the NIRS sensor
100 (Figure 1). The proximal and distal needles were attached via a T-connection for infusion of 5%
101 human albumin (AIbuRX'5, CSL Behring AG, Bern, Switzerland) to manually elevate the
102 compartmental pressure at predetermined intervals in the test legs. The cranial and caudal
103  needles were used for direct pressure transducer measurement of compartmental pressure by
104 averaging the values. On the control legs, a single 18 gauge needle was placed on the lateral
105  aspect of the NIRS sensor for direct pressure transducer measurement of compartmental pressure
106  (intermittently flushed to assure patency and accurate readings). Continual time synchronized
107 measurements of systemic blood pressure — systolic (SAP), diastolic (DAP), and mean

108  pressures (MAP), pulse rate, respiratory rate, systemic pulse oximetry, body temperature,
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compartmental pressures (2 transducers on test leg (averaged) and one on control leg), and
regional oximetry (NONIN EQUANOX' 7600 Oximeter, Nonin Medical, Inc., Plymouth, MN)
from the NIRS sensors from each leg were collected. Once compartmental transducers were
zeroed, tibial intra-compartmental perfusion pressure (TIPP) of the test leg was increased in
increments by albumin infusion. Measurements were taken at baseline (0 mm Hg) for 10
minutes, TIPP of 40 mm Hg for 5 minutes, TIPP of 30 mm Hg for 5 minutes, TIPP of 20 mm Hg
for 5 minutes, TIPP of 10 mm Hg for 5 minutes, TIPP of 0 mm Hg for 10 minutes, TIPP equal to
MAP for 10 minutes, TIPP equal to SAP for 10 minutes and TIPP equal to SAP + 10 mm Hg for
ten minutes. TIPP was calculated by subtracting ICP from diastolic pressure. At this time
fasciotomies were performed and measurements taken for an additional 10 minutes. The first
fasciotomy was performed by sharp incision caudolateral of the NIRS sensor from stifle to hock
to a depth through fascial layers of the muscular compartment. If there was not an immediate
(within 60 seconds) increase in percent oxygenation, a second fasciotomy was performed in a

similar manner along the craniolateral aspect of the tibia.

The blunt trauma group of 15 pigs was maintained on isoflurane with mechanical positive
pressure ventilation using an identical protocol as the plasma infusion group. NIRS sensors were
placed over the craniolateral compartment of each hindlimb in all animals as described above..
The continuous time-synchronized measures, as in the plasma infusion group, were recorded for
both legs for 10 minutes to establish baseline. After equilibration, the location of the 18 gauge
needles and NIRS sensor on the leg was outlined and the instrumentation removed. The
craniolateral musculature on the test leg was then traumatized in the following manner: the
craniolateral compartment was positioned by slightly internally rotating the test hind limb which

was held in place using an Olympic Vac-Paatient positioning system. Once placed around
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the leg, this system became rigid when vacuum was applied, effectively holding the leg in a
stable position until trauma induction was complete. Next a 2 kg weight was dropped down a
vertically orientated cylindrical tube 30 times from a 100 cm height. A plumb bob attached to

the outside ensured the apparatus was vertical for each drop. The measurement instrumentation
was replaced on the test leg within the previously outlined area immediately after trauma
induction and a 45 minute equilibration period was recorded before start of colloid infusion (5%
human albumin). The contralateral leg was used as an internal control and was not traumatized.
An identical testing protocol including increasing intra-compartmental pressure and monitoring
was performed. All pigs were euthanized at the end of the experiment with an intravenous
injection of pentobarbital sodium (Beuthan&si® Special, Schering-Plough Animal Health

Corp., Union, New Jersey 07083). Total time of altered TIPP was 70 minutes.

Statistical Analysis - A repeated measures model that recognized multiple observations was used
to test for differences in tibial intra-compartmental pressure (TICP), TIPP and oxygenation

values between test and control limbs and time points in both groups. The full model included
factors for group, time point and a group by time point interaction. Multiple comparisons were
adjusted for using Tukey'’s test. All hypothesis tests were 2-sided and the significance level was

a =0.05. Pearson’s correlations were calculated wdCP and percent oxygenation

measurements and between TIPP and percent oxygenation.

Results

In both experimental groups (plasma infusion and blunt trauma plus infusion), there was

consistent, reproducible increases in TICP and decreases in TIPP (Figures 2-5). No significant



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

Acute Porcine Compartmental Syndrome Model

differences in TICP, TIPP or percent oxygenation were seen between plasma infusion and blunt
trauma groups at all time periods during the experiment. Significant increases in TICP between
test and control limbs were found at all time points except TIPP=40mmHg and 5 and 10 minutes
following fasciotomies. NIRS was able to detect significant changes in tissue oxygenation at all
the same time points. All TICP of the test leg increased significantly from baseline except for 10
minutes following fasciotomy. Once TIPP reached 20mmHg, oxygenation decreased
significantly from baseline and did not return to baseline levels until 5 to 10 minutes after
fasciotomies (Figures 3&5). NIRS was able to detect decreased oxygenation at every TIPP
decrease and subsequent increase following fasciotomies. TIPP was significantly different than
baseline at all time points until 5 minutes after fasciotomies. Similar TIPP and TICP were
observed among plasma infusion and blunt trauma test limbs, with the exception that blunt
trauma test limb oxygenation values were significantly lower immediately after the trauma event.
Significant negative correlations of TICP and percent oxygenation (trauma: r=-0.74, p<0.0001,
plasma infusion: r=-0.79, p<0.0001) and positive correlations of TIPP and percent oxygenation

(trauma: r=0.76, p<.0001; plasma infusion: r=0.80, p<0.0001) were observed.

In both groups, the initial caudolateral fasciotomy was performed by sharp incision
caudolateral to the NIRS sensor from stifle to hock to a depth through all fascial layers of the
muscular compartment. When performing fasciotomies, no pig had a depth greater than 5mm of
subcutaneous fat, well within the known limits of the NIRS device. In the plasma infusion group,
seven pigs did not have an immediate increase in percent oxygenation and a second fasciotomy
was performed to restore pressures to normal levels (Table 1). Similarly, in the blunt trauma
group eleven pigs received a second fasciotomy. Once a second fasciotomy was performed, the

oxygenation levels normalized as the pressure normalized. Thus NIRS was able to detect
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decreased tissue oxygenation at every perfusion pressure decrease and subsequent increase
following pressure relieving fasciotomies. TIPP pressures were significantly different than
baseline at all time points until 5 minutes after fasciotomies. Despite 70 minutes where perfusion
pressures were significantly below baseline, tissue oxygenation returned to normal values after

compartmental pressure release (Figure 5).

Discussion

The current data supported the hypotheses tested in the study. NIRS had significant
correlations to both ICP and PP throughout a wide range of pressures in the tibial muscle
compartment. Additionally NIRS was not altered by the addition of acute blunt force trauma to
the model or the associated correlations with compartment pressures. These results confirm that
NIRS can provide a viable real time method of longitudinal sampling of assessing regional
perfusion and more specifically regional perfusion in the setting of acute limb compartmental
syndrome. These data provide new insight into this relationship as previous articles had no
correlation to PP since synchronized measurements with systemic blood pressure were absent
and PP could not be calculated (16,17). The lack of change in NIRS values for the trauma group
contrasts a finding of Shuler et al (20) in which in a series of tibial fracture cases showed
increased NIRS values peripheral to the fracture site. The difference between these results may
be due to the mode and severity of limb trauma and exact sites measured. In this model, NIRS
values were measured only directly over the traumatized tissue and not peripherally as was done

previously.
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Data from this study suggests that NIRS may have a role in determining a threshold level
of a specific outcome measure that can assist the clinician’s decision whether or not to perform a
fasciotomy. It was noted that NIRS values dropped significantly from baseline at a TIPP of 20
mm Hg or less in both the plasma infusion and blunt trauma test limbs. Thus, NIRS is able to
detect differences in oxygenation at TIPP considered to be diagnostic for ALCS and a threshold
for fasciotomy (16, 17) . While these data do not suggest nor document any effect on the muscle

tissue, they do provide evidence for a future avenue of work.

The data involving the fasciotomies also provided some interesting results. While there is
no way to know if the limbs that did receive a second fasciotomy would have had improved PP
and higher NIRS values over time without the second fasciotomy, the NIRS provided real time
data that could be used to assess if the initial fasciotomy was successful in releasing intra-
compartmental pressure and restoring muscle perfusion. NIRS was 100% sensitive and specific
to determining an incomplete release of intra-compartmental pressure in this limited study. This
finding has implications as a potential use of NIRS intra-operatively as a quality control device

to insure adequate release of the compartments to prevent insufficient releases (15).

A second finding was that in limbs of both pigs groups where a second fasciotomy was
performed, TIPP could improve toward baseline initially without a NRIS change up to a certain
point. As shown in the results during this time, the NIRS was not changing and thus the decision
to perform the second fasciotomy was made. While current data documents there is a direct
relationship of TIPP to NIRS, the NIRS values may be more sensitive in the initial attempts at
compartmental decompression as it assesses the tissue oxygenation and not merely an arbitrary

change in pressure.
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A second point of potential difference between current data and previous studies using
this model exists (16, 17). Landrace pigs used in the current study were larger (40 to 45 kgs) and
allowed for measurement of a tibial compartment with depths to 25 millimeters. Previous
studies (16, 17) used smaller Landrace pigs (13 to 18kgs); pigs of similar size had measured
tibial compartments size with depths of 8-12 mm. Given the fact that the sensor is calibrated over
a 25 millimeters depth, it is possible there was tissue averaging affecting the results of the
previous studies. The sensors in our study should be sampling from the affected compartment

alone.

One limitation of this study and previous studies (16, 17) was the model chosen to
represent ALCS. The infusion of 5% albumin was used to mimic effusive conditions of trauma
as well as provide a means to increase compartment pressure in a controlled fashion. The model
does not take into account the inflammatory response seen with ALCS, and in the trauma group,
may not represent the same inflammatory and vascular response as well as soft tissue trauma
seen in ALCS. With potentially different underlying pathology, the fasciotomy may have

different effect in ALCS compared to this model.

An additional limitation was the use of straight needles to measure ICP. Needles have a
tendency to plug when inserted into muscle, and the use of side ports may have prevented a
potential issue with needle plugging. However, the two needle system was designed with two
measurements to ensure accurate values. Needles were cleared of plugs after insertion and

filtrated periodically (approximately every 2-3 minutes) thereafter.

In both blunt trauma and plasma infusion groups a positive correlation was seen between

tissue oxygenation as measured by NIRS and with TIPP while TIPP was above 0 mm Hg. The
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fall of TIPP below this critical level of 0 mm Hg caused significant drop of detectable tissue
oxygenation yet progressively lower TIPP beyond this was not related to progressively lower
tissue oxygenation as measured by NIRS. Likewise as TIPP increased after fasciotomy, initial
increase was not correlated with increasing tissue oxygenation until this critical level was
surpassed at which time NIRS values and TIPP regained a positive correlation. These findings
may help to define where the threshold for ischemia occurs with PP (O mm Hg) which is
consistent with early studies (18, 25). These findings support the theory of PP playing a critical

role in the development of ALCS.

The current data confirms that NIRS monitoring can provide important real time
diagnostic information on tissue oxygenation in the face of potential ALCS as well as feedback
on treatment endpoint measures for fasciotomy. Furthermore, NIRS is responsive to perfusion

changes as they occur prior to any permanent muscle damage.
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Figure Legends

Figure 1: Depiction of instrumentation for NIRS and direct pressure monitoring

A and C = Albumin infusion (5% human albumin)

B and D = Direct pressure transducer measurement of compartmental pressure

E = NIRS sensor

**Fasciotomy incisions are indicated by the red lines located (on the image) to the left and right
of NIRS sensor (E). The incision to the left represents the craniolateral fasciotomy (fasciotomy

1) and the incision to the right represents the caudolateral fasciotomy (fasciotomy 2).

Figure 2a: Tibial Intracompartmental Pressure (TICP) and NIRS reported over time for plasma

infusion group. N =16 SEM

Left Y-axis: TICP

Right Y-axis: Percent of oxygenated hemoglobin

s: start of each period, e: end of each period

MAP = mean arterial blood pressure
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SAP = systolic blood pressure
SAP+10 = systolic blood pressure + 10 mm Hg

fasc 1: caudolateral fasciotomy, fasc 2: craniolateral fasciotomy

Long dash from fasc 1 to fasc+5 represents data from pigs that did not have a second fasciotomy.

Figure 2b: Tibial Intracompartmental Perfusion Pressure (TIPP) and NIRS reported over time

for plasma infusion group. . N =#6SEM

Left Y-axis: TICP

Right Y-axis: Percent of oxygenated hemoglobin

see Figure 2 key

Figure 3a: Tibial Intracompartmental Pressure (TICP) and NIRS reported over time for the blunt

trauma group. . N =15 SEM

Left Y-axis: TICP

Right Y-axis: Percent of oxygenated hemoglobin

See Figure 2a key - PT equil: post trauma equilibration period
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Figure 3b: Tibial Intracompartmental Perfusion Pressure (TIPP) and NIRS reported over time for

the blunt trauma group. . N =¥5SEM

Left Y-axis: TICP

Right Y-axis: Percent of oxygenated hemoglobin

See Figure 3a key

Table 1: NIRS and perfusion pressures for the first 60 seconds after each fasciotomy for the two

groups. This is data not included in figures 1-4. MeaEMS



Fasciotomy (1) Fasciotomy (2)
Control
n=9 n=>7
NIRS Value Perfusion NIRS Value Perfusion
Pressure Pressure
Pre-first fasciotomy 23.8+3.3 -49.0+4.2 16.3+£0.2 -46.8 + 10.¢
30 seconds post'lfasciotomy 245+45 -16.4 + 15.1 17.0+0.0 -37.9+12f2
60 seconds post'lfasciotomy 40.2 £ 6.0 349+6.3 185+25 -26.6 + 9.
Post-2° second fasciotomy
30 seconds post®asciotomy NA NA 21.5+58 35.6+4.4
60 seconds post'@asciotomy NA NA 35.8 £10.3 43.9+ 3.6
Fasciotomy (1) Fasciotomy (2)
Acute Trauma
n=4 n=11
NIRS Value Perfusion NIRS Value Perfusion
Pressure Pressure

Pre-first fasciotomy 24.7+£0.3 -52.1+11.7 225+2.1 -58.9+6.9
30 seconds post'lfasciotomy 35.0+£11.0 1.7+36.2 235114 -36.4 +6.Y
60 seconds post'lfasciotomy 41.5 +13.5 9.35+17.7 21.7+1.0 -5.86+8]
Post-2° second fasciotomy
30 seconds post®asciotomy NA NA 31.5+6.3 33.6+£6.7
60 seconds posf®asciotomy NA NA 43.1+9.8 46.1+4.2

Table 1: NIRS and perfusion pressures from the two groups during the fasciotomy portion of the

experiment.



Fasciotomy (1)

Fasciotomy (2)

Control
n=9 n=7
NIRS Value Perfusion NIRS Value Perfusion
Pressure Pressure

Pre-first fasciotomy 23.8+6.6 -49.0+12.6 16.3+0.5 -46.8 + 26.]
30 seconds post'lfasciotomy 245+9.0 -16.4 + 45.2 17.0+£0.0 -37.9 + 32|2
60 seconds post'lfasciotomy 40.2+14.8 34.9+18.8 16.0+ 35 -26.6 + 20|18
Post-2° second fasciotomy
30 seconds post®asciotomy NA NA 22.0+11.7 33.5+21.2
60 seconds post'@asciotomy NA NA 35.3 £23.1 46.1 +13.3

Fasciotomy (1)

Fasciotomy (2)

Acute Trauma
n=4 n=11
NIRSValue Perfusion NIRSValue Perfusion
Pressure Pressure

Pre-first fasciotomy 24.7+£0.5 -52.1+235 225141 -58.9 +22.§
30 seconds post'lfasciotomy 35.0+ 155 1.7+£226 23.5+£29 -36.4 + 22]3
60 seconds post'lfasciotomy 415 +19.1 9.35 1+ 35.4 21.7+2.1 -5.86 + 214
Post-2° second fasciotomy
30 seconds post@asciotomy NA NA 31.5+£12.7 33.6 £22.2
60 seconds post@asciotomy NA NA 43.1+16.5 46.1 +13.3

Table 1: NIRS and perfusion pressures from the two groups during the fasciotomy portion of the

experiment.
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Subcutaneous Depth in a Traumatized Lower Extremity

Roskosky, M., Robinson, G., Reisman, W., Ziran, B., Shuler, M., Freedman, B.

BACKGROUND

Acute compartment syndrome (ACS) is a condition that may develop in severely traumatized
limbs when swelling and bleeding increases the pressure within non-expandable fascial
compartments. When intra-compartmental pressure (ICP) approaches diastolic blood pressure,
blood flow is cut off resulting in ischemia and necrosis [1]. Prevalence of ACS in patients with
tibia fractures has been reported to be between 1% and 11% [2-5]. The universally accepted
treatment for promptly diagnosed ACS is surgical release (4-compartment fasciotomy) allowing

muscles to expand and re-perfuse.

Missed or delayed diagnosis of ACS can have devastating consequences including motor and
sensory deficits, muscle contracture, increased risk of amputation, sepsis, rhabdomyolysis,
multisystem organ failure and even death [6-9]. However, fasciotomies themselves are major
surgical procedures that convert closed fractures to open fractures, delay fracture healing, and
increase infection, morbidity, and disability [9]. Despite centuries of trying, accurate diagnosis of
ACS has remained a challenge that relies heavily of physician experience and preference in
evaluating subjective clinical signs and symptoms [5, 10, 11]. The only objective ACS
diagnostic in common use is measurement of ICP. However, this is an invasive procedure that
can produce erroneous results if not performed correctly [12-14] and validated diagnostic

thresholds have been questioned [15-17]. Furthermore, ICP measurements are single points in
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time, whereas ACS is a condition that evolves over time requiring serial monitoring over hours

or days.

Use of near-infrared spectroscopy (NIRS) to directly measure tissue oxygenation may provide a
noninvasive, continuous, and responsive solution for diagnosing ACS [18-20]. Light in the near-
infrared (NIR) range (600 to 1000 nm) can penetrate skin, soft tissue and bone and is absorbed
by hemoglobin in the muscle capillary beds. Using three different wavelengths of NIR light that
are absorbed differentially by oxygenated and deoxygenated hemoglobin, the percent oxygen
saturation (rSO;) of hemoglobin in the muscle tissue can be calculated by measuring the amount
of each wavelength that is reflected back to the sensor [21, 22]. Animal and clinical studies have
confirmed the ability of NIRS technology to monitor perfusion in muscle compartments of the
lower leg in the normal, hypoxic, and traumatized settings [23,24]. In human studies rSO,
evaluated using NIRS decreased significantly in extremities diagnosed with ACS as compared to

the uninjured contralateral extremity, and increased in response to fasciotomy [23, 24].

Since NIRS samples tissue at a depth of 2 to 3 cm, depending on the spacing between the light
transmitter and receptor on the sensor pad [21, 22], concern has been raised regarding the ability
to accurately measure intramuscular rSO; in leg compartments that are swollen or in obese
patients. The purpose of this study was to measure the thickness of the subcutaneous tissue
overlying the posterior muscle compartment in subjects with tibia fractures to determine if it
might compromise rSO2 measurement in the muscle. Internal analysis of our previous clinical
work indicated that the subcutaneous tissue layer is thickest over the superficial posterior

compartment. Further this compartment is dependent in the supine position.
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METHODS

This study is part of a larger study designed to validate the utility of continuous NIRS monitoring
to diagnose ACS. The study was conducted at Grady Memorial Hospital, Atlanta Medical
Center, and Athens Regional Medical Center in the State of Georgia from March 2012 to
September 2013. The study was approved by each site’s Institutional Review Board. It was
funded by a grant from the Department of Defense, and approved by the Army’s Human

Research Protections Office.

The Nonin Medical Inc. Equanox " model 7600 oximeter and regional sensors (model 8003CA)
were used for this study. These oximeters have four NIRS recording channels and three
oximeters were used per subject to cover the twelve muscle compartments being monitored. The
three units were connected via USB cable to a laptop that operated the proprietary data collection

software and combined the NIRS data into a single spreadsheet.

Subjects were aged 18 to 65 and were recruited from the patients presenting to the respective
trauma units with high energy tibia fractures or gunshot wounds to the leg with or without
fracture. After obtaining informed consent from the patient (or a legally authorized
representative), NIRS sensors were placed on the skin overlying the four compartments on the
injured leg, the four compartments on the contralateral leg, and on four control compartments
(both feet and the deltoid and volar compartments of one upper extremity). Ideally sensors were
placed in line along the junction of the proximal and middle third of each leg compartment, but

could be moved proximally or distally along the axis of the compartment to avoid placement
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over wounds or hematomas, or to improve the quality of the NIRS signal. The intention in the
protocol was to record continuous NIRS data for up to 48 hours with a possible extension to 72
hours if the treating physician considered that a risk for ACS existed. Subjects were considered
to have a usable data set and had completed study participation if they had at least two hours of

continuous NIRS data recorded.

Depth of tissue between the skin and the muscle fascia, or adipose tissue thickness (ATT) was
measured over the superficial posterior compartment of both legs using a portable ultrasound
device (BodyMetrix BX2000) connected via USB to a laptop that operated the BodyMetrix
software. This device emits an ultrasonic wave that echoes back at different amplitudes as it
reaches the interface between each unique tissue layer (i.e. subcutaneous, muscle, bone). The
depths of these interfaces are recorded in millimeters, accurate to +/- 0.2mm. A recent review in
the Journal of Obesity found ultrasounds to be a “reliable, reproducible and accurate way to
measure subcutaneous fat.”[25] In order to control for differences in operator proficiency, all
research coordinators tasked with performing these measurements were extensively trained and
followed a strict protocol. The superficial posterior compartment (back of calf) was used since it
has the thickest subcutaneous layer. The subcutaneous layer is composed mainly of adipose and
interstitial tissue, and may be increased in depth after trauma by accumulation of interstitial fluid.
Depth measurements were taken over the site of optimal sensor placement (roughly two finger
breadths posteromedially to the flexor digitorum longus along the junction of the proximal and

middle third of the leg) at the time of enrollment.
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Demographic data was recorded for each subject from the medical records including age, gender,
race and ethnicity, height and weight, and body mass index (BMI) was calculated as weight (kg)

/ height (m)?.

A total of 95 subjects completed participation in this study — 68 at GMH, 15 at AMC, and 12 at
AMRC. This analysis was restricted to the 68 GMH subjects to reduce inter-site variability. Of
these subjects 53 had ATT measured by ultrasound on both the injured and uninjured legs.
Subjects for whom subcutaneous depth measurements were not taken, either had a splint placed
over the injured leg for the subject’s entire participation in the study or injuries over the
superficial posterior compartment of either leg that prevented the measurement from being taken.
Three subjects with bilateral tibial fractures were also removed from the analysis. The final

dataset consisted of 50 subjects.

Statistics were performed using STATA12 (College Station, TX) for equality of means testing

and Pearson’s correlation. Statistical significance was accepted at p values < 0.05.

The institutional review boards at Emory University (Atlanta, GA), Atlanta Medical Center

(Atlanta, GA), and Western IRB (Olympia, WA) provided approval to conduct this research.

RESULTS

Subject age ranged from 18 to 65 (mean: 39) years with 43 male and 7 female patients. The
majority of patients were African-American (68%) and Caucasian (28%). The right leg was

injured in 62% of cases. No significant trends in ATT were found based on gender, age, or race.

5
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The mean subcutaneous ATT was 6.98 mm (sd: 3.17; range: 2, 14.3) for the injured leg, and 7.06
mm (sd: 3.37; range: 2.4, 16.1) for the uninjured contralateral leg. A breakdown of ATT by
injury type can be seen in Table 1. Injured and uninjured ATT displayed a strong, positive
correlation (r=0.72) that was statistically significant (¢=0.05) [Figure 1]. Mean body mass index
(BMI) for the group was 27.08, with 20% of subjects falling in the obese category of 30kg/m” or
higher. No significant correlation was found between the ATT of the injured or uninjured legs
and BMI (r=0.2; Figures 2 — 3). Mean comparison testing revealed no difference in ATT
between the injured and uninjured legs (null hypothesis: equal means; p>>0.05). Out of the 50
subjects analyzed, no subject had a subcutaneous depth of over 2 cm on the injured or uninjured
leg. When the ATT of the uninjured leg was subtracted from that of the injured leg the result was
slightly negative -0.84 mm (sd: 2.439; range: -6.7, 8.3). Means comparison testing revealed no

change in the difference observed based on gender or race.

DISCUSSION

ACS is a condition that, if not appropriately diagnosed and treated, can have devastating
outcomes with increased morbidity and mortality [6-9]. Current diagnosis is challenging and
equivocal, relying on physician experience in evaluating subjective clinical signs and symptoms
[5, 10, 11]. We have been investigating the direct measurement of tissue oxygen levels using
NIRS as a tool for diagnosing ACS. Since NIRS has a tissue penetration of 2 to 3 cm below the
skin [21, 22], concern has been raised as to whether it can reliably penetrate into the muscle
tissue, particularly in subjects with significant subcutaneous adipose tissue or swelling. This

study was designed to measure the distance between the skin and muscle fascia to confirm that
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NIRS can adequately penetrate the subcutaneous space in obese patients or those with

traumatically-induced subcutaneous swelling.

The study population included 50 patients with high energy tibia fractures who were at risk of
developing ACS, and from whom ATT measurements could be obtained over the superficial
posterior compartments of both lower extremities. There was no significant difference in the
depth of subcutaneous tissue between the injured and uninjured contralateral legs of these 50
subjects indicating that traumatically-induced swelling is not affecting the distance from the skin
to the muscle compartment. The significant swelling that occurs after injury is confined to the
muscle compartment which, in fact, may actually compress the subcutaneous layer as only a

slight decrease in tissue thickness of the uninjured leg was observed.

All subjects had a subcutaneous tissue depth of less than 2 cm, even in the 10 subjects that were
clinically obese (BMI > 30). Obesity should not be a limiting factor to using NIRS to measure
muscle tissue oxygenation. Further, BMI was a poor indicator for subcutaneous tissue depth
with only a weak and non-significant correlation. Body fat deposition is typically not distributed

around the lower leg in obese patients.

This study does not prove that NIRS can accurately measure muscle rSO, in injured lower
extremities, but it quells concern over subcutaneous tissue thickness being an impediment to
monitoring the underlying muscle even in obese patients, or those with significant traumatically-
induced swelling. Although we did not measure the subcutaneous depth over the other lower leg

compartments, the ATT is greatest over the superficial posterior compartment. One limitation to
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this study is that subcutaneous depth could not always be measured in the exact same location on
both legs since it was often difficult to move the injured leg into a suitable position for

measurement.

This study demonstrates that the distance between the skin and the muscle tissue is less than the
NIRS penetration distance (2-3cm) even in patients with significant subcutaneous adipose tissue

or swelling, and should not limit its use as a tool to monitor muscle tissue oxygenation.
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FIGURES

Figure 1: Correlation of ATT of injured versus uninjured legs revealed a strong positive
correlation that was statistically significant ( r = 0.7230; p=0.000; 0=0.05).

Figure 2: Correlation of ATT of the injured leg vs BMI revealed a weak positive correlation
that was non-significant (r = 0.2041; p=0.1551; a=0.05).

Figure 3: Correlation of ATT of the uninjured leg vs BMI revealed a weak positive correlation
that was non-significant (r = 0.2033; p=0.1568; a=0.05).
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INTRODUCTION

Acute compartment syndrome (ACS) is a rare but serious consequence of traumatic leg
injury. This ongoing observational cohort study aims to validate the use of Near Infrared
Spectroscopy (NIRS) for continuous monitoring of oxygen saturation in the muscles of
the leg and diagnosis of ACS as an alternative to invasive pressure monitoring. NIRS is
able to measure oxygenation to a depth of 2 to 3 cm below the skin, raising concerns over
the ability of NIRS to accurately determine oxygenation of injured leg compartments in
the presence of swelling and in the obese. The hypothesis was that NIRS is able to
accurately measure oxygenation in injured legs despite these circumstances.

METHODS

Data was analyzed on 79 patients with severe leg injuries, including qualifying tibia
fractures and gunshot wounds, who presented to a participating trauma center within 12
hours of injury. Distance from skin to fascia in the superficial posterior compartment of
both legs was measured on each patient using a portable ultrasound device. The
superficial posterior compartment was chosen since the thickest layer of subcutaneous fat
is in this area.


mailto:Mellisa.nirs@gmail.com
mailto:grobinson@genevausa.org
mailto:brett.freedman@amedd.army.mil
mailto:msimmss@hotmail.com

RESULTS

Subject age ranged from 18 to 65 (mean: 39.04) years with 64 male and 15 female
patients. The mean subcutaneous adipose tissue thickness (ATT) was 7.65 mm (range: 2,
22.6) for the injured leg, 7.62 mm (range: 2.4, 18.9) for the uninjured contralateral leg
and mean body mass index (BMI) for the group was 26.56. No significant correlation was
found between the ATT of the injured or uninjured legs and BMI. Mean comparison
testing revealed no difference in adipose tissue thickness between the injured and
uninjured legs (null hypothesis: equal means; statistically significant). Out of the 79
enrolled subjects, only one subject had a subcutaneous depth of over 2 cm on the injured
leg.

DISCUSSION AND CONCLUSION

These data suggest that, within this traumatically injured population, symptoms
associated with leg injury (such as swelling and edema) do not significantly affect the
distance from skin to fascia. It is also notable that subcutaneous depth beyond the 2cm
mark (validated in previous studies) is a rare occurrence in this population. These results
further support the use of continuous NIRS monitoring for diagnosis of ACS.



Evaluation of NIRS, serum biomarkers and muscle damage in a porcine balloon
compression model of acute compartment syndrome
Steven Budsberg, Michael Shuler, Brett Freedman, Megan Hansen.

Purpose: Correlate near infrared spectroscopy (NIRS), tibial intra-compartmental pressure
(TICP), tibial intra-compartmental perfusion pressure (TIPP), serum markers of inflammation
and muscle injury in a balloon compression model of acute compartment syndrome (ACS).
Methods: Six landrace swine had NIRS sensors placed on each leg. Balloon catheters were
inflated below the cranial tibialis (CT) muscle and deflated at 6 hours. Systolic, diastolic, and
mean arterial pressures, compartmental pressures, and oximetry were measured prior to and
during balloon inflation. Measurements continued 5, 10 15, 30, 45, 60 minutes and hourly for 8
hours. At euthanasia, CT muscle was collected for muscle damage scoring. Serum creatine
kinase (CK), myoglobin, TNF-q, IL-1p, IL-6 were measured.

Results: Test limb TIPP significantly decreased at balloon inflation and at 15 minutes post
deflation through 8 hours. TICP significantly increased during balloon inflation and from 1 to 6
hours after deflation. NIRS measurements were significantly lower following balloon inflation.
Myoglobin concentrations significantly increased following balloon deflation. CK concentrations
significantly increased from 2 hours post deflation, CT muscle degeneration, and necrosis scores
were significantly higher. There was a significant correlation of muscle degeneration and edema
with NIRS.

Conclusions: This model provided evidence that NIRS may indirectly assess muscle changes in
ACS development.

Topic Area: Extremity Trauma, Monitors and Sensors

Learning Points: This research sheds further light on Near Infrared Spectroscopy (NIRS) in
assessing Acute Compartment Syndrome (ACS) in traumatized lower extremities
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Subcutaneous Depth in a Traumatized Lower Extremity
Mellisa Roskosky, Gillian Robinson, Michael Shuler, Brett Freedman

Purpose: Acute compartment syndrome (ACS) is a rare but serious consequence of
traumatic leg injury. This study aims to validate the use of Near Infrared Spectroscopy
(NIRS) for continuous monitoring of oxygen saturation in the muscles of the leg and
diagnosis of ACS as an alternative to invasive pressure monitoring. NIRS is able to
measure oxygenation to a depth of 2-3cm below the skin, raising concerns over the
ability of NIRS to accurately determine oxygenation of injured leg compartments in the
presence of swelling and in the obese.

Methods: Data was analyzed on 51 patients with severe leg injuries. Distance from skin
to fascia in the superficial posterior compartment of both legs was measured on each
patient using a portable ultrasound device.

Results: Subject age ranged from 20-64years with 43 male and 8 female patients. The
mean subcutaneous adipose tissue thickness was 7.75 and 7.68mm for the injured and
uninjured legs respectively. Mean comparison testing revealed no difference in adipose
tissue thickness between the injured and uninjured legs. Only one subject had a
subcutaneous depth of over 2cm on the injured leg.

Conclusion: These data suggest that, within this population, symptoms associated with
leg injury do not significantly affect the distance from skin to fascia. It is also notable that
subcutaneous depth beyond the 2cm mark is a rare occurrence in this population. These
results further support the use of continuous NIRS monitoring for diagnosis of ACS.

Character Count (including spaces): 1500 (Max 1500)
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Learning Points: This research sheds further light on the utility of Near Infrared
Spectroscopy (NIRS) for monitoring muscle oxygenation and diagnosis of Acute
Compartment Syndrome (ACS) in traumatized lower extremities.
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Subcutaneous Depth in a Traumatized Lower Extremity
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INTRODUCTION

Acute compartment syndrome (ACS) is a rare but serious consequence of traumatic leg
injury. This ongoing observational cohort study aims to validate the use of Near Infrared
Spectroscopy (NIRS) for continuous monitoring of oxygen saturation in the muscles of
the leg and diagnosis of ACS as an alternative to invasive pressure monitoring. NIRS is
able to measure oxygenation to a depth of 2 to 3 cm below the skin, raising concerns over
the ability of NIRS to accurately determine oxygenation of injured leg compartments in
the presence of swelling and in the obese.

METHODS

Data was analyzed on 51 patients with severe leg injuries, including qualifying tibia
fractures and gunshot wounds, who presented to a participating trauma center within 12
hours of injury. Distance from skin to fascia in the superficial posterior compartment of
both legs was measured on each patient using a portable ultrasound device.

RESULTS

Subject age ranged from 20 to 64 (mean: 39.2) years with 43 male and 8 female patients.
The mean subcutaneous adipose tissue thickness was 7.75mm for the injured leg and
7.68mm for the uninjured contralateral leg. Mean comparison testing revealed no
difference in adipose tissue thickness between the injured and uninjured legs. Out of the
51 enrolled subjects, only one subject had a subcutaneous depth of over 2cm on the
injured leg.

DISCUSSION AND CONCLUSION

These data suggest that, within this traumatically injured population, symptoms
associated with leg injury (such as swelling and edema) do not significantly affect the
distance from skin to fascia. It is also notable that subcutaneous depth beyond the 2cm
mark (validated in previous studies) is a rare occurrence in this population. These results
further support the use of continuous NIRS monitoring for diagnosis of ACS.
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