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ABSTRACT OF RESEARCH PLAN 

 
 

 PROJECT TITLE: 
 
Diagnosing acute compartment syndrome using an intramuscular pH probe: what pH level equates to impending cell 
death and are some muscles more susceptible than others to ischemia? 

 
 

Abstract of research plan: Please provide an abstract of 250 words or less with 5 underlined phrases 
for a project summary. Please avoid summaries of past accomplishments and the use of the first 
person. The abstract is meant to serve as a succinct and accurate description of the proposed work 
when separated from the application. 

 
 

 
Acute compartment syndrome (ACS) is a form of progressive ischemia that predominantly affects muscle.  
 
Progressive muscle ischemia, irrespective of the cause, results in reduced aerobic respiration and increased anaerobic 
respiration, as cells attempt to survive. Although we are aware of the biochemical pathways and the key metabolites 
involved in progressive ischemia, and the histological changes that occur when cells progress from reversible to 
irreversible cell injury (death), research has not been undertaken to accurately correlate the biochemical and 
histological processes.  
 
Our first aim is to assess/correlate the biochemical and histological findings using a progressive ischemic muscle 
model. This will enable us to identify which biochemical marker(s) are indicative of varying degrees of muscle ischemia 
ultimately resulting in cell death. This will form the basis for future research investigating the diagnostic potential of 
biochemical markers to diagnose ischemia, including ACS, that will overcome the limitations of current diagnostic 
methods. 
 
Our second aim is to investigate the potential of continuous indwelling intramuscular pH (IMpH) readings as an easy 
to use and real-time objective assessment of aerobic and anaerobic respiration. Our earlier research confirmed a very 
high correlation between the concentrations of key biochemical metabolites and continuous IMpH. The proposed 
research will expand on these findings by refining the biochemical findings further and by incorporating the 
histological findings. 
 
In summary, by combining the detailed biochemical, histological and pH findings, we hope to identify new avenues for 
diagnosing progressive muscle ischemia, including ACS, that will radically improve our diagnostic capabilities and 
speed of intervention. 
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FACILITIES – Laboratory Space and Major Equipment 
 

 

 
Please provide an accurate description of laboratory facilities and major equipment available at the 
grantee’s institution that will support this project. Please recall the list of supplies and support that the 
grantee’s institution, or grant funds other than those from the OTA, are expected to provide:  
click to see the list 
 
 

University of Aberdeen 
 
Medical Test Facility (Animal Research) 
The University if Aberdeen has a state-of-the-art new build small animal research facility that undertakes 
a full spectrum of research under the guidance of the UK Home Office.  
Given that the research proposed will be using freshly euthanised large rodents, there are no ethical or UK 
Home Office research concerns.  Having undertaken a similar but less detailed small animal experiment at 
the facility in the past year, we know that all of the laboratory space available is adequate, and that the 
equipment and other facilities are available to undertake the experiments as described in the Research 
Plan. 
 
Laboratory Space 
A comprehensive suite of laboratory facilities is provided in the Health Sciences Building; these include 
spectrophotometric and fluorescent analysis of biochemical metabolites. Light and fluorescent microscopy 
for histochemical and immunohistochemical analysis. Ultra-low cold storage and freeze-drying facilities for 
the storage of muscle samples. 
 
Equipment 
 

1. Specialist pH equipment: 
Softcell Medical Ltd manufactures a highly accurate real-time pH monitoring system that has been 
designed specifically for use with a variety of medical conditions, including acute compartment 
syndrome, where tissue/organ ischemia is a problem.  SoftCell will provide pH probes and a 
dedicated pH recorder free of charge to undertake the proposed research. 
 

2. Biochemical experiments 
Camspec Spectrophotometer, Jenway Fluorimeter, refrigerated centrifuge, glassware and 
consumables to conduct biochemical analyses. 
 

3. Histological experiments 
The institute of Medical Sciences has a core imaging facility that permits state-of-the-art light and 
fluorescent microscopy and provides training to use the facilities. The project will utilise these 
facilities as costed. 

 
 
Office Space 
Post-graduate students are provided with a desk and computer facilities in the post-graduate office. In 
addition, post-graduate students receive training in research methods, health and safety, careers advice 
as part of the postgraduate training program at the University of Aberdeen.  
 
 



 
SECTION 4 
 

RESEARCH PLAN 

 
Click for Research Plan Instructions 

 
A. SCIENTIFIC AIMS (not exceed 400 words) 
Hypotheses:   
1. Key intramuscular metabolic events can be assessed by measuring the tissue concentration of important metabolites 
and directly relate to cell health/death, and also correlate with directly measured IMpH levels. 
2. Muscles composed of different proportions of fast-twitch and slow-twitch muscle fibres may be more or less 
susceptible to ischemia depending upon their composition and may provide some insight as to why some muscle groups 
are more prone to cell death and subsequent contracture. 
 
Aims:  Using an animal muscle model of progressive ischemia ending in cell death (and not specifically a model of 
compartment syndrome); 
1 To measure biochemically, a number of important metabolites that are recognised to directly influence cell health, over 
time.   
Pyruvate and glucose-6-phosphate have key roles in the oxidative phosphorylation (aerobic) pathway, and lactate is 
produced as a by-product of the glycolytic (anaerobic) pathway. Both pathways result in the formation of the major high 
energy molecules, Adenosine tri-phosphate (ATP) and phosphocreatine (PCr), that are required to power all energy 
requiring skeletal muscle cell activities. 
Adenosine di-phosphate (ADP) and especially Adenosine mono-phosphate (AMP) muscle tissue concentrations are 
indicative of end stage ischemia. 
2 To assess the proportion and pattern of muscle cell health/death histologically, over time. 
A combination of functional histology (living/dead cell dyes) combined with observed structural cellular changes (H&E 
staining), and both interpreted in relation to the proportion and distribution of muscle fibre type (immunohistochemistry) 
will provide detailed information cellular susceptibility to ischemia. 
3 To directly measured muscle tissue pH using an indwelling pH probe, over time. 
The potential for this objective method to assess the balance between aerobic and anaerobic respiration could provide 
clinicians with an easy to use diagnostic and monitoring tool that could effectively omit the need to measure the 
concentrations of the key metabolites listed above. 
4 To compare and, where appropriate, correlate the findings of aims 1, 2 and 3. 
This will be the first study of its type to define cell health/death histologically and to correlate this to the tissue 
concentration of key biochemical markers of metabolism that could be used to indicate tissue health/death, and ultimately 
to assess the potential of a new objective measure, tissue pH, to act as a real-time measure of cell health/death since it 
could effectively measure the balance between aerobic and anaerobic respiration. 
 
B. BACKGROUND & SIGNIFICANCE (not to exceed 400 words) 
Accurately diagnosing trauma-induced acute compartment syndrome (ACS) remains the crux to timely surgical 
intervention, subsequent treatments and ultimately the long-term outcome for patients1,2. As ever, making the diagnosis 
remains difficult and despite recent research into other possible diagnostic methods, the current main stays (the ‘gold 
standards’) for diagnosing ACS remain regular clinical assessment and intracompartmental pressure monitoring (ICP)1,3-6. 
Unfortunately, clinical assessment is very subjective, and clinicians’ opinions vary considerably3. In particular, clinical 
assessment remains hampered by the main clinical symptom, pain, the severity of which is difficult to judge after an acute 
injury especially in children or in multiply injured patients, and clearly is impossible to assess in unconscious patients.  By 
comparison, ICP is an objective measure of localized tissue swelling that results in a pressure change within a muscle 
compartment. However, considerable debate remains about the type of pressure monitoring equipment1,7,8 that should be 
used, but more importantly, the pressure criteria that should be used to diagnose ACS 1,4,6,8-10. Therefore, it is not surprising 
that many traumatologists remain skeptical about the real value of routine ICP monitoring3.  But why, after considerable 
research, have we failed to accurately define the diagnostic pressure criteria?  The answer is relatively straightforward if 
we focus upon the underlying process that gives rise to ACS; namely progressive muscle ischemia. Although pressure 



 
changes within a muscle compartment influence ACS, pressure is only one factor contributing to ischemia. Since ICP cannot 
quantify the extent of the traumatic muscle injury present or compensate for differences (individual tolerances) that 
clearly exists between individuals and directly influence the extent of muscle ischemia present, ICP monitoring is at best a 
surrogate marker for ACS1. Therefore, ICP will never be able to give us a true picture of the extent of ischemia present.   
 
Understandably, there has been considerable interest in new technologies to complete the ‘ischemic picture’ of which 
Near Infrared Spectroscopy (NIRS) has looked particularly promising. However, researchers have had mixed experiences 
with NIRS and it is clear that another method(s) are required to provide real-time information about the extent of muscle 
ischemia possibly leading to ACS11,12. Only by doing so, will it be possible to anticipate which patients are developing ACS, 
and, in late presentations of ACS, which patients have sufficient tissue that is potentially still salvageable without inviting 
an unacceptable risk of systemic complications associated with limb reperfusion in the presence of significant muscle 
necrosis. 
 
 
C. PREVIOUS WORK DONE ON THE PROJECT (Not to exceed 400 words) 
Research undertaken in our unit has highlighted the very real potential for continuous intramuscular pH monitoring (IMpH) 
to be able to resolve the ACS diagnostic conundrum, as well as other causes of ischemia13,14. We have already undertaken a 
clinical prospective cohort study comparing the current, but suboptimal, ‘gold standard’ diagnostic methods of regular 
clinical assessment and continuous ICP, with continuous IMpH measurements13. Although clinicians were blinded to the 
IMpH readings, and the IMpH findings were examined retrospectively in light of the acute clinical and ICP findings by which 
clinical decisions were made, our research demonstrated that IMpH would have been much better at diagnosing ACS 
compared with the other two methods, resulting in a significantly earlier time to diagnosis (approximately of 2.5 hours 
earlier). In addition, IMpH would have correctly diagnosed an additional 35% of patients who at long-term follow up (1-
year post-injury) had clearly sustained an undiagnosed ACS that was not detected acutely using either of the current gold 
standard methods. 
 
In addition to our clinical study, we have also undertaken a limited laboratory study using fresh animal muscle, whereby 
IMpH readings were correlated to the intramuscular concentrations of key metabolites including; lactate, pyruvate, 
glucose-6-phosphate, phosphocreatine (PCr) and adenosine triphosphate (ATP)15.  IMpH readings correlated well with the 
breakdown of key energy metabolites and the production of lactate (Figure 1)16. Although since this study lacked 
histological evidence of cell survival/death, we were unable to identify the key pH or metabolite related thresholds that 
related to varying degrees of cell health/irreversible cell injury and ultimately cell death. Nor did our study address which 
cells types (Fast twitch or Slow twitch muscle fibres) deteriorated/died first and at what pH thresholds.   
 
Therefore, further research is required to investigate the links between continuous IMpH monitoring, key metabolic events 
and the histological findings that confirm the presence of severe ischemia leading to cell death, or better still, anticipate 
the progressive development of ischemia that will ultimately result in cell death.  The basic science research project 
proposed below will investigate these relationships in detail and will add to the pool of knowledge available to help 
researchers to design truly useful future clinical studies and RCTs to address the timely diagnosis of ACS, perhaps using 
IMpH or other biomarkers, aimed at optimizing the time of treatment, or in the case of late presentations of ACS, to decide 
whether or not fasciotomy is appropriate. 
 
 
D. METHOD (not to exceed 1200 words and 4 pages) 

 
Note:  The model to be used will be a model of progressive skeletal muscle ischemia that we have experience with, and not 
a specific model of compartment syndrome.  Since compartment syndrome is predominantly a variant of progressive 
muscle ischemia, we feel that the model described below is relevant given our aims, research experience, and the finance 
that is available to undertake this project. 
 
Animal model:   
A recently sacrificed rat muscle model will be used providing fresh gluteus maximus muscle (bilateral) specimens from 20 



 
rats will be used, the number being based on a power calculation that assumes a pH change of 0.3 pH units, an alpha 
(false-positive rate) 0.01 and a Beta (false negative rate) of 0.15.  Each rat will be kept moist and humidified at 37˚C using a 
thermostatically controlled incubator. A modern and highly accurate glass pH probe will be inserted into one gluteus 
muscle to give a continuous pH reading along with a highly sensitive tissue thermometer. The contralateral muscle will be 
the source of the biopsy specimens. Based on our previous research we have undertaken, (i) baseline biopsies, (ii) further 
biopsies when the continuous pH recordings decline by 0.1 of a pH unit (usually observed within the initial 15-30 minutes 
depending individual variation). (iii) thereafter at 30-minute intervals up to a total of 3 hours, during which pH changes 
occur less rapidly and ultimately plateau. At these time points, two small muscle biopsies will be removed from the 
contralateral limb 
 
Biochemical analyses: 
Each muscle biopsy specimen will be divided into two ,with one sample immediately SNAP frozen and stored at -80˚C prior 
to freeze drying. Subsequently, these biopsy specimens will be freeze dried prior to being powdered and then 
deproteinised in perchloric acid containing EDTA. After centrifuging, the supernatant will be analysed for Lactate, Pyruvate, 
Glucose-6-phosphate, Phosphocreatine, Adenosine tri-phosphate, Adenosine di-phosphate and Adenosine mono-
phosphate using methods as previously described17,18. 
 
Advanced histology: 
The remaining half of the biopsy will initially be stored fresh at 4˚C in a refrigerator in a 24-well plate containing ‘Vitality 
dyes’ for between 4 to 6 hours and then SNAP frozen immediately in isopentane before sectioning and mounting. The 
proportion of living and dead cells will be assessed using immunofluorescent histochemistry. In addition, representative 
sections will be thawed and prepared in wax for H&E staining, and others mounted in TissueTek for immunohistochemical 
staining to determine muscle cell type.  Some of these sections of Histological specimens will be assessed for the 
proportion of living and dead cells present at baseline and at the pH that corresponds, and subsequent slices will be 
assessed by further immunohistochemical staining to identify muscle fibre type and distribution.  
 
Analyses of data: 
All timed biochemical and histological results and pH readings will be analysed using 3rd or 4th order polynomial that 
models the change in pH over time or metabolite as a function of pH to determine the highest and lowest rate of change.  
Based on the assumptions of normality of distribution and variance characteristics standard parametric statistical methods 
and correlations to assess the majority of the data will be applied to the data. 
 
Summary of proposed project:   
Through this animal tissue study, it should be possible to confirm the biochemical profile of muscle tissue with progressive 
ischaemia ultimately resulting in cell death and relate this to the proportion of living to dead cells assessed histologically 
and their distribution according to muscle fibre type.  In addition, we will be able to assess the efficacy of the indwelling pH 
probe to directly measure pH comparing it to calculated pH using the aerobic-anaerobic equation first described by Sahlin, 
that is based upon tissue concentrations of pyruvate and lactate. 
We anticipate that the results of this research will provide essential background information about likely important 
biochemical markers and real-time pH levels when designing future clinical studies and RCTs for acute compartment 
syndrome and other forms of progressive muscle ischemia. 
 
All of this research will be undertaken at the University of Aberdeen, Scotland. 
 
NOTE: To undertake the project, the PI has access to additional funding to bridge the gap between the maximum value of 
the OTA grant ($30,000). And the total cost of the project ($33,840).  The additional sum will cover the majority of the 
consumable costs for the project. 
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FIGURES (if figures added outside of the text pages – not to exceed 1 page) 
 
 

Figure 1: Correlation of directly measured intramuscular pH versus calculated tissue pH using the 
Aerobic/Anaerobic equation in an ischemic mammalian animal model 
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