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Abstract

Purpose Diagnosis of compartment syndrome remains challenging, as intracompartmental pressure (ICP)
monitoring measures mechanical pressure rather than tissue perfusion. Near-infrared spectroscopy (NIRS) enables
non-invasive, continuous assessment of tissue oxygen saturation (StO,), potentially identifying ischemia earlier.
However, its diagnostic accuracy remains uncertain.

Methods Following PRISMA-ScR guidelines, PubMed, EMBASE, Cochrane Library, ClinicalTrials.gov, and WHO-ICTRP
were searched to April 2025 for studies evaluating NIRS in acute (ACS) or chronic exertional (CECS) compartment
syndrome. Data on diagnostic accuracy, device protocols, and patient characteristics were extracted. Studies
reporting comparable StO, data in CECS and controls were pooled using a random-effects meta-analysis.

Results Twenty-three studies (n=1000) were included. In ACS, some demonstrated strong correlation with
perfusion pressure and post-fasciotomy StO, recovery, while others found poor agreement with ICP or no diagnostic
discrimination. There was heterogeneity in device type, patient demographics (particularly skin pigmentation), and
protocols. In CECS, pooled analysis showed lower baseline StO, (mean difference —3.4%, 95% Cl —6.2 to —0.7) and
greater exercise-induced deoxygenation (+ 15.0%, 95% Cl 0.4-29.7) versus controls.

Conclusion NIRS provides a physiologically relevant but technically variable indicator of compartmental perfusion,
which may complement, but not replace, ICP monitoring for compartment syndrome. The results presented

are hypothesis-generating and require prospective trials with standardised protocols, inclusive calibration, and
prospective validation before clinical adoption of NIRS.
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Introduction

Compartment syndrome occurs when pressure within a
closed fascial compartment exceeds capillary perfusion
pressure, leading to ischemia and potentially irreversible
tissue necrosis [1]. Acute compartment syndrome (ACS)
is a surgical emergency that often follows fractures, crush
injuries, or reperfusion after ischemia. Prompt diagnosis
and fasciotomy are critical to prevent irreversible dam-
age, limb loss, or death [2]. Clinically, ACS presents early
with tense swelling and pain out of proportion to the
injury, particularly on passive stretch. Paralysis and pulse-
less are late findings [3]. However, the early signs require
a communicative, alert patient, complicating diagnosis in
sedated, intubated, or non-verbal patients [4].

Chronic exertional compartment syndrome (CECS),
is a reversible ischemic disorder triggered by repetitive
exercise, commonly affecting the lower limbs of young
athletes and military personnel [5]. Diagnosis relies on
symptom reproduction during exertion, supported by
intracompartmental pressure (ICP) testing.

ICP monitoring remains the conventional objec-
tive adjunct in both ACS and CECS. Diagnostic thresh-
olds typically include an absolute ICP>40 mmHg
or a differential pressure (AP =diastolic blood pres-
sure - ICP) <30 mmHg [6]. However, ICP measurement
is invasive, painful, and prone to variability in technique
and threshold definition [7]. Although sensitive, ICP is
not specific, as pressures may be elevated due to edema
or swelling even when perfusion is adequate, occasionally
leading to unnecessary fasciotomy [2].

Regional oximetry using near-infrared spectroscopy
(NIRS) offers a non-invasive method for assessing tissue
oxygenation within the affected compartment. Based on
the Beer—Lambert law, NIRS emits near-infrared light
into tissue and quantifies oxygenated versus deoxygen-
ated haemoglobin to calculate tissue oxygen saturation
(StO,) [8]. Because both ACS and CECS involve com-
promised oxygen delivery, NIRS provides a direct physi-
ological indicator of perfusion rather than a mechanical
surrogate of pressure [9]. Crucially, NIRS can be used
in sedated or non-verbal patients or in paediatric set-
tings and provides continuous monitoring, features that
enhance its potential role as an adjunct or early warning
system [4]. Over the past two decades, studies in animal
models, healthy volunteers, and patients with acute or
chronic compartment syndromes have explored NIRS for
diagnosis, monitoring, and postoperative evaluation [2,
9l.

This scoping review systematically maps the available
evidence on the use of NIRS-based regional oximetry for
diagnosing acute and chronic compartment syndrome. It
compares diagnostic performance with ICP monitoring,
highlights its utility in non-verbal patients and paediat-
ric settings, and identifies current methodological gaps
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to guide future clinical research and potential guideline
integration.

Methods

This scoping review was conducted to systematically
evaluate the incidence, mechanisms, and outcomes of
“Regional Oximetry in Diagnosing Compartment Syn-
drome” The methodology adhered to the PRISMA-ScR
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Extension for Scoping Reviews) guide-
lines, which provide a structured framework for explor-
ing broad research questions and identifying gaps in the
literature [10].

Inclusion and exclusion criteria

We included any study or report (clinical trials, observa-
tional studies, case series, case reports, and experimen-
tal laboratory studies) that evaluated the use of regional
oximetry (e.g. near-infrared spectroscopy-based tissue
oxygen saturation monitoring) for diagnosing or detect-
ing compartment syndrome in any anatomic location.
Both acute compartment syndrome (typically post-trau-
matic or postoperative) and chronic exertional compart-
ment syndrome were included. No age restrictions were
imposed. Excluded studies included conference abstracts,
pre-clinical studies (e.g. animal models or cadaveric stud-
ies), and publications not in English.

A thorough search was conducted in the Cochrane
Library, PubMed, EMBASE and ClinicalTrials.gov and
World Health Organization International Clinical Trials
Registry Platform (WHO-ICTRP) from their inception
to April 30, 2025. To identify relevant literature, key-
words included: “compartment syndrome,” “acute com-
partment syndrome,” “chronic exertional compartment
syndrome,” “compartment pressure,” “near-infrared spec-
troscopy,” “tissue oximetry,” and “regional oxygen satura-
tion” The search for PubMed was: (((acute compartment
syndrome) OR (compartment pressure)) OR (“Com-
partment Syndromes”’[Mesh] OR “Chronic Exertional
Compartment Syndrome”[Mesh])) AND ((((near-infra-
red spectroscopy) OR (tissue oximetry)) OR (regional
oxygen saturation)) OR ((“Oxygen Saturation”’[Mesh])
OR (“Oximetry”’[Mesh] OR “Blood Gas Monitoring,
Transcutaneous”’[Mesh]))). Reference lists of retrieved
articles and prior reviews were also screened for addi-
tional sources.

Two independent reviewers screened titles and
abstracts of retrieved articles against the inclusion and
exclusion criteria. Full texts were then evaluated to con-
firm relevance. Discrepancies in study inclusion were
resolved through consensus or consultation with a third
reviewer to minimise bias. A PRISMA flow diagram
summarising the study selection process was prepared

(Fig. 1).
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Fig. 1 PRISMA flow diagram of studies

Key data extracted included study design, population
characteristics (e.g. age, ethnicity, sex), details of the
oximetry method (device used, placement of sensors),
reference standard for compartment syndrome diagnosis
(e.g. clinical criteria, intracompartmental pressure mea-
surements, surgical findings), and main outcomes regard-
ing diagnostic effectiveness (such as sensitivity/specificity

of near-infrared spectroscopy, oxygenation thresholds
identified, time course of changes, etc.).

Given the scoping nature of the review, formal quality
appraisal of studies was not undertaken; instead, results
are summarised broadly to map the state of evidence.
We further noted differences between acute and chronic
compartment syndrome contexts. We also specifically
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noted any findings or commentary on use in sedated/
unresponsive patients.

Exploratory quantitative synthesis

Quantitative data that were directly comparable across
studies were identified and extracted for pooled anal-
ysis. Eligible studies reported mean and standard
deviation (SD) values for near-infrared spectroscopy
(NIRS)-derived tissue oxygen saturation (StO,) in both
chronic exertional compartment syndrome (CECS) and
asymptomatic control groups. Formal subgroup meta-
analysis between ACS and CECS populations was not
feasible due to limitations and heterogeneity within the
data. Three parameters were selected: (1) relative change
in StO, (percentage decline from baseline to peak exer-
cise), (2) absolute change in StO, (percentage-point dif-
ference between baseline and minimum values), and (3)
baseline (resting) StO, prior to exercise, based on hav-
ing at least three studies that measured the same out-
come within a comparably defined CS and control group.
Meta-analyses were conducted using R (v4.5.1, ‘metafor’
package). For continuous variables, mean differences
(MDs) with corresponding 95% confidence intervals (Cls)
were calculated. Studies were weighted using the inverse-
variance method, and pooled effect sizes were generated
under both common-effect (fixed) and random-effects
models to account for between-study variability. Sta-
tistical heterogeneity was assessed using Cochran’s Q
test [11] and Higgins and Thompson’s I? statistic [12],
with>75% interpreted as high heterogeneity [13]. Given
the small number of studies, the random-effects model
was used preferentially to provide a more conservative
estimate of variance. A 95% CI crossing zero was consid-
ered statistically non-significant. Significance was set at
p<0.05.

Results

Search results

A total of 410 studies were identified in the original
search. After de-duplication, 349 studies were identified
for title and abstract screening and 308 were excluded,
leaving 41 studies for full-text screening. Based on the
inclusion and exclusion criteria, 23 studies were included
for final analysis (Table 1). Of these, four were included
for a meta-analysis. Publication dates ranged from 1997
to 2023. The mean and median year of publication was
2011. The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) flow diagram is
indicated in Fig. 1.

Of the included studies, six were prospective cohort
studies, five were cross-sectional studies, two were case
series, two were case reports, three were case—control
studies, and five were experimental studies involving
human subjects.

(2026) 21:227

Page 4 of 12

Patient demographics

A total of 1000 patients were included. Of these, 303
had confirmed diagnosis of compartment syndrome. In
studies involving such cases, the rest of the patient pop-
ulation served as controls (either non-compartment syn-
drome related pain or healthy controls), often age or sex
matched [14, 15]. Some studies included groups at risk
of compartment syndrome but without confirmed diag-
nosis [16, 17]. When reported, compartment syndrome
typically presented unilaterally. One study reported
exclusively bilateral cases [18], while another described a
minority of bilateral cases [14]. In studies including sin-
gle series of unilateral compartment syndrome patients,
a non-affected limb was used as an internal control. Fif-
teen studies focused on acute compartment syndrome
(ACS) while eight studies investigated chronic exertional
compartment syndrome (CECS). One study investigated
chronic forms in type 1 diabetic patients [19]. Some
studies simulated ACS using healthy human volunteers
[20-23] either with prolonged application of a tourniquet
or pressure cuff around the limb. One study simulated
CECS using healthy volunteers [24].

Most investigated patients were male (58%) and adults.
Mean age in most included studies ranged from 23 to
43 years. Of the CECS patients, a significant portion were
in the military and young. Conversely, the single case
studies of ACS or CECS differed in their patient popu-
lations. There were two pediatric cases of ACS: single
case in a 1-month-old with Trisomy 21 [25], and a sin-
gle 15-year-old male [26]. One case series involved two
patients, aged 45 and 87 [27].

There was marked heterogeneity in the ethnic com-
position of the included studies. Ethnicity or race was
reported in seven studies, within which 41% of partici-
pants were Black, 51% were White, 4% were Hispanic,
and 2% were Asian. One additional study reported only
skin pigmentation rather than race, describing 60% of
patients as having light pigmentation, 16% as medium,
and 16% as dark, with 14% unrecorded [17]. Three stud-
ies excluded Black or “dark-skinned” participants due to
known inaccuracies of regional oximetry in individuals
with highly melanised skin [15, 18, 28]. Across studies,
the influence of skin pigmentation on regional oximetry
accuracy was not reported consistently.

Studies were categorised based on patient alertness.
Most involved alert participants, typically patients with
chronic exertional compartment syndrome who could
report pain or discomfort during exercise [15, 18-24,
27-31]. The remaining ten studies examined non-alert
patients unable to consciously report pain; this was most
often in trauma, critical-care, or paediatric settings,
where objective measurements were required because of
altered consciousness or non-verbal status [14, 16, 17, 25,
26, 32-36].
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Table 1 Characteristics of included studies investigating regional oximetry in compartment syndrome
Author Year Study Samplesize ACS/CECS Ethnicity  Location of Timing of moni- How in- NIRS
type (M/F) NIRS probe toring (pre/intra/ creased ICP  sensor
post op), rest/ was induced
exercise
Mohler et al. 1997 Case- 28 CECS - Over the tibialis  Before, during, Isokinetic Run-Man
control anterior muscle and ten minutes  exercise NIRS spec-
study after exercise protocol trometer
Breitetal. 1997  Cross- 10 (7 M/3F)  CECS - Over the tibialis  During inflation of ~ Applying Run-Man
section- anterior muscle  the cuff, 14-min external NIRS spec-
al study of cyclicisokinetic compression trometer
dorsiflexionand  through a
plantar flexion of ~ wide inflat-
the ankle able cuff
Giannotti et al. 2000 Case- 42 ACS - All four leg Pre-and Traumaand  Biospec-
control compartments  post-fasciotomy injury trometer-NB
study Oximeter
Gentilello et al. 2001  Experi- 15(7 M/8F)  ACS - Over the tibialis At 30-min Induced calf  Biospec-
mental anterior muscle  intervals while compression  trometer-NB
trial compression was  model Oximeter
increased
van den Brand 2004 Pro- 21 CECS Caucasian  Over the tibialis  Every3.5s Exercise InSpectra
etal. spec- anterior muscle  throughout the protocol tissue spec-
tive entire protocol trometer
cohort
study
van den Brand 2005  Pro- 50 (42 M/8F) CECS Not Over the tibialis  Pre-and Clinical InSpectra
etal. spec- explicitly anterior muscle  post-fasciotomy  suspicion of  tissue spec-
tive reported. CECS trometer
cohort But one pa-
study tient's NIRS
data could
not be reg-
istered due
to adark
skin tone
Tobias and 2007 Case 1 ACS - Pre-and Post-surgery  INVOS
Hoernschemeyer report post-fasciotomy oximeter
Arato et al. 2009 Cross- 16 (12 M/4F)  ACS - Second post-op Surgery InSpectra
section- day tissue spec-
al study trometer
Shuler et al. 2010  Pro- 14 (14 M/OF)  ACS 8 Black, 4 All four leg Within one hour Lower INVOS
spec- White, 1 compartments  after the clinical extremity oximeter
tive Hispanic, 1 diagnosis of the trauma
cohort Asian compartment
study syndrome had
been determined
clinically
Shuler et al. 2011 Case 3 (3 M/OF) ACS Caucasian, Pre-and post-op  Trauma INVOS
series Hispanic, oximeter
Asian
Sanchez de 2011 Case 1 (1 M/OF) ACS White Post-surgery  INVOS
Toledo et al. report oximeter
Bariteau et al. 2011 pro- 7 (6 M/1F) ACS - All four leg Pre-op Trauma InSpectra
spec- compartments tissue spec-
tive trometer
cohort
study
Zhang et al. 2012 Cross- 176 CECS - Over the tibialis  Before, during, Exercise Run-Man
section- (73 M/103F) anterior muscle  and after exercise  protocol NIRS spec-
al study trometer
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Table 1 (continued)
Author Year Study Samplesize ACS/CECS Ethnicity  Location of Timing of moni- How in- NIRS
type (M/F) NIRS probe toring (pre/intra/ creased ICP  sensor
post op), rest/ was induced
exercise
Leeetal 2013 Experi- 15 ACS - Over the tibialis  Before and during  External INVOS
mental anterior muscle  the protocol compression  oximeter
study in a chamber
(simula-
tion
model)
Reisman et al. 2013 Experi- 20 (14 M/6F) ACS 14 White, Over the tibialis  Before and during  Tourniquet INVOS
mental 3 Black, 2 anterior muscle  the protocol oximeter
study Asian, 1
Hispanic
Rennerfelt et al. 2016 Cross- 159 CECS - Over the tibialis  Before, during, Induced by InSpectra
section- (76 M/83F) anterior muscle and after exercise  exercise tissue spec-
al study trometer
Challa et al. 2017  Experi- 8 (5 M/3F) ACS - Over the tibialis  During the An external CareGuide-
mental anterior muscle  protocol pneumatic NIRS-pH
study leg pressure
chamber
Gustafssonetal. 2017 Experi- 40 CECS - Over the tibialis  Before, during, Thigh arterial  InSpectra
mental (19 M/21F) anterior muscle and after the cuff occlu- tissue spec-
study protocol sion and trometer
treadmill
running
Shuler et al. 2018  pro- 109 ACS Black, All four leg Upto48h High-energy  Equanox
spec- (88 M/21F) White, compartments trauma oximeter
tive Hispanic
Cohort
study
Schmidt et al. 2018  Pro- 185 ACS light, Over the tibialis  Between 24 Lower-leg Equanox
spec- medium, anterior muscle and 72 h of data injuries oximeter
tive and dark collection
cohort pigmenta-
study tion
Aedo-Martinetal. 2019 Case 2 (1 M/1F) ACS - Before and after Traumaand  INVOS
series surgery spontaneous oximeter
occuring
Jagadeesanetal. 2022 Cross- 30 ACS - All four leg For three days Trauma A custom
section- compartments  from admission device de-
al study veloped at
KJ. Hospital
Tonning et al. 2023 Case- 48 CECS - All four leg Before, during, Treadmill Portamon
control (28 M/20F) compartments  and after the exercise
study protocol protocol

Criteria for compartment syndrome diagnosis and
treatment
There was substantial heterogeneity in the minimum
intracompartmental pressure thresholds used for diag-
nosis of compartment syndrome. Reported criteria var-
ied depending on whether (1) the condition was acute or
chronic and (2) absolute or differential (perfusion) pres-
sure was used.

For CECS, the lowest diagnostic thresholds reported
were 15 mmHg at rest, >30 mmHg one minute post-exer-
cise, and >20 mmHg five minutes post-exercise [19, 29].

For ACS, absolute pressure thresholds were gener-

ally higher and often assessed relative to systemic blood
pressure. Most studies adopted a fasciotomy threshold
between 30 and 45 mmHg, consistent with current clini-
cal consensus. Aedo-Martin et al. identified 30 mmHg as
the most widely accepted absolute criterion [27]. In one
study, the two patients who developed ACS and under-
went emergency fasciotomy had intracompartmental
pressures of 32 mmHg and 34 mmHg [16]. Another study
defined an absolute threshold of>40 mmHg for fasciot-
omy in revascularisation patients [32].
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Conversely, several studies recommended decompres-
sion in equivocal cases when the differential pressure fell
below 30 mmHg, while others proposed more stringent
thresholds of <20 mmHg for impending ischaemia [36]
and 10 mmHg as a critical cutoff [34].

Device characteristics and measurement protocols

The included studies employed a variety of near-infrared
spectroscopy (NIRS)-based regional oximetry devices
to assess their ability to detect or predict compartment
syndrome. These systems aimed to determine whether
reductions in tissue oxygen saturation could serve as a
diagnostic surrogate for elevated intracompartmental
pressures. Devices used included the INVOS oximeter (7
studies), InSpectra tissue spectrometer (6 studies), Run-
Man NIRS spectrometer (3 studies), Biospectrometer-NB
Oximeter (2 studies), Equanox oximeter (2 studies), Por-
tamon (1 study) [15], CareGuideNIRS-pH (1 study) [20],
and a custom device developed at K.J. Hospital (1 study)
[16]. Considerable variation existed across studies in sen-
sor placement, wavelength range, calibration methods,
and output interpretation.

In most included studies, the lower leg was the pri-
mary region investigated. The NIRS probe was typically
positioned over the mid-portion of the anterior compart-
ment, directly overlying the tibialis anterior muscle [14,
16, 17, 19, 22—24, 29-31, 36]. In these studies, the intra-
muscular pressure (IMP) catheter was generally inserted
into the same compartment to allow for direct compari-
son between local tissue oxygenation and ICP.

Other studies evaluated all four compartments (ante-
rior, lateral, superficial posterior, and deep posterior) of
the injured and contralateral control leg by placing sen-
sors over the mid-portion of each muscle belly [14-16,
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33, 34, 36]. NIRS-derived tissue oxygenation values were
generally obtained from a depth of 2-3 cm beneath the
skin surface, corresponding to the muscle region directly
below the sensor [14, 16, 17, 23, 24, 29, 32-34, 36].

To establish a hyperaemic response or baseline perfu-
sion level, several studies placed additional NIRS sensors
on uninjured limbs or remote anatomical sites, including
the volar forearm, deltoid, thigh, and instep of the foot
[14, 19, 20, 27, 36]. However, some authors cautioned
against using the deltoid muscle as a control site due to
the high variability in readings observed across patients
[14].

Diagnostic accuracy and thresholds
The reported sensitivity and specificity of NIRS varied
substantially across studies, influenced by the type of
compartment syndrome investigated (acute vs. chronic),
the diagnostic cutoff thresholds applied, and whether the
study design was clinical or simulation-based (Table 2).
Near-infrared spectroscopy (NIRS) demonstrated a
consistent and physiologically meaningful correlation
with tissue ischemia across both simulated and clinical
models of compartment syndrome. Unlike ICP moni-
toring, NIRS directly measures tissue oxygenation, pro-
viding an immediate indicator of cellular hypoxia [36].
In a study investigating simulated ACS, NIRS detected
ischemia-induced neuromuscular blockade with greater
sensitivity than ICP, confirming its capacity to identify
critical reductions in tissue perfusion before irreversible
damage occurred [21]. In clinical settings, NIRS values
demonstrated a strong positive correlation with the com-
partmental perfusion, with reported correlation coeffi-
cients as high as r=0.82 in patients with established ACS
[34]; others have suggested that NIRS serves as a valuable

Table 2 Diagnostic accuracy of near-infrared spectroscopy (NIRS) for detecting compartment syndrome across included studies

References Condition Threshold/Metric Sensitivity Specificity Key finding
Gentilello et Simulated ACS StO, vs. Perfusion Pres- 85% 83% NIRS had higher sensitivity than perfusion pressure
al. [21] sure (PP) (for detect- for detecting ischemia defined by nerve conduc-
ing>50% ischaemia) tion studies
vandenBrand CECS StO, <50% or<55% at 78% 67% Sensitivity was found to be comparable to Intra-
etal. [28] peak exercise compartmental Pressure (ICP) measurements (77%)
vandenBrand CECS >35% decrease in StO,  85% 67% Sensitivity was found to be comparable to
etal [18] from baseline Intracompartmental Pressure (ICP) measurements
reported in van den Brand et al. (2004)
Leeetal. [22] Simulated ACS Differentiating normal 65% 65% NIRS was a slightly less accurate predictor com-
(ICP bench- from elevated IMP (> 30 pared to the co-tested PPLL technique (AUC 0.68
mark>30 mmHg mmHg) vs. 0.78)
Rennerfelt et CECS T90 (time for StO, to 38% 50% Measures based on reoxygenation time also pro-
al. [30] reach 90% of base- vided low sensitivity and specificity for diagnosis
line)=30s
Zhang et al. CACS R90=>30 s (reoxygenation 60% 45% The magnitude of intramuscular deoxygenation
[31] time) was found to be an unreliable measure for CACS

Summary of key studies assessing the diagnostic accuracy of NIRS in acute (ACS) and chronic exertional compartment syndrome (CECS). Reported parameters
include diagnostic thresholds (e.g., StO, or reoxygenation indices), sensitivity, specificity, and main findings. ACS, acute compartment syndrome; CECS, chronic
exertional compartment syndrome; CACS, chronic anterior compartment syndrome; ICP, intracompartmental pressure; IMP, intramuscular pressure; PP, perfusion
pressure; StO,, tissue oxygen saturation; T90, time to 90% StO, recovery; R90, reoxygenation time; PPLL, partial pressure laser line; AUC, area under the curve
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adjunct to ICP monitoring in non-verbal patients, such
as infants as young as one month old [25]. NIRS demon-
strated similar sensitivity to ICP in detecting ACS [18,
28]. Similarly, controlled models of ACS revealed that
StO, remained stable until perfusion pressure declined
below approximately 10 mm Hg, after which tissue oxy-
genation dropped precipitously [14, 23, 32].

Several studies also identified characteristic diagnostic
patterns. Shuler et al. (2018) and Jagadeesan et al. (2022)
reported that the loss of the normal hyperaemic gradi-
ent, defined as when the NIRS readings in the injured
limb are typically>3% higher than the contralateral side,
was a sensitive early indicator of evolving ACS [16, 36].
In all seven patients with confirmed ACS, at least one
compartment demonstrated NIRS values >3% lower than
the uninjured contralateral compartment, suggesting that
relative inter-limb comparisons may provide a practical
bedside surveillance tool [36].

Post-fasciotomy measurements further validated the
physiological relevance of NIRS. In both Giannotti et al.
(2000) and Araté et al. (2009), mean StO, increased sig-
nificantly following fasciotomy, confirming that NIRS
accurately reflects restoration of tissue perfusion [14, 32].

Studies reporting limited or no correlation between nirs
and diagnostic criteria

Despite these promising findings, technical limitations
were evident in acute trauma monitoring. Schmidt et
al. (2018) demonstrated that continuous NIRS record-
ing yielded substantially less complete and reliable data
than ICP monitoring (median 31.6% vs. 87.4% valid data
capture), with measurement artefacts attributed to hema-
toma, wound contamination, and sensor displacement
[17].

Bariteau et al. found no significant relationship between
StO, and either absolute or differential compartment
pressures in ACS, concluding that NIRS could not reli-
ably substitute for pressure monitoring [33]. In Zhang et
al., the magnitude of intramuscular deoxygenation dur-
ing exercise did not differ significantly between chronic
anterior compartment syndrome (CACS) patients and
controls [31]. Similarly, Rennerfelt et al. observed mini-
mal differences in peak-exercise StO, and no correlation
between perfusion pressure and reoxygenation times,
suggesting limited diagnostic value [30]. Tenning et al.
reported no association between StO, changes and pain
severity or exercise-induced leg-pain scores, with simi-
lar peak-exercise StO, in CECS and control groups [15].
In Gustafsson et al., relative deoxygenation and recovery
rates did not differ significantly between non-diabetic
CECS patients and healthy participants [19]. Even in oth-
erwise supportive studies, such as Giannotti et al., some
confirmed ACS cases exhibited StO, values comparable
to the contralateral limb. This potential insensitivity led
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the authors to caution that NIRS alone may be insuffi-
cient to guide fasciotomy decisions [14].

Quantitative synthesis of tissue oxygenation in
compartment syndrome

A quantitative synthesis was performed using stud-
ies that reported NIRS-derived tissue oxygen saturation
(StO,) in CECS cohorts with appropriate control data.
Three key parameters were pooled across eligible stud-
ies: (1) relative change in StO, between baseline and peak
exercise, (2) absolute change in StO, (percentage-point
difference), and (3) baseline (resting) StO, prior to exer-
cise (Fig. 2).

Relative change in StO, (percentage drop from baseline)
CECS limbs exhibited a greater relative decline in StO,
during exercise compared with controls (pooled mean
difference= +18.0%, 95% CI -3.8 to 39.9; I*=90%,
p<0.01). Although the direction of effect was consistent,
the confidence interval crossed zero, indicating non-sig-
nificance at the 0.05 level. The high heterogeneity likely
reflects methodological variation in NIRS device type,
compartment selection, and exercise protocols. Never-
theless, the overall trend supports the hypothesis that
CECS compartments experience exaggerated exercise-
induced deoxygenation due to impaired microvascular
perfusion.

Absolute change in StO, (percentage-point difference)

When expressed as the absolute numerical fall from
baseline to lowest recorded StO,, CECS patients demon-
strated significantly greater deoxygenation than controls
(pooled mean difference= +15.0%, 95% CI 0.4 to 29.7;
1>=86%, p <0.01). This parameter captures the magnitude
of ischemic decline without normalisation and may offer
a more clinically comparable measure across devices. The
consistent positive mean difference reinforces that NIRS
effectively detects dynamic, exercise-induced hypoxia in
affected compartments.

Baseline StO, (resting tissue oxygenation)

At rest, CECS patients demonstrated significantly lower
StO, compared with controls (pooled mean differ-
ence=—3.4%, 95% CI —6.2 to —0.7; I?=14%). Although
the absolute difference was small, it indicates a subtle but
measurable perfusion deficit preceding exertion, consis-
tent with previously reported elevated resting compart-
ment pressures.

Taken together, the resting, relative, and absolute find-
ings suggest that NIRS can detect physiologically mean-
ingful perfusion differences at rest and during exercise,
though baseline StO, alone lacks diagnostic specificity.
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CSs No CS Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (common) (random)
van den Brand, 2004 20 67.0 240 16 38.0 19.0 i———— 29.00 [ 14.95; 43.05] 26.1% 32.7%
van den Brand, 2005 84 71.0 28.0 6 41.0 17.0 r————— 30.00 [ 15.14; 44.86] 23.4% 32.2%
Tonning, 2023 24 205134 22 237 205 — -3.20 [-13.31; 6.91] 50.5% 35.0%
Common effect model 128 44 <> 12.97 [ 5.79; 20.15] 100.0% .
Random effects model —— —— 18.04 [-3.84; 39.93] 100.0%
Heterogeneity: /2 = 89.9%, v = 329.4691, p < 0.0001 ' T T I

-40 -20 0 20 40
Higher in Control Group Higher in CS Group

CS No CS Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (common) (random)
van den Brand, 2004 20 60.0 25.0 16 35.0 19.0 ——'—— 25.00 [10.62; 39.38] 13.9%  24.3%
van den Brand, 2005 84 61.0 25.0 6 35.0 17.0 ——— 26.00 [11.38; 40.62] 13.5%  24.1%
Tonning, 2023 24 130 86 22 16.0 13.9 = -3.00 [-9.75; 3.75] 63.3%  29.8%
Gustafsson, 2017 11 58.1 21.1 10 41.8 20.1 T+ 16.30 [-1.33; 33.93] 9.3%  21.8%
Common effect model 139 54 < 6.61 [1.24;11.98] 100.0% .
Random effects model — 15.01 [ 0.36; 29.67] 100.0%
Heterogeneity: /2 = 86.4%, ©° = 176.0752, p < 0.0001 I T T I

-40 -20 0 20 40
Higher in Control Group Higher in CS Group

Cs No CS Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (common) (random)
van den Brand, 2004 20 87.011.0 16 91.0 5.0 1 -4.00 [-9.41; 1.41] 26.4%  26.4%
van den Brand, 2005 84 86.0 9.0 6 83.0 9.0 — 3.00 [-4.45;10.45] 13.9% 13.9%
Tonning, 2023 24 643 54 22 688 7.4 —a -4.50 [-8.27;-0.73] 54.2% 54.2%
Gustafsson, 2017 11 693162 10 759 112 ————+—F— -6.60 [-18.43; 5.23] 5.5% 5.5%
Common effect model 139 54 < -3.44 [-6.22; -0.67]  100.0% .
Random effects model > -3.44 [ -6.22; -0.67] 100.0%

[ 1 1

Heterogeneity: /2 = 13.9%, 72 < 0.0001, p = 0.3226
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Fig.2 Forest plots showing pooled mean differences in (1) relative change in tissue oxygen saturation (StO,), (2) absolute change in StO,, and (3) baseline

resting StO, between compartment syndrome (CS) and control groups

Discussion

The fundamental challenge in compartment syndrome
diagnosis is that intracompartmental pressure (ICP),
the current reference standard, measures a mechani-
cal surrogate rather than the physiological endpoint of
clinical concern: tissue ischemia. Our synthesis of 23
studies reveals that near-infrared spectroscopy (NIRS)
directly addresses this limitation by quantifying tissue

oxygenation, the actual determinant of cellular viability.
Across both acute and chronic contexts, affected com-
partments demonstrated a consistent physiological signa-
ture: reduced tissue oxygen saturation (StO,) at baseline
(mean difference —3.4%, 95% CI - 6.2 to —0.7) and exag-
gerated deoxygenation during ischemic stress (absolute
change + 15.0%, 95% CI 0.4 to 29.7). To date, no synthe-
sis has directly compared NIRS diagnostic performance
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across acute and chronic presentations or systematically
evaluated demographic and technical influences on mea-
surement accuracy. This convergence of findings estab-
lishes regional oximetry as a biologically valid method
for detecting compartment-specific perfusion deficits,
though substantial methodological heterogeneity limits
definitive diagnostic thresholds.

In acute settings, NIRS reliably reflected ischemic
changes preceding or coinciding with pressure thresholds
traditionally associated with fasciotomy. Post-decom-
pression increases in StO, validated its responsiveness
to restored perfusion. Collectively, the evidence suggests
that NIRS offers a biologically relevant, non-invasive, and
continuous means of detecting evolving ischemia, with
particular value when clinical assessment or invasive
pressure measurement are impractical.

The relationship between perfusion pressure and tissue
oxygenation aligns with the pathophysiological contin-
uum of compartment syndrome: once capillary perfu-
sion pressure is exceeded by rising intracompartmental
pressure, microvascular collapse and cellular hypoxia
follow. Previous work demonstrated that NIRS could
detect ischemia with greater sensitivity than ICP, a find-
ing corroborated by high observed correlations between
StO, and perfusion gradient [21, 34]. Our pooled data
extend these observations by showing that even small
baseline reductions in StO, precede exertional ischemia
in chronic exertional compartment syndrome (CECS),
consistent with elevated resting pressures and reduced
capillary compliance [29].

Nevertheless, the diagnostic performance (used
descriptively rather than as a formal metric of sensitivity
and specificity) of NIRS across studies remains variable.
Some series found weak or absent correlations with ICP
[30, 33], likely reflecting heterogeneity in device, sensor
positioning, exercise protocols, patient characteristics,
and reference standards. Importantly, the directional-
ity of effect was consistent: compartments affected by
syndrome or experimental ischemia universally showed
lower or more labile StO, compared with controls. This
reinforces the physiological validity of the measurement
even when statistical thresholds were unmet.

The methodological diversity of NIRS studies may
partly explain inconsistent sensitivity and specificity.
Devices differ in wavelength range, algorithmic weight-
ing of arterial versus venous blood, and sampling depth
(1-3 cm). Because light penetration is proportional
to emitter-detector spacing, subcutaneous fat thick-
ness markedly influences accuracy. Studies suggest that
even modest increases in adipose tissue layer thickness
can significantly attenuate NIRS signal [37, 38], and a
layer >4 cm may serve as an exclusion criterion for NIRS
[15]. The technique is thus most reliable in lean or mus-
cular limbs, such as those of athletes or soldiers, which
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likely predominate in CECS cohorts; however, BMI was
rarely reported, and none of the included studies statisti-
cally adjusted for subcutaneous fat thickness. Addition-
ally, the limited penetration depth may fail to capture
perfusion within deeper muscle compartments, particu-
larly the deep posterior compartment of the leg.

In acute trauma, technical artefacts including hema-
toma, wound contamination, and sensor displacement
contribute to data loss [17, 35]. Signal interference from
external light and probe compression further compound
variability. Continuous real-time quality control algo-
rithms and improved fixation systems may mitigate these
issues in future devices.

Only seven of twenty-three studies reported participant
ethnicity. Melanin absorbs near-infrared wavelengths,
reducing transmitted light and leading to underestima-
tion of tissue oxygenation [39]. The studies varied in their
racial demographics and did not stratify or adjust for pig-
mentation. For instance, some studies had majority Black
patients [34, 36], whereas others included exclusively
White patients [18, 28]. The absence of standardised
reporting and calibration across skin tones represents a
critical gap in the evidence base. Age, sex, and anatomical
site may also modulate readings. Most data derive from
young male populations with lower-leg involvement; few
studies assessed thigh, forearm, or upper-limb compart-
ments. Notably, Tobias and Hoernschemeyer demon-
strated successful use of NIRS in a one-month-old infant
with acute compartment syndrome (ACS), suggest-
ing applicability across age ranges if device calibration
accounts for tissue optical differences [25]. These demo-
graphic biases underscore the need for inclusive valida-
tion cohorts before NIRS can be universally endorsed,
while ensuring equitable diagnostic accuracy.

Taken together, the current evidence supports a com-
plementary rather than replacement role for NIRS in
compartment syndrome diagnosis. Continuous monitor-
ing provides a valuable early-warning system, particu-
larly in sedated or obtunded patients where pain-based
clinical signs are absent. Dynamic trends — such as a
progressive decline in StO,>15% from baseline or a>3%
inter-limb difference — appear more informative than
single absolute thresholds. Restoration of StO, after fas-
ciotomy confirms the physiological relevance of these
changes. However, given inter-individual variability and
technological limitations, NIRS should be interpreted
alongside clinical findings and, where feasible, ICP mea-
surement. Its greatest potential lies in guiding the timing
of decompression, identifying evolving ischemia before
irreversible necrosis, and reducing unnecessary fascioto-
mies in equivocal cases. Integration into trauma moni-
toring systems could provide continuous, non-invasive
surveillance in critical care environments.
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The available literature remains limited by small sam-
ple sizes, different patient characteristics, heterogeneous
study designs, and inconsistent reference standards. Few
studies correlate NIRS with definitive surgical findings or
postoperative outcomes. Continuous acquisition reliabil-
ity in acute trauma remains suboptimal, and device cali-
bration across varying tissue compositions has not been
standardised. Although this review followed PRISMA-
ScR methodology to comprehensively map the field,
heterogeneity precluded formal meta-analytic pooling
beyond the CECS subgroup. Moreover, scoping reviews
inherently prioritise breadth over quantitative precision.
The pooled estimates presented here should therefore be
interpreted as hypothesis-generating rather than defini-
tive. Despite these limitations, physiological, experimen-
tal, and early clinical evidence converge in support of
regional oximetry. This indicates that regional oximetry
captures the essential pathophysiology of compartment
syndrome. Structured validation in adequately powered,
multi-centre prospective trials are therefore warranted.
Such trials should: (1) enroll diverse cohorts stratified by
ethnicity, sex, BMI, and age to establish population-spe-
cific calibration algorithms; (2) employ blinded outcome
assessment with fasciotomy decision-making and func-
tional outcomes (e.g., chronic pain, return to activity)
as reference standards rather than ICP alone; (3) stan-
dardise device type, sensor placement anatomical land-
marks, and measurement protocols to enable cross-site
comparability; (4) establish minimum valid data capture
thresholds as a prerequisite for per-protocol analysis;
(5) prospectively define dynamic trend thresholds rather
than relying on post-hoc optimal cutpoints that inflate
apparent accuracy; (6) incorporate health economic anal-
yses including costs, quality-adjusted life years, and rates
of preventable fasciotomy or delayed diagnosis; and (7)
develop machine-learning algorithms integrating NIRS
trends with clinical variables, ICP when available, and
patient-specific factors to generate individualized risk
scores. Only through such rigorous, pragmatic validation
can NIRS transition from promising investigational tool
to evidence-based clinical standard. Importantly, fasci-
otomy decisions in such trials should still be influenced
by established clinical criteria (e.g. reported pain out of
proportion), with NIRS data collected concurrently for
evaluation and not used to delay treatment.

Conclusion

Regional oximetry using near-infrared spectroscopy
offers a physiologically sound, non-invasive, and con-
tinuous method for detecting evolving ischemia in com-
partment syndrome. While not yet a replacement for
intracompartmental pressure monitoring, it provides
crucial complementary information, particularly in pro-
viding capacity for continuous, real-time monitoring in
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sedated or non-verbal patients or in paediatric settings,
addressing key limitations of current diagnostic path-
ways. The present synthesis highlights robust evidence
of perfusion deficits detectable by near-infrared spec-
troscopy (NIRS) in both acute and chronic syndromes,
while emphasising the urgent need for standardisation
across devices, populations, and protocols. With refine-
ment and validation, NIRS has the potential to transform
the diagnostic paradigm of compartment syndrome from
static pressure measurement to dynamic physiological
monitoring.
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