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Abstract:

Background: In the early stages of rehabilitation after primary amputation, residual limb soft tissues
have not been mechanically conditioned to support load and are vulnerable to damage from prosthetic
use. There is limited quantitative knowledge of skin and soft tissue response to prosthetic loading.
Methods: An in-vivo protocol was developed to establish suitable measures to assess tissue tolerance
during loading representative of early prosthesis use. Ten participants without amputation were
recruited, and one participant with trans-tibial amputation, with pressure applied to their calf in
increments from 20 to 60 mmHg. Measurements were recorded at relevant skin sites, including
interface pressures, transcutaneous oxygen (TcPO2) and carbon dioxide (TcPCO,) tensions and the
inflammatory biomarkers.

Findings: At the maximum cuff pressure, mean interface pressures were between 66-74 mmHg,
associated with decreased TcPO; values. On the release of pressure, the ischaemic response was
reversed. Significant upregulation (p<0.05) in an inflammatory biomarker, IL-1c, and its antagonist,
IL-1RA, were observed at all sites immediately following loading.

Interpretation: The protocol was successful in applying representative prosthetic loads to lower limb
tissues and monitoring the physiological response, both in terms of tissue ischemia and skin
inflammation. Results indicated that the measurement approaches were sensitive to changes in
interface conditions, offering a promising approach to monitor tissue status for people with
amputation.
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1. Introduction

There are many situations where skin and soft tissues are compromised by mechanical loading from
medical devices, which interface with the body. The tissue deformations resulting from interface
pressures and shear forces may cause damage, in the form of pressure ulcers (PUs). There are two
main damage mechanisms, namely:

(i) direct cell deformation where the internal mechanical conditions generated within the tissues
lead to a loss of cell membrane integrity [1], and
(ii) prolonged tissue deformation which results in occlusion of blood and lymphatic vessels

leading to compromised transport of oxygen-carrying blood cells and accumulation of waste
products and toxins, respectively [2, 3].

The reperfusion coincident with periods of off-loading can result in further tissue damage through the
release of cytotoxic reactive oxygen species (ROS), inflammation and the recruitment of white blood
cells [4].

One example of tissue compromise resulting from medical device interaction involves individuals
with lower limb amputation. Soft tissue discomfort and damage has a reported prevalence of 36-66%
[5], with scar tissue representing areas of particular vulnerability [6]. The residual limb tissues form a
critical loaded interface with the prosthetic socket during activities of daily living (ADL). Tissue
loading will be influenced by the socket design, which is produced by a prosthetist who considers
both the morphology of the tissues and their ability to tolerate load [7-9]. A congruent coupling is
desirable to avoid in-socket motion and instability. Accordingly, both oversized and undersized
sockets can lead to soft tissue damage, reduced function and discomfort [9]. Critically, in the early
stages post-primary-amputation the reconstructed soft tissues are not conditioned to support load, and
therefore are vulnerable to tissue damage, often termed stump ulcers. Clearly, its development will
depend upon a number of factors associated with the individual and the biomechanical adaptation in
response to loading with a prosthesis [10, 11]. Common comorbidities associated with amputation,
such as vascular disease, will certainly increase the susceptibility to tissue damage due to impaired
perfusion and sensory perception [12]. In addition, the interface between the limb and the socket
typically exhibits an elevated temperature and humidity, each of which will reduce the tissue tolerance
to loading and increase friction at the interface [13, 14].

The interface conditions between the residuum and the socket have been characterised using a variety
of sensor arrays, based on various physical principles [15-17]. Typical interface values measured
during static prosthetic weight bearing range considerably from 0.5 to 125 kPa (4 to 938 mmHg) and
1 to 52 kPa (8 to 389 mmHg) for pressure and shear stress, respectively [15-17]. This is largely
dependent on individual socket designs and sensor characteristics. However, interface measurements
will not necessarily correspond to either internal conditions of the residuum soft tissues or their
physiological response. To address this, various strategies have been used to monitor the status of
loaded dermal tissues [18]. Transcutaneous gas tensions (TcPO2/TcPCO;) have been employed as a
measure of local tissue ischaemia in response to different loading conditions with reference to
indenters [19], the residuum-socket/liner interface [20, 21] and various designs of support surfaces
[22, 23]. Such studies have revealed distinct categorical responses in terms of oxygen and carbon
dioxide gas tensions relative to the loading regimens [24]. Biomarkers have also been used to assess
the physiological reaction to mechanical loads. As an example Interleukin-1a (IL-1a), and its
competitive inhibitor Interleukin-1 Receptor Antagonist (IL-1RA), are inflammatory cytokines
released in response to cell deformation or damage and represent precursors to cell death [25, 26]. IL-
1o, collected in sebum at the skin surface, has provided a non-invasive measurement technique which
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is sensitive to loads applied to dermal tissues [27-29]. To date, some of these techniques have been
used in isolation to assess tissues subjected to prosthetic loading. However, there is a need to develop
an array of measurements to assess both the biomechanical and physiological response of soft tissues
under loading experienced at the residuum-socket interface.

The present study has been designed to establish a measurement protocol that will be suitable to
assess an array of dermal tissue tolerance markers during representative prosthetic loading. This will
be achieved by establishing a series of measurements including interface pressures, transcutaneous
gas tensions and biomarker response at relevant tissue sites before, during and after loading
representative of prosthetic use. The presented protocol has been applied to a cohort of able-bodied
participants, and one participant with trans-tibial amputation, prior to further assessment of
individuals with amputation.

2. Materials and Methods

2.1 Study Design
An observational study was conducted on a cohort of consenting able-bodied participants, without
amputation, and one participant with trans-tibial amputation. Participants were included if they were
over 18 years old, in good health and had no history of skin-related conditions or neurological or
vascular pathologies. They also had to be able to remain seated for approximately two hours. Ethics
Committee approval for this protocol was granted by the University of Southampton (ERGO IDs:
29696 and 41864).

2.2 Material and Methods
A pressure cuff (Ref 0124 Aneroid Sphygmomanometer, Bosch + Sohn GmbH, Germany) was
applied over the right calf of each participant and both residual and contralateral limbs of the
participant with amputation (Figure 1). A Prosthetic liner (ContexGel Liner, RSL Steeper, UK) was
positioned underneath the cuff to provide a representative material to interface with the skin. Three 50
x 50 mm sites were selected for measurement on each limb: the patellar tendon (above and located
centrally with the tibial tuberosity), the lateral calf (just below and forward of the fibula head) and
positioned at the same height centrally on the posterior calf (Figure 1A) [11]. These sites were
selected as they represent distinct anatomical regions, which are often considered to be pressure-
tolerant and thus suitable for load transfer when prosthetists create sockets. Hair was removed at the
measurement sites by shaving at least 48 hours prior to testing to avoid an upregulation of pro-
inflammatory cytokine due to its associated mechanical irritation [30]. Throughout testing participants
were in a seated position on a standard hospital bed with adjustable backrest. Transcutaneous gas
tensions were monitored (see below) for a 20 minute unloaded period, in order to estimate baseline
gas tension values prior to cuff application. After cuff application the gas tensions were collected for
10 minutes with no inflation pressure. The cuff was then inflated by 10 mmHg increments every 10
minutes in order to achieve pressures ranging from 20 to 60 mmHg (Figure 1C). The reported
pressure gauge accuracy was +3 mmHg [31]. These pressure magnitudes represent those commonly
experienced during early prosthetic rehabilitation using the Pneumatic Post-Amputation Mobility
(PPAM) Aid [32]. Comparable studies have applied similar pressures over this duration safely with
pressures reported to have an effect on the vascular and lymphatic supply of local tissues [22, 33, 34].
The pressures were subsequently released, by 10 mmHg increments every 30 seconds, to a zero
inflation pressure, which was maintained for a 40 minute refractory period (Figure 1C).
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Figure 1 A: Measurement sites each of area 50 x 50 mm, on the right lower limb, B: Anterior view of transcutaneous
electrode and Sebutape positioned at the patellar tendon measurement site(top), side view of silicone liner around all
three measurement sites and silicone gel rings positioned around the transcutaneous electrode at each measurement
site (middle) and pressure cuff wrapped around the three measurement sites with the participants’ limb in the
supported testing position (bottom), C: Schematic representing the test session protocol

Interface pressures were measured using an pneumatic pressure monitoring system (Mk 11, Talley
Medical, Romsey, UK) incorporating 28 mm diameter cells, with a reported mean error of 12+1% and
a repeatability of £0.53 mmHg [35]. One cell was used at each measurement site positioned between
the skin and TCM electrode. Measurements were recorded after fluctuations in pressures settled to
less than 3 mmHg, which was after approximately 10 seconds. Transcutaneous oxygen (TcPO2) and
carbon dioxide (TcPCO,) tensions were monitored at the patellar tendon using combined electrodes
(E5280 and TCMS5). TcPO,was monitored at the lateral and posterior calf using single channel
electrodes (E5250), attached to separate monitors (TCM4, TCM400 Radiometer, Denmark) sampling
at a frequency of 0.5 Hz. The patellar tendon was selected for the combined TcPOzand TcPCO;
measurement as it represents a site commonly selected for prosthetic load bearing [36]. Rings of
silicone gel, representative of the liner thickness, were used to minimise pressure gradients at the
electrode-skin interface (Figure 1A).

A sebum sample was collected both prior to and following the incremental loading from the bottom
right corner of each 50 x 50 mm measurement site by applying adhesive tape (Sebutape™ CuDerm,
Dallas, TX, USA) at baseline prior to cuff application and post-loading immediately after cuff
removal, using a standardised protocol [37]. Although Perkins et al utilised a 1 minute sampling
period [37], in recent research 2 minute sampling periods have been used [27-29, 38-40] to provide
sufficient time to sample the biofluid, namely sebum. Sebutapes were applied to the skin using



tweezers and a roller to avoid cross-contamination, and remained in-situ for a period of two minutes.
Once removed they were stored in tubes at -80 °C prior to biochemical analysis. The frozen tapes
were thawed to room temperature and 1.7 ml of phosphate buffered saline (PBS; Sigma-Aldrich Co,
St. Louis, Missouri, USA) with 0.05% TWEEN solution (Sigma-Aldrich Co, St. Louis, Missouri,
USA) was added to each tube to recover proteins. After immersion for one hour, the tubes were
sonicated for 10 minutes in a room temperature water bath, and then vortexed vigorously for two
minutes. The concentrations of pro-inflammatory cytokines, IL-1a and IL-1RA, were estimated using
pre-coated ELISA analysis plates (Meso Scale Diagnostics, USA) [37]. The total protein (TP) on each
tape was also estimated using a protein assay kit (Thermo Fisher Scientific, UK).

2.3 Data Analysis
Raw data from each measurement technigque were processed and analysed using MATLAB
(Mathworks, USA) and SPSS Statistics (IBM, USA). Transcutaneous gas data were analysed to
evaluate the degree of ischaemia [24]. Briefly, the percentage changes in TcPO, and TcPCO; from
baseline during each loading condition were calculated. At the patellar tendon test site these
percentage changes were subsequently categorised into three distinct responses [24]:

e Category 1 (minimal changes in TcPO,and TcPCOy),
e Category 2 (>25% decrease in TcPO, with minimal change in TcPCO;) and
e Category 3 (>25% decrease in TcPO; and >25% increase in TcPCOy).

A Category 3 response is indicative of compromised tissue viability [23]. Ratios of IL-1o/TP and IL-
1RAJ/TP were calculated to account for intra-participant variation of proteins [27], and presented as
the percentage change from the baseline at each measurement site for each participant.

The effect of cuff loads was then investigated using a combination of tests to assess associations
between measures and within-individual changes during each test condition. All data were examined
for normal distribution prior to analysis using the Shapiro-Wilk test, in order to determine appropriate
descriptive and inferential statistics. Pearson’s correlation was used to assess the relationship between
applied cuff pressure and interface pressure at each test site. In the case of the inflammatory response
to applied loading, the data were not normally distributed and thus the non-parametric paired
Wilcoxon Signed Rank Test was used. Differences were considered to be statistically significant at
the 5% level (p<0.05).



3. Results

A cohort of ten participants without amputation was recruited for this study with a mean age of 28
years (range 23 to 36 years), 6 male and 4 female. The mean + standard deviation height and weight
were 175.9 £ 9.5 cm and 69.7 + 11.8 kg, respectively. The corresponding body mass index (BMI) was
22.5 + 3.4 kg/m?. Ambient temperature and humidity in the testing laboratory ranged from 22.0 to
24.3°C and 31.0 to 45.1%, respectively.

3.1 Interface Pressure
At a cuff inflation pressure of 60 mmHg, the mean interface pressures ranged from 66 to 74 mmHg,
with the highest values generally occurring at the patellar tendon (Figure 2). There was a clear
monotonic increase in interface pressures with cuff inflation pressure at all three tests sites, and this
correlation was statistically significant (r > 0.93, p < 0.001). Before the cuff was inflated (0 mmHg),
finite interface pressures indicated preloading due to the mass of the pressure cuff and its uninflated
tension. The pressure cuff was wrapped around the limb and secured in position using Velcro, causing
low interface pressures, most notably at the patellar tendon site, an area with low soft tissue coverage
over the underlying bony anatomy.
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Figure 2: The effects of cuff pressures, applied incrementally to the lower limbs of 10 participants, on mean (+
standard deviation) interface pressures at three measurement sites



3.2 Transcutaneous Oxygen and Carbon Dioxide
A decrease in TcPO; was observed with increasing cuff inflation at all measurement sites (Figure 3).
The patellar tendon site exhibited two distinct trends in the cohort. The majority of participants
displayed a Category 3 response [24], with decreasing TcPO; at elevated cuff pressure associated with
>25% increase in TcPCO; above baseline levels (Figure 3A). By contrast, two participants only
demonstrated a Category 2 response, with minimal changes in TcPCO- (<25%) despite a reduction in
TcPO; (Figure 3B).
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Figure 3: Exemplar participant data showing percentage change from baseline transcutaneous oxygen and carbon
dioxide measurements under incremental cuff pressures from 20 to 60 mmHg revealing at the patellar tendon site A:
Category 3 response representative of 8/10 participants and B: Category 2 response representative of 2/10
participants



Intra-participant variation in ischaemic response at the patellar tendon indicated differences in
tolerance to the applied loads. For example, with a cuff pressure of 20 mmHg only one participant
exhibited a Category 3 response at the patellar tendon, whereas at 60mmHg eight participants
exhibited a Category 3 response (Figure 4).
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Figure 4: Ischaemic response at the patellar tendon to incremental cuff pressures using categorical analysis [24],
which indicates varying tolerance to load across the intact participant group.

With respect to the data from the cohort, there was a mean percentage decrease in TcPO, with
incremental cuff pressures (Figure 5), and this correlation was statistically significant (r > 0.74, p <
0.001). Some saturation was observed when the pressures exceeded 50mmHg and immediately
following load removal all values recovered back to baseline. Each skin site exhibited similar trends
with cuff pressures conditions. The greatest TcPO; decrease was observed at the patellar tendon at
lower cuff pressures, and at the lateral calf site at higher cuff pressures.
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Figure 5: The effects of cuff pressures, applied incrementally to the intact lower limbs of 10 participants, on mean
percentage decrease in TcPO:z (+ standard deviation) at three measurement sites



3.3 Inflammatory Biomarker Analysis
The cumulative effect from the incremental loading regime resulted in a variable increase in 1L-1a/TP
and IL-1RA/TP ratio values, reaching statistical significance at patellar tendon and lateral calf sites
for both and posterior calf for IL-1a/TP (p<0.05) (Figure 6). The highest upregulation was observed
in the patella tendon site, representing a 2 fold increase (~100%) from baseline levels.
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Figure 6: Box and whisker plot showing IL-1a/Total Protein and IL-1RA/Total Protein ratios, at three measurement
sites on 10 healthy participants, expressed as the percentage change between cuff loading at 60 mmHg and baseline,
Note: p-values show the significance of the percentage change in biomarker/total protein from baseline to post-
loading at each of the measurement sites

On inspection of the individual responses, there was a pre- to post-loading increase in IL-1o/TP in the
majority of cases (9/10 for each site), although there was considerable variation in response
magnitude between individuals and within measurement sites (Figure 6 and Appendix Figure 8 for
individual participant results). For example in one participant (male, aged 23), IL-1a/TP more than
doubled at both the lateral and posterior calf sites, although minimal change was observed at the
patellar tendon. Nevertheless, for the vast majority of participants (9/10), there was an upregulation in
IL-10/TP ratio in excess of 50% at the patellar tendon. This response was less consistent at the lateral
and posterior calf sites. There was a comparable upregulation in IL-1RA and similar, highly variable
inter- and intra-participant trends were observed.

3.1 Participant with Amputation Example
A male participant aged 29 with unilateral trans-tibial amputation was recruited for this study to
demonstrate the use of the array and protocol in a participant with amputation. His height, weight and
corresponding BMI were 165 cm, 80 kg and 29.4 kg/m?, respectively. His amputation followed
recurrent infection after trauma while serving in the military. He was one year post-amputation and an
active prosthesis user, reporting 12 to 14 hours usage per day.

As observed in the cohort without amputation, there was a clear monotonic increase in interface
pressures with cuff inflation pressure at all three tests sites (Figure 7A). At a cuff inflation pressure of
60 mmHg, a Category 2 ischaemic response was observed at the residual limb patellar tendon and a
Category 3 response was observed at the contralateral limb patellar tendon (Figures 7C & D). The
cumulative effect from the incremental loading resulted in an upregulation of IL-1a and IL-1RA,
comparable to that observed in the cohort of participants without amputation (Figure 7B). The
inflammatory response was greatest at the contralateral limb posterior site.
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Figure 7: Data from a participant with unilateral trans-tibial amputation including, A: Interface pressures at three
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baseline to post-cuff-loading up to 60 mmHg in both limbs at three measurement sites and C & D: Percentage

change from baseline transcutaneous gas tensions at the patellar tendon (oxygen and carbon dioxide) and the lateral
and posterior calf sites (oxygen only) under incremental cuff pressures for both limbs.
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4. Discussion

This study was designed to establish a measurement array and protocol that could be utilised to
assess tissue tolerance at the residual limb-socket interface and elicit further understanding of how
soft tissues respond during prosthetic rehabilitation. A cohort of participants without amputation was
examined under representative static prosthetic loading to determine whether the proposed
measurements could detect changes in local tissue physiology. In order to replicate prosthetic loading
using a static PPAM Aid [32], a cuff was inflated incrementally around the lower limb up to
60mmHg. The pressures were observed to compromise tissue viability temporarily, resulting in local
ischaemia and an upregulation of inflammatory biomarkers. This demonstrated the potential of the
protocol to distinguish between unloaded and loaded conditions and identify critical thresholds
whereby tissues were compromised. The protocol was also observed to detect similar tissue changes
in both limbs of an age-matched and active person, one year post unilateral trans-tibial amputation.
This demonstrates the efficacy of the protocol, although in order to evaluate its full potential for
establishing tolerance to prosthetic loading, additional studies are required on individuals with
primary and established amputation.

Cuff pressure was found to correlate with interface pressure for each of the three test sites, with the
highest values being recorded at the patellar tendon, the site with the thinnest soft tissue coverage
(Figure 2). Posterior and lateral calf sites had a slightly higher increase in interface pressure from
baseline after applying 60 mmHg, potentially due to muscle contractions of participants; however the
difference was small compared to the reported error of the Talley pressure sensors (12+1%) [35].
Pressure cuff loading occluded vessels by applying an approximately hydrostatic pressure on the limb.
Although not representative of a more focally-rectified socket, this loading technique is more
characteristic of a total surface bearing socket or rehabilitation device. In particular, the PPAM aid has
been estimated to apply interface pressures at the distal residuum ranging from 4 to 95 mmHg
(median 26 mmHg) and 21 to 125 mmHg (median 28 mmHg) during standing and walking,
respectively [32]. In the test setup, the presence of the transcutaneous gas electrodes produced an
effective indentation, causing local internal shear strain and enhancing the study’s representation of
rectified socket designs.

Ischaemic trends were observed at the patellar tendon, where a Category 3 response was measured in
8/10 participants (Figure 3). It has been reported that elevated and sustained carbon dioxide levels
may prove a strong indicator of cell damage through the accumulation of associated anaerobic
metabolites and local changes in pH [41]. There was no discernible demographic reason for the two
participants that demonstrated a Category 2 response. The participant with amputation demonstrated a
Category 2 response in the residual limb and a Category 3 response in the contralateral limb (Figure
7C & D), suggesting that the residual limb patellar tendon site may be more tolerant to loading. A
larger cohort study could examine whether this is an indication of an enhanced biomechanical
adaptation to prosthetic loading. At lower cuff pressures a number of participants showed partial
recovery in TcPO; between loading increments, demonstrating some vascular adaptation to load [42]
(Figure 3B). However, at 50 mmHg cuff pressure, TcPO, reduced by >75% for 8/10 individuals at the
patellar tendon and lateral calf and 7/10 at the posterior calf (Figure 5). Equivalent responses have
been observed using indenters and liner application on calf tissues [19, 21]. It is of note, that clinical
study tissue sites which yielded TcPO; levels below approximately 35 mmHg were observed to be at
risk of poor healing post-amputation [43, 44]. In the present study, the majority of participants
demonstrated baseline TcPO- higher than this 35mmHg threshold. The present study does indicate
that establishing standard thresholds for tissue health may prove problematic due to the large
variability in transcutaneous responses, even in the healthy cohort under investigation (Figure 4). This
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diverse response within able-bodied participants has also been observed in previous studies [23, 24].
In all cases, tissue sites demonstrated a rapid recovery in transcutaneous gas tensions following cuff,
pressure release, suggesting complete reperfusion and restoration of tissue health.

IL-1a/TP increased significantly post-loading with a median percentage change of 99%, 19% and
78% at the patellar tendon, lateral calf and posterior calf respectively (Figure 6). Similar changes were
observed in a participant with amputation at the residual limb patellar tendon site and contralateral
limb lateral calf site, and a larger increase at the contralateral limb posterior calf site. Conversely,
small biomarker decreases were observed all other sites, indicating increased tolerance to loading.
Similar changes have also been observed during the application of different medical devices,
including respiratory masks [38], cervical collars [28] and spinal boards [39]. Large variability was
observed between participant responses with percentage change in IL-10/TP ranging across all sites
from -23 to +470%. Measurement site and environment have been shown to influence biomarker
upregulation [37], although, in the present study, sampling was performed at a consistent location in a
laboratory environment. Furthermore, the variability in biomarker expression is more likely a result of
the differences between individuals and their respective physiological response to the applied loads.
Similar variability in response has been reported in other studies, with distinct sub-populations of
healthy cohorts demonstrating both high and low inflammatory responses [28, 29, 40]. This
susceptibility to inflammation is worthy of further investigation, in conjunction with an examination
of the temporal trends of inflammatory biomarker expression, regarding both pro-inflammatory and
antagonistic cytokines [29, 39, 45]. IL-1RA/TP increased post-loading with a median percentage
change of 81%, 30% and 89% at the patellar tendon, lateral calf and posterior calf respectively
(Figure 6). The ratio of IL-1RA to IL-1a is considered to reflect homeostatic regulation against
inflammation [46, 47] and the comparable biomarker responses observed in this study indicate
balanced inflammatory response, expected from healthy tissues within the test cohort. Monitoring
cytokine response would enable assessment of applied loading, material and microclimate
contributions. However, such an approach would be both difficult to achieve and expensive in the
clinical setting, unless low cost devices can be developed offering point of care biomarker analyses.

The sample size of this current study was limited to 10 healthy participants and one example
participant with amputation. The generalisation therefore is limited and further research is required
with participants across a wide range of ages, activity levels and comorbidities to match the
population with amputation. Furthermore, only static loading of low magnitudes was considered.
Applied pressures were not randomised, as this would have required additional refractory periods in
order to avoid effects from prior loading cases. Furthermore, with view to future tests on participants
with amputation, a risk mitigation strategy would be to remove applied loading once a Category 3
response was reached, and this requires an incrementally increasing loading protocol.

The inflammatory response in this study is an accumulation of the pressures, time and materials.
Investigation of the pressure-time relationship in higher resolution was beyond the scope of this study.
However, Soetens et al [29] observed a significant change in inflammatory response upon loading and
load removal at the sacrum, for both continuous and intermittent loading regimens. Cyclic loading
may be more relevant to tissue damage during daily living activities with lower limb prosthetics.
Further research is required to establish whether cyclic loading will increase the damage risk
compared to static pressures [4] or, in some cases, provide a pumping mechanism to enhance vascular
flow to the tissues [29]. In this study the participant’s limb was in a supine position supported by foam
cushions (Figure 1A) so vascular flow would have been less affected by gravity. However, studies
utilising both seated and supine participant positions have also observed varying ischaemic responses
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between and within participants, studying both support surfaces and prosthetic devices [19, 21, 23,
24].

The viability of the residual limb tissues is of critical importance in prosthetic rehabilitation,
particularly in the early stages post-amputation. In the clinical environment, effective tissue care can
be achieved through regular skin assessments and advice provided by a multidisciplinary team.
However, further evidence is required to establish a suitable measurement array and protocol to assess
tissue tolerance and determine safe loading protocols, particularly in individuals with reduced sensory
perception or diminished distal perfusion. Results demonstrate the potential of transcutaneous gas and
biomarker measurement for early detection of precursors to tissue damage, with representative static
prosthetic loading causing temporary local tissue ischaemia and an upregulation of inflammatory
biomarkers released from the skin surface. Future studies are needed to establish appropriate non-
invasive methods for use in clinical and community settings to monitor both the mechanical boundary
conditions between the residual limb and socket, as well as the status of tissues. The presented array
and protocol could be employed in a cohort of individuals with amputation to enhance knowledge on
residuum tissue adaptation. Stratifying such cohorts will also help to determine factors that increase
susceptibility to tissue damage at the residual limb-socket interface.
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Figure 8: Percentage change in IL-1a/Total protein ratio from baseline to post-cuff-loading up to 60 mmHg, at the
patellar tendon (A), lateral calf (B) and posterior calf (C) and percentage change in IL-1RA/Total protein ratio from
baseline to post-cuff-loading up to 60 mmHg, at the patellar tendon (D), lateral calf (E) and posterior calf (F)
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