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Predicting pressure ulcer risk from seating interface pressure
in people with spinal cord injury

Tim D. Yang · Yih-Kuen Jan

Abstract—The purpose of the study was to predict and visualize pressure ulcer risk in people with spinal cord injury (SCI). In
conventional clinical practice, seating interface pressure assessments are based on summary statistics of pressure magnitude. In this
study, a novel computational assessment was developed based on nonnegative matrix factorization (NMF) and stochastic gradient
descent (SGD). Rank-2 NMF was applied to the seating interface pressure maps of loading and pressure-relieving conditions in 16
wheelchair users with SCI. The two NMF basis images encapsulated pressure concentration and pressure dispersion, respectively.
The first basis converged on the ischial tuberosity under both seating conditions, whereas the second basis converged anterior to the
ischial tuberosity during loading and converged on the coccyx during unloading. The SGD classification yielded 81.25% overall
accuracy with a weighted F1 score of 0.806. In general, higher ulceration risk was associated with higher and lower activations of the
first and second bases, respectively. The NMF pipeline yielded promising performance. Basis visualization affirmed the importance of
lower ischial pressure and higher distribution dispersion while also revealing that clinical practice may currently be underestimating the
importance of coccygeal pressure in response to pressure-relieving activities.

Index Terms—Dimensionality reduction, Feature extraction, Nonnegative matrix factorization, Pressure ulcers, Prevention, Spinal cord
injury, Visualization

✦

1 INTRODUCTION

F EATURE extraction methods leverage dimensionality re-
duction to uncover latent patterns underlying the prim-

itive data [1]. High-dimensional data are mapped into a
low-dimensional feature space, which tends to yield com-
putationally meaningful representations for classification,
visualization, and compression [2]. However, computational
meaning does not necessarily facilitate human interpreta-
tion. For example, the classical principal component anal-
ysis (PCA) imposes orthogonality and orthonormality con-
straints to generate eigenfeatures that can be easily inter-
preted statistically (i.e., as the directions of largest variance)
but not visually, whereas the more recent nonnegative ma-
trix factorization (NMF) imposes nonnegativity constraints
to generate additive features that can be easily interpreted
visually [1, 3]. Thus, PCA yields holistic basis images that
tend to be more abstract, whereas NMF yields localized
basis images that tend to be more intuitive. This charac-
teristic makes NMF particularly amenable to image pro-
cessing applications, such as facial recognition and medical
imaging [4]. However, uses of NMF for medical imaging
have yet to be fully explored, including applications for
pressure ulcer prevention. Despite pressure ulcers becoming
a healthcare priority in the US [5], pressure ulcer-related
hospitalizations increased by 80% from 1993 to 2006 [6],
whereupon treatment entailed $16,800 per hospitalization
and $11 billion per year [7]. Approximately 60,000 people
die each year from pressure ulcer complications in acute
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care [8]. Novel computational methods can help to combat
this persistent healthcare challenge.

Quantitatively, hemodynamic properties have been in-
vestigated in relation to pressure ulcer risk. Hypotension
has been associated with an increase in pressure ulcer
risk due to decreases in skin perfusion and post-occlusive
reactive hyperemia [9]. However, localized blood pressure
(e.g., at vulnerable sites) cannot be reliably predicted from
systemic blood pressure given the nonlinear decrease of
blood pressure throughout the vascular tree. Furthermore,
capillary blood pressure cannot be reliably predicted from
seating interface pressure given the nonlinear transfer of
interface pressure to internal pressure. Nevertheless, cap-
illary closure pressure has historically been used as a proxy
threshold for seating interface pressure [10]. The closure
value of 32 mmHg [11] has been widely referenced de-
spite being revised to 45 mmHg in follow-up work [12].
Moreover, the value was not measured under the ischial
tuberosity but rather the nail fold and thus likely cannot
be extrapolated to the ischial tuberosity since soft tissue and
microvascular mechanics are dependent on local bone, mus-
cle, and skin structure [13]. Despite these limitations, capil-
lary closure pressure is still sometimes cited as an interface
pressure threshold [10]. In practice, immersion (i.e., sink-
ing depth) and envelopment (i.e., surface conformity) are
pursued to decrease interface pressure at the bony promi-
nences [14]. Support surfaces are assessed and prescribed
by relative efficacy rather than absolute thresholds [15].
Thus, current clinical interventions and research methods
are primarily based on pressure magnitude features. Work
has been ongoing to determine reliable variables [16] and
parameters [17, 18] for analyzing interface pressure magni-
tudes. Meanwhile, pressure ulcer incidence and prevalence
remain excessive. Alternative analyses such as computa-
tional feature extraction may reveal hidden information not
directly obtainable from conventional pressure magnitude
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analyses.
Qualitatively, vigilant skin monitoring is performed to

minimize pressure ulcer risk, for example, using the Braden
scale of sensation, moisture, activity, mobility, nutrition, and
friction. However, Braden scores are not strongly predic-
tive of pressure ulcer development [19]. When skin break-
down occurs, skin integrity is graded according to the Na-
tional Pressure Ulcer Advisory Panel (NPUAP) staging sys-
tem [20]. Accordingly, early detection relies on the presenta-
tion of pain, which is limited or absent in clients with SCI [5].
Visual detection also relies on skin discoloration, which may
be masked in clients with darker skin pigmentation [21].
These situations highlight the potential utility of computa-
tional feature extraction in predicting and detecting pressure
ulcers. Computationally extracted features need not rely
on pain presentation or skin pigmentation, which could
potentially facilitate computational determination of skin
integrity from seating interface pressure. Well-engineered
features may reveal a feature space highly discriminative
of ulceration status.

As such, existing quantitative and qualitative ap-
proaches to seating interface pressure assessment can be
augmented by computational feature extraction methods
such as NMF. The NMF method is especially well suited
because it facilitates not only computational discrimination
but also visual interpretation. Quantitatively, NMF yields a
low-dimensional feature space within which pressure ulcer
risk can be computed. Qualitatively, NMF yields basis im-
ages that may offer clinical insights to guide clinical seating
pressure assessment (i.e., highly activated basis regions may
reveal regions previously undervalued by clinical practice).
The NMF method takes a nonnegative input matrix and
yields two nonnegative factors,

V ≈ WH (1)

where the nonnegative input matrix V of m observations
and n variables is decomposed into a nonnegative feature
matrix W of r basis vectors and a nonnegative activation
matrix H of r encoding weights,

V ∈ Rm×n
≥0 (2)

W ∈ Rm×r
≥0 (3)

H ∈ Rr×n
≥0 (4)

The factors W and H can be iteratively constructed by
optimizing the squared Frobenius norm between V and
WH [1],

f(V | WH) =
1

2
∥V −WH∥2F (5)

Due to the global nonnegativity constraint, these resultant
basis vectors in W are additive and thus amenable to
semantic interpretability [1]. In this study, NMF was used to
extract features from the seating interface pressure maps of
people with SCI. The seating interface pressure maps were
factorized into nonnegative basis images to visualize and
predict pressure ulcer risk.

2 METHODS

2.1 Participants
Power wheelchair users with SCI were recruited from a
local rehabilitation hospital. Prospective participants were

included if they (a) had sustained a traumatic SCI in the
low-cervical and thoracic sections (i.e., between the levels of
C4 and T12) at least 6 months prior to the experiment and (b)
used a power wheelchair with a seat width of 43–53 cm as
the primary means of mobility. The injury levels were cho-
sen as a balance between neurophysiological homogeneity
and pragmatic recruitment benchmarks. The 6-month injury
window ensured that each participant’s neurological state
had stabilized by the time of the experiment. The seat width
requirement ensured that each participant could reasonably
fit in the laboratory power wheelchair used for the experi-
ment. Participants were excluded if they had active pressure
ulcers, cardiovascular diseases, or skeletal deformities (e.g.,
hip and knee contracture, pelvic obliquity, or scoliosis).

The recruited participants (n = 16) included 3 women
and 13 men with 3 Black Americans, 1 Asian American, 1
Hispanic American, 1 multiracial American, and 10 Cau-
casian Americans. There were 3 complete and 13 incomplete
injuries with 5 at the cervical level and 11 at the thoracic
level. The mean age was 38.5 years (SD = 11.1), mean body
weight was 78.7 kg (SD = 16.7), mean body mass index
was 24.5 kg·m−2 (SD = 3.6), and mean duration of injury
was 7.0 years (SD = 6.8). All participants gave informed
consent to this study, which was approved by the local ethics
committee (#14448).

2.2 Instrumentation
Seating interface pressure values were recorded with a
flexible CONFORMat 5330 interface pressure mat [22] with
a thickness of 0.762 cm. The mat contained 1024 sensels
arranged in a 32 × 32 matrix with a sensel resolution of 0.5
cm2. The mat system was calibrated prior to each recording
session. A C300 power wheelchair [23] with a seat width
of 48 cm, and the default high-density precontoured foam
cushion was used across all recordings.

2.3 Data collection
Seating interface pressure maps from two configurations of
wheelchair tilt (i.e., changing the seat-to-ground angle while
maintaining the seat-to-back angle) and wheelchair recline
(i.e., maintaining the seat-to-ground angle while changing
the seat-to-back angle) from previous studies on skin perfu-
sion response to tilt and recline were extracted for secondary
analysis [24, 25, 26, 27]. The first configuration was the
maximal loading configuration, which referred to the 0◦ tilt
and 0◦ recline baseline posture. The second configuration
was the maximal unloading configuration, which referred
to the 35◦ tilt and 30° recline recovery posture. Both tilt
and recline maneuvers were operated exclusively in the
backward direction.

2.4 Data analysis
The baseline location of the right ischial tuberosity (i.e.,
under maximal loading) was used to align all pressure
maps (i.e., under both loading conditions). Because the
pressure maps were shifted by different directions and
magnitudes, the alignment reduced the overlap between
all pressure maps and limited the effective dimensions.
Thus, the aligned pressure maps were cropped to a 24× 14
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window encompassing the right thigh and buttocks. The
preprocessing yielded data in which the location of the right
ischium varied under maximal unloading due to individual
differences in sliding displacement from wheelchair tilt and
recline [17]. These individual differences were preserved
since they could potentially hold relevant information for
the factorization.

Dimensionality was reduced as in (1). The nonnega-
tive input matrix (2) contained m = 16 participants and
n = 24 × 14 × 2 = 672 sensels and was decomposed into
a nonnegative feature matrix (3) of r = 2 basis vectors
and a nonnegative activation matrix (4) of r = 2 encoding
weights. These bases were first visualized as individual
images and subsequently superimposed as 90% contours on
pressure maps of interest.

To bridge the results with clinical practice, two reliable
clinical variables were referenced. The peak pressure index
(PPI) refers to the mean pressure within a 9–10 cm2 area of
the ischial tuberosity [17, 28],

pPPI =
1

n
1Tt (6)

t ∈ Rn×1 (7)

where t is the pressure n-vector under the ischial tuberosity
and 1 denotes the ones vector. The dispersion index (DI)
refers to the percentage pressure contained within the bony
prominences (i.e., ischial and coccygeal regions) relative to
the pressure map [28],

pDI =
1Tb

1Ta+ 1Tb
(8)

where b is the pressure vector under the bony prominences
and a is the pressure vector apart from the bony promi-
nences. The Mann-Whitney U and Hedges’ effect size g
were used to compare PPI and DI between the predicted
ulceration and nonulceration groups. The Mann-Whitney
U test is a nonparametric hypothesis test to compare the
difference between two independent samples. Hedges’ g is
a measure of the effect size for the difference between those
samples’ means.

Both the NMF and clinical analyses were performed
using Python. The factorization and classification were im-
plemented as a pipeline using built-in classes and functions
from the scikit-learn machine learning library [29]. The
pipeline included a standardization transformer, factoriza-
tion transformer, and classification estimator. The standard-
ization was implemented with unit variance scaling but
without mean centering to preserve nonnegativity. The fac-
torization was initialized with nonnegative double singular
value decomposition [30] and solved with cyclic coordinate
descent [31]. The classification was implemented as a linear
estimator with a stochastic gradient descent learning func-
tion and a probabilistic loss function. Pressure ulcer risk
was represented as the estimated probability of pressure
ulceration,

f(p, y) =


−4py if py < −1

(1− py)2 if py ∈ [−1, 1)

0 otherwise
(9)

where p is a prediction and y is its corresponding label [32].
For model validation, a leave-one-out policy was applied

to the analysis pipeline. For visualization, cubic spline in-
terpolation was applied to the factorized basis images. The
Mann-Whitney U test was implemented using scipy’s built-
in statistical functions. Hedges’ g was computed with an
adjustment for robustness against uneven group sizes and
small sample sizes by weighting the pooled standardizer
and applying a bias coefficient, respectively.

3 RESULTS

The first NMF basis image encapsulated pressure concentra-
tion, whereas the second NMF basis encapsulated pressure
dispersion (Figure 1). Points of convergence were visualized
by overlaying 90% contours of the NMF bases onto the mean
pressure maps of maximal loading and maximal unloading
(Figure 2). The first NMF basis converged on the ischial
tuberosity under both loading conditions. The second NMF
basis image converged anterior to the ischial tuberosity
under maximal loading and converged on the coccyx under
maximal unloading.

After projecting the data onto the NMF feature space
(Figure 3), the study sample was classified with an overall
accuracy of 81.25% and a weighted F1 score of 0.806. The
area under the receiver operating characteristic curve was
0.754 (95% bootstrapped confidence interval: 0.626–0.882),
and the area under the precision-recall curve was 0.750 (95%
bootstrapped onfidence interval: 0.561–0.917).

In general, higher ulceration risk was associated with
higher activation of the first NMF basis (i.e., higher ischial
pressure) and lower activation of the second NMF basis (i.e.,
lower pressure dispersion) (Figure 4). Overall, the classifica-
tion yielded three errors: one false positive (Figure 5) and
two false negatives (Figure 6).

Under maximal loading, PPI and DI respectively in-
creased by a significant 127.9% (U(14) = 3.00, p < .01,
g = 2.04) and a significant 28.8% (U(14) = 4.00, p < .01,
g = 1.84) when comparing the predicted ulceration group
to the predicted nonulceration group. Under maximal un-
loading, PPI and DI respectively increased by a significant
112.4% (U(14) = 9.00, p < .05, g = 1.45) and a significant
34.3% (U(14) = 1.00, p < .01, g = 2.18) when comparing
the predicted ulceration group to the predicted nonulcera-
tion group.

4 DISCUSSION

Given the profound physical, psychological, and financial
consequences of pressure ulcers, prevention would reduce
the cost of pressure ulcer care by more than 90% [33].
However, as evidenced by the persistently high rates of
prevalence and incidence, the path to prevention remains
unclear. Prevention commands lifelong vigilance from at-
risk clients and clinicians, and current clinical practice relies
heavily on subjective and surrogate measures to assess skin
integrity and wound risk. Feature extraction could supple-
ment clinical practice with a computational method for visu-
alizing and predicting pressure ulcer risk. Counter to more
black-box approaches whose intermediate components are
abstract or hidden, NMF exposes visually interpretable basis
images. The factorization further generates a feature space
in which pressure ulcer risk can be computed. Combined,
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(a) Maximal Loading

(a1) NMF 1 (a2) NMF 2

(b) Maximal Unloading

(b1) NMF 1 (b2) NMF 2

Fig. 1: Nonnegative matrix factorization (NMF) basis images of the right buttock: NMF 1 under maximal loading (a1), NMF
2 under maximal loading (a2), NMF 1 under maximal unloading (b1), and NMF 2 under maximal unloading (b2).

the analysis pipeline yields clinical implications for pressure
ulcers through visualization and prevention.

4.1 Visualization

The NMF basis images highlighted the most relevant char-
acteristics of seating interface pressure and captured clinical
intuition on both distribution and magnitude characteristics.
Reenalda et al. [34] systematically reviewed studies in which
(a) interface pressure was a predictive or prognostic factor
and (b) pressure ulcer development or healing was an out-
come measure. Four studies investigated the seated posture,
drawing clinical conclusions on the relationship between
the pressure interface and pressure ulcers with respect to
distribution [35] and magnitude [15, 36, 37].

4.1.1 Pressure distribution
Drummond et al. [35] measured seating interface pressure
in 16 people with paraplegia between the high-lumbar and
thoracic levels. Ischial and coccygeal loading were poste-
riorly redistributed in the ten participants with ulceration
versus the six without ulceration. Within the thoracic injury
group, the anteroposterior distribution was a discriminating
factor between ulceration and nonulceration: Those with
thoracolumbar kyphosis had a more anterior seating dis-
tribution and did not develop ulcers, whereas those with
a straight lumbar had a more posterior distribution and
developed ulcers. The more anterior distributions offloaded
at-risk regions of the ischia and coccyx and may have
consequently lowered the risk of ulceration. Clinically, this
principle is quantified using DI, such that higher DI values
suggest higher injury risk through lower pressure disper-
sion [28, 38]. Drummond et al. [35] proposed that a 55% DI
may be reasonable as an injury risk threshold based on their
study sample; however, conclusive thresholds are yet to be
generalized.

In this study, the NMF results both affirmed existing
intuition and revealed new insights on pressure dispersion.

Existing intuition was affirmed when lower dispersion was
associated with increased pressure ulcer risk. In the max-
imal loading posture, interface pressure under the thigh
region was lower in the predicted ulceration group (Fig-
ure 4a1), yielding a significant 28.8% increase in DI versus
the predicted nonulceration group (Figure 4a2). The first
NMF basis converged on the ischial tuberosity, whereas
the second NMF basis converged anterior to the ischial
tuberosity and appeared to serve as a marker for anteropos-
terior dispersion. New insight was revealed when coccygeal
pressure was associated with increased pressure ulcer risk.
In the maximal unloading posture, the predicted ulceration
group again presented with lower interface pressure under
the thigh region (Figure 4b1), yielding a significant 34.3%

(a) Maximal Loading (b) Maximal Unloading

Fig. 2: Mean pressure maps of the right buttock during max-
imal loading (a) and maximal unloading (b) superimposed
with 90% contours of the nonnegative matrix factors NMF 1
(solid) and NMF 2 (dotted).
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Fig. 3: Nonnegative matrix projection of participants with
ulceration (filled) and nonulceration (unfilled) onto a
stochastic gradient decision surface of predicted ulceration
and predicted nonulceration; axis units in the projected
space are arbitrary. Abbreviations: NMF (nonnegative ma-
trix factorization)

increase in DI versus the predicted nonulceration group
(Figure 4b2). The first NMF basis still converged on the
ischial tuberosity, but the second NMF basis converged on
the coccyx. Coccygeal pressure in response to wheelchair tilt
and recline remains unclear. Giesbrecht et al. [39] found that
coccygeal pressure monotonically decreased in response to
wheelchair tilt. When combined with wheelchair recline,
Chen et al. [40] found that coccygeal pressure initially in-
creased in response to smaller angles of wheelchair tilt and
only began decreasing at larger angles. The second NMF
basis appeared to highlight the coccygeal in response to
wheelchair tilt and recline, which has been markedly un-
derstudied relative to ischial pressure [40]. Thus, coccygeal
pressure may warrant more focus in research and practice.

4.1.2 Pressure magnitude

Kosiak [41] first established a predictive relationship be-
tween pressure magnitude and pressure ulcer development
in the laboratory setting. Governed by a reciprocal pressure-
time relationship, low magnitudes over long durations are
as harmful as high magnitudes over short durations. In real-
world settings, tissue loading conditions are more dynamic
than those of controlled experiments. Nevertheless, Conine
et al. [36] and Brienza et al. [15] found a positive association
between buttock-seat interface pressure and pressure ulcer
incidence in at-risk elderly wheelchair users. Furthermore,
Conine et al. [36] observed that ulceration incidence rose
significantly when peak seating interface pressure exceeded
60 mmHg. However, predictive absolute thresholds could
not be generalized.

Evidence has also suggested a prognostic relationship
between lower pressure magnitude and faster pressure ulcer
healing. Rosenthal et al. [37] conducted a randomized con-
trol trial comparing the healing rate of advanced pressure
ulcers while sitting upright on a custom therapeutic seat
cushion versus lying supine on a low air loss bed. The seat
intervention was associated with lower interface pressure
and with faster healing. However, the healing rate may have
been confounded by an alternating pressure component of
the therapeutic seat. Alternating the loading of compressed
soft tissues is hypothesized to enhance wound healing by
increasing skin perfusion and modulating the characteristic
frequencies of skin blood flow oscillations in people with
SCI [42, 43]. Thus, prognostic absolute thresholds also could
not be generalized.

In this study, the NMF results offered affirmation of
clinical intuition on pressure magnitude. In the maximal
loading posture, PPI increased significantly by 127.9% in
the predicted ulceration group (Figure 4a1) versus the pre-
dicted nonulceration group (Figure 4a2). In the maximal
unloading posture, PPI increased significantly by 112.4%
in the predicted ulceration group (Figure 4b1) versus the
predicted nonulceration group (Figure 4b2). Thus, the NMF
bases aligned with clinical intuition that seating interface
pressure magnitude plays a key role in pressure ulcer risk.

4.2 Prevention

The NMF bases offered not only affirmation and revelation
of clinical insights but also a potential means for pressure
ulcer prevention. Computational detection would supple-
ment clinical practice with an objective, systematic proce-
dure for predicting pressure ulcer risk. For example, inter-
face pressure-based computational detection could expose
an early-stage ulcer that had otherwise escaped detection
due to darker skin pigmentation; it could notify someone
with SCI of an early-stage ulcer that had otherwise gone
unnoticed due to impaired pain sensation; or it could simply
serve as an additional criterion in borderline clinical cases.

In this study, the foundation was laid for such a compu-
tational detection pipeline (Figure 7):

1) factorize a training set of seating interface pressure
maps from existing clients into NMF basis maps
(Figure 7a),

2) project the training set into the factorized feature
space and compute a probabilistic decision surface
that accounts for each client’s wound history (Fig-
ure 7b), and

3) project the pressure maps from clients of interest
into the factorized feature space, within which their
locations on the decision surface will reveal their
corresponding wound probability (Figure 7c).

While the generated model in this study was likely
overfitted due to the limited sample size, it provides a proof
of concept for such a pressure ulcer prediction pipeline.
In practice, this pipeline would require a larger sample
size to yield meaningful predictions. Fortunately, pressure
mapping is commonly used in clinical settings, although
steps should be taken toward standardized data collection
practices for more reliable model outcomes.
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(a) Maximal Loading

(a1) Predicted (a2) Not Predicted

(b) Maximal Unloading

(b1) Predicted (b2) Not Predicted

Fig. 4: Mean pressure maps of the right buttock from participants with and without predicted wound history superimposed
with 90% contours of nonnegative matrix basis vectors NMF 1 (solid) and NMF 2 (dotted): predicted ulceration under
maximal loading (a1), predicted nonulceration under maximal loading (a2), predicted ulceration under maximal unloading
(b1), and predicted nonulceration under maximal unloading (b2).

The widespread clinical usage of pressure mapping
supports the opportunistic screening of pressure maps for
pressure ulcer risk. In the opportunistic screening paradigm,
routine clinical data are leveraged for secondary analy-
sis [44]. For example, osteoporosis and colorectal cancers
are both detected using computed tomography (CT) via
CT bone densitometry and CT colonography, respectively.
Simultaneous screening of both conditions with a single CT
scan limits the radiation and expenses incurred by clients
and has thus prompted the automated computation of bone
mineral density from existing CT colonography scans [45].
Likewise, automated computation of pressure ulcer risk
from existing clinical pressure maps may enhance pressure
ulcer prevention without adding much additional cost.

The widespread availability of interface pressure map-
ping further supports the feasibility of generating a suffi-
ciently large database of labeled pressure maps to increase
robustness against confounding cases. For example, the
false positive in this study (i.e., predicted ulceration with
actual nonulceration) may have been triggered by unique
dispersion patterns (Figure 5). During loading (Figure 5a),
there was a pressure void directly on the second NMF basis,
while the remaining distribution was relatively dispersed.
This unique dispersion pattern may have confounded the
classification due to the low sample size. During unloading
(Figure 5b), ischial pressure was dispersed laterally toward
the trochanter rather than medially toward the coccyx and
resulted in a relatively inactive second NMF basis. Although
low activation of the second NMF basis (i.e., low coccygeal
pressure) was generally indicative of higher ulceration risk
(i.e., through lower dispersion), the unique lateral disper-
sion may have lowered the participant’s wound risk. The
false negatives (i.e., predicted nonulceration with actual
ulceration) were more confounding and may not be ex-
plainable without future work. Qualitatively, their distri-
bution and magnitude characteristics were not particularly

indicative of high risk (Figure 6). Quantitatively, detectable
features will likely require more training data. Factors such
as pressure ulcer stage and quality of care were not available
in this study. For example, the pressure ulcers of the false
negatives may have been of a lower stage than that of the
true positives. In future work, more detailed training data
may yield a higher number of pertinent basis images and
reveal additional discriminatory information in relation to
ulceration risk.

Computational detection would also facilitate real-time
monitoring of pressure ulcer risk. While constant clinical

(a) Maximal Loading (b) Maximal Unloading

Fig. 5: Pressure maps of the right buttock from the lone false
positive (i.e., predicted ulceration with actual nonulceration)
during maximal loading (a) and maximal unloading (b)
superimposed with 90% contours of nonnegative matrix
basis vectors NMF 1 (solid) and NMF 2 (dotted).
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(a) Maximal Loading (b) Maximal Unloading

Fig. 6: Pressure maps of the right buttock from a false
negative (i.e., predicted nonulceration with actual ulcera-
tion) under maximal loading (a) and maximal unloading
(b) superimposed with 90% contours of nonnegative matrix
basis vectors NMF 1 (solid) and NMF 2 (dotted).

monitoring is too costly to implement pragmatically [19],
automated remote monitoring may be feasible. Several
studies have investigated remotely monitoring pressure re-
lief [46, 47, 48] and pressure distribution [49, 50]. The analy-
sis pipeline in this study could be integrated into a real-time
pressure monitoring system that periodically assesses in situ
pressure maps against factorized pressure maps.

5 LIMITATIONS

This study was limited by its training data and study sam-
ple. Regarding the training data, the left half of the pressure
maps was not available since the left ischial area had been
modified for a separate study. Complete pressure distribu-
tions would likely yield more discriminatory information.
On the right ischial tuberosity, there was a small, thin laser
Doppler sensor to record skin perfusion for a previous
study. Its effect on the analysis was minimal given the
sensor’s small size and systematic appearance throughout
all pressure maps. In addition, wound history was based
on self-reports rather than medical records and was labeled
as ulceration versus nonulceration, lacking more precise
details such as location, duration, and severity. The model
also lacked other known risk factors, such as microenvi-
ronment conditions. Future training data could include the
Braden subscores for a more comprehensive coverage of risk
factors. Lastly, the data were collected on a standardized
cushion, whereas the participants’ natural cushions may
have yielded improved classification performance.

Regarding the study sample, the sample size was low
(n = 16). Furthermore, all participants were recruited from a
single metropolitan area. Especially in the context of pattern
recognition, a larger and more diverse sample would yield
higher discrimination between classes. The model generated
in this study was likely overfitted to the small sample.
Given more training data and more precise class labels, the

proposed analysis pipeline should be more generalizable
and reveal more clinical insights.

6 CONCLUSIONS

This study leveraged a nonnegative factorization method
for quantitative pressure ulcer prediction. Visualization of
the interpretable factors affirmed the importance of lower
ischial pressure and higher distribution dispersion while
also revealing that current clinical practice may be under-
estimating the importance of coccygeal pressure in response
to wheelchair tilt and recline. Given a larger set of training
data, the method may reveal more clinical insights and
higher predictive accuracy of pressure ulcer risk.
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