
Comparison of muscle and skin perfusion over the ischial
tuberosities in response to wheelchair tilt-in-space and recline
angles in people with spinal cord injury

Yih-Kuen Jan, PT, PhD1, Barbara A. Crane, PT, PhD, ATP/SMS2, Fuyuan Liao, PhD1, Jeffrey
A. Woods, PhD1, and William J. Ennis, DO, MBA, FACOS3

1Rehabilitation Research Laboratory, Department of Kinesiology and Community Health,
University of Illinois at Urbana-Champaign, Champaign, IL
2Department of Rehabilitation Sciences, University of Hartford, West Hartford, CT
3Section on Wound Healing and Tissue Repair, Department of Surgery, University of Illinois at
Chicago, Chicago, IL

Abstract
Objective—To compare the efficacy of wheelchair tilt-in-space and recline on enhancing muscle
and skin perfusion over the ischial tuberosities in people with spinal cord injury (SCI).

Design—Repeated measures and before-after trial design.

Setting—University research laboratory.

Participants—Power wheelchair users with SCI (N=20).

Interventions—Six combinations of wheelchair tilt-in-space and recline angles were presented
to participants in a random order. The testing protocol consisted of a baseline 5 min sitting with no
tilt/recline and 5 min positioned in tilted and reclined position at each of 6 conditions, including:
(1) 15° tilt-in-space and 100° recline, (2) 25° tilt-in-space and 100° recline, (3) 35° tilt-in-space
and 100° recline, (4) 15° tilt-in-space and 120° recline, (5) 25° tilt-in-space and 120° recline, and
(6) 35° tilt-in-space and 120° recline.

Main Outcome Measures—Muscle and skin perfusion was assessed by near-infrared
spectroscopy and laser Doppler flowmetry, respectively.

Results—Muscle perfusion was significantly increased at 25° and 35° tilt-in-space when
combined with 120° recline and skin perfusion was significantly increased at 3 tilt-in-space angles
(15°, 25°, 35°) when combined with 120° recline and at 35° tilt-in-space when combined with
100° recline (P<.05). Even in the positions of increased muscle perfusion and skin perfusion (25°
and 35° of tilt-in-space combined with 120° of recline), the amount of muscle perfusion change
was significantly lower than the amount of skin perfusion change (P<.05).

Conclusions—Our results indicate that a larger angle of tilt-in-space and recline is needed to
improve muscle perfusion compared to skin perfusion. A position of 25° tilt-in-space combined
with 120° recline is effective in enhancing muscle and skin perfusion of weight-bearing soft
tissues at the ischial tuberosities.

Correspondence to Yih-Kuen Jan, PT, PhD, Rehabilitation Research Laboratory, Department of Kinesiology and Community Health,
University of Illinois at Urbana-Champaign, 1206 South Fourth Street, MC-588, Champaign, IL 61820, USA, Tel: 1-217-300-7253,
Fax: 1-217-333-2766, yjan@illinois.edu..

NIH Public Access
Author Manuscript
Arch Phys Med Rehabil. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
Arch Phys Med Rehabil. 2013 October ; 94(10): 1990–1996. doi:10.1016/j.apmr.2013.03.027.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
deep tissue injury; laser Doppler flowmetry; near-infrared spectroscopy; pressure ulcer prevention;
wheelchair seating

Pressure ulcers have remained a significant healthcare issue in the United States ever since
Ambroise Paré described one of the earliest pressure ulcers in the literature indicating that
“the bedsore on the buttock has come from having been too long a time lying on it, without
moving himself” in the sixteenth century.1, 2 People with spinal cord injury (SCI) who lose
mobility and sensation are particularly at risk of pressure ulcers on gluteal muscles.3, 4 The
National Pressure Ulcer Advisory Panel (NPUAP) states that most pressure ulcers are
avoidable, thus, prevention remains a mainstay of pressure ulcer treatment.5

Clinically, an essential component of a pressure ulcer prevention program is to periodically
reduce the magnitude of pressure on weight bearing soft tissues.2, 3 During pressure
relieving, ischemic soft tissues are able to improve blood flow to meet the metabolic needs
of local cells. Such practice is based on the ischemia theory of pressure ulcer etiology.3, 6, 7

Wheelchair tilt-in-space and recline repositioning systems are commonly recommended for
preventing sitting-induced pressure ulcers in people with SCI, especially in people with
tetraplegia.3, 8, 9 Previous research studies have established the efficacy of tilt-in-space and
recline on reducing the magnitude of seating interface pressure and enhancing skin blood
flow.3, 10–12 However, the efficacy of performing wheelchair tilt-in-space and recline on
enhancing muscle blood flow and reducing the risk of deep tissue injury (DTI) is largely
unknown.3, 11

DTI was a recently recognized form of pressure ulcers by the NPUAP.13–15 Pressure ulcers
are classified as superficial pressure ulcers (localized tissue damage originates from the skin
and proceeds to the deep tissues) and DTI (presence of muscle damage with an intact skin
caused by prolonged compression of muscle tissues around the bony prominences). Shea16

was the first person to report a wound underneath intact skin. Because muscle tissues are
more susceptible to ischemic damage than the skin,17–19 necrosis of deep muscle tissues
may occur before skin damage occurs. Furthermore, computational modeling has
demonstrated that larger deformation and stresses act on muscle tissues adjacent to the
ischial tuberosities.20–22 Research studies are needed to examine the effectiveness of current
clinical guidelines (e.g. use of wheelchair tilt-in-space and recline) on preventing DTI.23, 24

Near-infrared spectroscopy (NIRS) is a relatively new technology that can measure the
saturation of tissue oxygen (StO2), which is expressed as a percentage of the ratio of
oxygenated hemoglobin to total hemoglobin primarily of the microvasculature of muscles.25

StO2 represents a dynamic balance between oxygen supply and consumption by local cells
and has been used to study muscle perfusion in various diseases and under physiological
stimuli.26–28 Such information may be useful to assess muscle perfusion of weight-bearing
tissues and its response to wheelchair tilt-in-space and recline in people with SCI. A similar
technology to NIRS uses laser Doppler to measure blood flow velocity within the measuring
volume.4, 29

Laser Doppler flowmetry has been extensively used in quantifying skin perfusion in
pressure ulcer prevention research.30–33 Using laser Doppler technology, we demonstrated
that performing wheelchair tilt-in-space and recline needs to exceed a certain angle for
effectively enhancing skin perfusion,3 needs to be maintained for at least 3 min for a
significant increase in skin perfusion at the ischial tuberosities,11 and does not cause a
decrease in skin perfusion over the sacrum.34 In this study, we examined the efficacy of tilt-

Jan et al. Page 2

Arch Phys Med Rehabil. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in-space and recline on enhancing muscle perfusion for reducing ischemia. The purpose of
this study was to compare muscle and skin perfusion over the ischial tuberosities in response
to six combinations of wheelchair tilt-in-space and recline angles in people with SCI. We
hypothesized that a larger angle of tilt-in-space and recline is needed to enhance muscle
perfusion when compared to skin perfusion.

METHODS
A repeated measures and before-after trial design was used in this study.

Participants
We recruited 20 power wheelchair users with SCI to participate in this study. The inclusion
criteria included: traumatic SCI at the level of C4 through T5 with an American Spinal
Injury Association (ASIA) impairment scale of A, B or C; at least 6 months post spinal
injury; use of a power wheelchair as a primary means of mobility; and wheelchair seat width
of 43 cm (17 inches) to 53 cm (21 inches). The exclusion criteria included: cardiorespiratory
or other diseases that may affect cardiovascular or circulatory function; diagnosed skeletal
deformities (scoliosis, pelvic obliquity, hip and knee contracture); and active pressure ulcers.
The rationale of the inclusion and exclusion criteria was to recruit a relatively homogenous
group for this study. All participants gave informed consent to participate in this study,
which was approved by a university institutional review board. The 20 participants included
18 males and 2 females: 15 Caucasians, 2 African Americans, and 3 Hispanic Americans.
The descriptive data of the participants were: age, 41.4 ± 12.6y (mean ± standard deviation);
body mass index, 25.4 ± 3.7kg/m2; and spinal injury duration, 7.8 ± 6.1y.

Apparatus
NIRSa was used to continuously measure muscle perfusion (in % unit) over the right ischial
tuberosity with a sampling frequency of 0.5 Hz. The NIRS probea (38 × 15 × 10 mm) used
in this study has a configuration of 15 mm distance between illumination and detection
fibers/sensors that can detect oxygenation to a depth of 0 to 14 mm. The device uses a
spectrometer to derive the muscle oxygenation measurement from the absorbance
differences in the near-infrared spectrum at wavelengths between 680 and 800 nm. The
NIRS device used in this study has been shown to be reliable on measuring StO2 in skeletal
muscles,35 and is different from transcutaneous oxygen pressure (TcpO2), which measures
the partial pressure of oxygen in the skin.4

A thin (1–2 mm thickness) laser Doppler flowmetry (LDF)b probe was used simultaneously
to measure skin perfusion over the left ischial tuberosity with a sampling rate of 32 Hz. The
LDF device utilizes a 780 nm laser light with a separation of 0.25 mm between emitting and
receiving sensors that leads to a measurement depth of 1 to 2 mm. The output value is
reported in blood perfusion units (BPU). LDF has demonstrated reliability in various
medical applications.4, 29

A power wheelchairc with tilt-in-space and recline seat positioning functions was used in
this study. The seat width was 48 cm (19 inches). Both tilt-in-space and recline provide
pressure relief while tilt-in-space works best for users with high muscle tone and limited
range of motion of lower extremity joints and recline is better for users who require a full
pressure relief.11 A standard high-density pre-contoured foam seat cushionc provided by the

aSuppliers InSpectra 650, Hutchinson Technology Inc., Hutchinson, MN 55350.
bPeriFlux System 5000 and Probe PR 415, Perimed Inc., Ardmore, PA 19003.
cCorpus C300 and seating system, Permobil Inc., Lebanon, TN 37090.
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same manufacturer was used in this study. We adapted the wheelchair seat cushion by
cutting out a 10 cm diameter by 1 cm depth circular portion of foam in the region of the
right ischial tuberosity. This was done to accommodate the thickness of the NIRS probe and
prevent the probe from affecting the seat interface pressure. A hole larger than the size of the
NIRS probe was needed to accommodate the variations of the ischial tuberosity location of
each participant when seated on the cushion. Two angle gaugesd were used to measure
wheelchair tilt-in-space and recline angles.

Wheelchair Tilt-in-space and Recline Protocol
Six protocols of various wheelchair tilt-in-space and recline angles were tested in a random
order in this study. A wheelchair tilt-in-space feature provides a change in angle of the seat
and back support relative to the vertical without changing the angle between the seat and
back support. The recline feature changes the angle of the back support relative to vertical
without a change in the seat angle, therefore, changing the seat to back support angle. For
this study, both of these features were manipulated. The starting position for tilt was a fully
vertical back support (this would be 0 degrees) and the seating system is always tilted
posteriorly. The starting position of recline is with a 90 degree seat to back support angle
and the recline angle indicated is the resulting seat to back support angle after the back
support was reclined. Each protocol consisted of a baseline 5 min sitting at no tilt/recline
and a 5 min tilted and reclined position at each of 6 combinations of tilt-in-space and recline
angles, including (1) 15° tilt-in-space and 100° recline, (2) 25° tilt-in-space and 100° recline,
(3) 35° tilt-in-space and 100° recline, (4) 15° tilt-in-space and 120° recline, (5) 25° tilt-in-
space and 120° recline, and (6) 35° tilt-in-space and 120° recline. A 5 min washout period
was provided between protocols. See Table 1 for a sample protocol from one of the
participants in this study. The randomization of 6 conditions assigned to participants and
rationale of selection of these settings is provided in our previous publication.3

Procedure
Room temperature was maintained at 24°C ± 2°C. The participants stayed in the laboratory
for at least 30 min prior to testing to accommodate to the room temperature. During the
acclimation period, the participants were asked to empty their bladders. Then the
participants were transferred to a standard mat to position them in a side-lying posture with
their hips and knees flexed to 90°. The LDF probe was taped onto the skin over the left
ischial tuberosity and the NIRS probe was taped onto the skin over the right ischial
tuberosity. Then, the participant was transferred back to the wheelchair for data collection.
The locations of LDF and NIRS were confirmed by palpation with a participant leaning
laterally and forward. Wheelchair tilt-in-space and recline angles were always adjusted by
the same researcher. The range of acceptable angles was ±2° of the pre-determined angle.
The adjustment of angles was completed within 30 sec of initiating each tilt-in-space and
recline condition. Each participant required approximately 2 hours to complete testing all 6
positions. Figure 1 shows examples of muscle and skin perfusion responses to 15° tilt-in-
space combined with 100° recline and 35° tilt-in-space combined with 120° recline.

Statistical Analysis
The independent variables included the 6 combinations of wheelchair tilt-in-space and
recline angles and the dependent variables were muscle and skin perfusion responses. Our
previous study demonstrated that of the selected tilt-in-space and recline angles were
reasonable to assess skin perfusion response,3, 11 and we assumed that such protocols are
also reasonable for examining muscle perfusion responses. Muscle and skin perfusion

dDigital angle gauge, Wixey, available at: http://www.wixey.com.
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during the 5-min tilted and reclined position was normalized to that of its baseline 5-min
upright sitting period (Table 1).31, 36 Because 20–30 sec was needed to complete the
adjustment of tilt-in-space and recline angles, muscle and skin perfusion obtained during the
first 30 sec of each 5 min tilted and reclined period was excluded from analysis.3, 11 A one-
way analysis of variance with repeated-measures was used to examine the efficacy of
wheelchair tilt-in-space and recline on enhancing muscle and skin perfusion over the ischial
tuberosities. We also used paired samples t-tests for post-hoc analyses for the before-after
trial comparisons of perfusion between the 5 min baseline sitting and each 5 min tilted and
recline position. For each condition of tilt-in-space and recline angles, normalized muscle
and skin perfusion were compared, also using paired t-tests. We considered using
Bonferroni corrections in analysis of data, however due to the high number of measures (12)
and the low number of participants (20) in this pilot study, as well as the nature of the pilot
study, we decided not to use these corrections as they would increase likelihood committing
a Type II error, which was not acceptable for this exploratory study.37 All statistical tests
were performed using SPSSe at an alpha level of .05.

RESULTS
Normalized muscle perfusion during the tilted and reclined positions is shown in Fig 2.
Muscle perfusion during 2 protocols: 25° and 35° tilt-in-space combined with 120° recline,
showed a significant increase compared to baseline sitting (P<.05); however the remaining 4
protocols did not show a significant difference in muscle perfusion compared to baseline
sitting (N.S.).

Normalized skin perfusion during the tilted and reclined positions is shown in Fig 3. Skin
perfusion during 4 protocols: 35° tilt-in-space combined with 100° recline and all 3 tilt-in-
space angles combined with 120° recline, showed a significant increase compared to
baseline sitting (P<.05). The remaining 2 angle combinations: 15° and 25° tilt-in-space
combined with 100° recline, did not show a significant increase compared to its baseline
sitting (N.S) (Fig. 3).

Normalized skin perfusion during 3 angle combinations: all 3 tilt-in-space angles combined
with 120° recline, showed a significant increase compared to normalized muscle perfusion
(P<.05); however the remaining 3 angle combinations did not show a significant difference
between normalized muscle and skin perfusion (N.S).

DISCUSSION
We demonstrated that a larger angle of wheelchair tilt-in-space and recline is required to
improve muscle perfusion than that required to improve skin perfusion in adults with SCI.
This is particularly important to complement the research findings about the efficacy of tilt-
in-space and recline on reducing the magnitude of seating interface pressure10 and
enhancing skin perfusion3, 11 for the development of a specific guideline for use of
wheelchair tilt-in-space and recline to prevent sitting-induced pressure ulcers in people with
SCI. Our findings also support computational modeling on the understanding of deformation
and mechanical stresses of gluteal muscles in the sitting position. By comparing muscle and
skin perfusion responses at the same angle of tilt-in-space and recline, our findings suggest
that muscle tissues may be at higher risk of tissue injury than the skin in people with SCI.

The main finding of this study is that increasing muscle perfusion of the weight-bearing
tissues may require different pressure relief maneuvers than those required to improve skin

eSPSS 20, SPSS Inc., Chicago, IL 60606.
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perfusion in wheelchair users with SCI. Research studies have demonstrated that smaller
angles of tilt-in-space and recline can reduce peak seating pressure (e.g. 15° tilt-in-space
combined with 100° recline).38 However, using LDF to assess skin perfusion over the
ischial tuberosity, we previously showed that this angle did not increase skin perfusion and a
relatively larger angle is needed to improve skin perfusion to the ischemic weight-bearing
tissues.3, 39 In this study, we further demonstrated that a combined tilt-in-space and recline
angle may noticeably enhance skin perfusion over the ischial tuberosity but may not increase
muscle perfusion (e.g. 35° tilt-in-space and 100° recline). Our findings are particularly
useful for clinicians to educate wheelchair users to perform tilt-in-space and recline by
showing the efficacy on reducing muscle and skin ischemia. This evidence may encourage
wheelchair users to perform pressure relief maneuvers involving proper angles and durations
of tilt-in-space and recline for reducing the risk of pressure ulcers, including DTI.

Muscle and skin perfusion of the weight-bearing tissues in response to combined wheelchair
tilt-in-space and recline is dependent on many factors, including intrinsic physiological and
extrinsic mechanical factors. Physiological factors regulating microvascular responses
include local metabolic and myogenic controls and central sympathovagal function over the
cardiovascular system.31, 40–42 The impaired microvascular reactivity in people with SCI is
largely due to the sympathetic dysfunction over the cardiovascular system.31, 42 To
overcome sitting-induced tissue ischemia, local metabolic and/or myogenic controls need to
cause a vasodilatory response to increase blood flow. Both metabolic and myogenic controls
require adequate removal of occlusion pressure surrounding arterioles and capillaries to
initiate a vasodilatory response. When mechanical stresses and deformation are removed
through performance of wheelchair tilt-in-space and recline, metabolic controls increase
release of vasodilators to blood flow and myogenic controls enhance amplitudes of
vasomotion for reducing blood flow resistance, thus quickly increasing blood flow to the
ischemic muscles and skin.43, 44

The difference in muscle and skin perfusion in response to wheelchair tilt-in-space and
recline is mainly due to the difference in the degree of pressure reduction between the
muscles and skin governed by mechanical factors. Mechanical factors include the
composition, structure and viscoelastic properties of the skin, fat and muscles and the
geometric shape of bony prominences and support surface.20, 22–24 Modeling studies have
shown that mechanical stresses are concentrated on muscles adjacent to bony prominences
rather than on the skin, fat and muscles far from the bony prominences.19, 45 This implies
that a larger occlusion pressure is acting on arterioles and capillaries of muscles than the
skin, which may have led to the smaller response of increased muscle perfusion seen in this
study.

The technical advantage of LDF is to quantify skin blood flow oscillations associated with
vasomotion, however the disadvantage is the limited measurement of the depth of up to 1–2
mm. Skin blood flow oscillations provide a great opportunity to study underlying
physiological mechanisms (e.g. metabolic, neurogenic and myogenic) and their response to
various causative factors of pressure ulcers.40, 41, 46 The advantage of using NIRS is the
ability to detect perfusion at a deeper level, involving skeletal muscles. However, most
NIRS requires a much longer time to quantify changes in muscle perfusion compared to
LDF. When assessing physiological signals such as muscle and skin perfusion, spatial and
temporal variations in these measurements should be expected.31, 36, 41, 47 Several methods
have been established to overcome these variations, including expressing blood flow as a
percentage of thermally induced maximal blood flow, measuring blood flow at a controlled
temperature (e.g. 37°C), and normalization of blood flow response to a baseline value.36

Without using these methods, poor reproducibility of NIRS measurements may be
observed.48
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In several previous studies, researchers8, 49, 50 monitored the usage patterns of wheelchair
tilt-in-space and recline and found that although the majority of wheelchair users used tilt-
in-space and recline features every day, they performed angles of tilt-in-space and recline
that were relatively small. According to our results, these pressure redistribution/relieving
activities may not be effective on reducing muscle and skin ischemia. Our studies have
shown that clinicians should be recommending both tilt-in-space and recline features, along
with specific angles of tilt-in-space combined with recline, to wheelchair users to allow
effective reduction of ischemia in both muscle and skin tissues.

Study Limitations
The major limitations of this study are grounded in the current state of science on the NIRS
technology. Various configurations of NIRS probes have been used to measure muscle
perfusion to the different depths from the skin surface. The configuration of the illumination
and detection sensors in this study allowed us to detect muscle perfusion at a depth up to 14
mm. It is unclear whether this depth was adequate to include the entire muscle thickness
between the ischial tuberosity and the skin surface. For the detected muscle tissues, our
results demonstrated that a larger angle of tilt-in-space and recline was needed in muscles
than in the skin. If the depth was not enough to include the entire thickness of gluteal
muscles, based on the computational modeling research,20–22 a larger angle will be needed
to improve muscle perfusion because of relatively higher stresses immediately surrounding
the bony prominence. However, a larger NIRS probe, needed for deeper detection, may
significantly affect the normal pressure distribution between the buttock and support surface.
Secondly, the recovery period was 5 min in this study. Muscle perfusion of weight bearing
tissues may require a longer time for a full vasodilatory response. Future work may examine
the muscle perfusion response at different recovery times. A larger sample size using this
protocol should be used to verify our results. In addition to this, we studied a sample with a
specific body size for this research. The results may not generalize well to participants with
substantially different anthropometric characteristics.

CONCLUSION
In this study and our previous study, we have demonstrated that wheelchair tilt-in-space and
recline can enhance muscle and skin perfusion in adult wheelchair users with SCI. Although
smaller angles of wheelchair tilt-in-space and recline are preferred by wheelchair users for
functional purposes, our results indicate that 25° tilt-in-space combined with 120° recline or
larger angles are required to reduce muscle and skin tissue ischemia of weight-bearing soft
tissues. Our findings support the use of combined wheelchair tilt-in-space and recline to
reduce risk of pressure ulcers in wheelchair users with SCI.
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DTI Deep Tissue Injury

LDF Laser Doppler Flowmetry

NIRS Near-Infrared Spectroscopy

NPUAP National Pressure Ulcer Advisory Panel

SCI Spinal Cord Injury

StO2 Saturation of Tissue Oxygen

TcpO2 Transcutaneous Oxygen Pressure
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Fig 1.
An example of skin and muscle perfusion in response to 15° tilt-in-space combined with
100° recline and 35° tilt-in-space combined with 120° recline. The 5 min upright sitting was
used to induce soft tissue ischemia and the 5 min tilted and reclined period was used to
improve muscle and skin perfusion. Muscle and skin perfusion was simultaneously
measured at the right and left ischial tuberosities, respectively. (a) Skin perfusion response
to 15° tilt-in-space combined with 100° recline. (b) Skin perfusion response to 35° tilt-in-
space combined with 120° recline. (c) Muscle perfusion (StO2) response to 15° tilt-in-space
combined with 100° recline. (d) Muscle perfusion response to 35° tilt-in-space combined
with 120° recline.
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Fig 2.
Comparison of normalized muscle perfusion in response to wheelchair tilt-in-space (T: 15°,
25°, 35°) in combination with recline (R: 100°, 120°). During tilted and reclined positions, 2
testing positions showed a significant increase in muscle perfusion compared with the
upright seated position (P<.05), and the remaining 4 conditions did not show a significant
increase in skin perfusion. Data shown as mean ± SE. Abbreviation: BPU, blood perfusion
unit.
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Fig 3.
Comparison of normalized skin perfusion in response to wheelchair tilt-in-space (T: 15°,
25°, 35°) in combination with recline (R: 100°, 120°). During tilted and reclined positions, 4
testing positions showed a significant increase in skin perfusion compared with the upright
seated position (P<.05), whereas positions at 15° tilt-in-space combined with 100° recline
and 25° tilt-in-space combined with 100° recline did not show a significant increase in skin
perfusion. Data shown as mean ± SE. Abbreviation: BPU, blood perfusion unit.
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Table 1

A repeated measures before-after trial design was used to examine the efficacy of wheelchair tilt-in-space and
recline angles on enhancing muscle and skin perfusion in people with spinal cord injury. Muscle and skin
perfusion was simultaneously measured at the right and left ischial tuberosities, respectively. The example
only lists muscle perfusion as an example of calculating normalized muscle perfusion. Tilt-in-space (T): 15°,
25,° 35° and recline (R): 100°, 120°. An example of a complete protocol for a research participant.
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