In Vivo Muscle Stiffening Under
Bone Compression Promotes
Deep Pressure Sores

A. Gefen Pressure sores (PS) in deep muscles are potentially fatal and are considered one of the
most costly complications in spinal cord injury patients. We hypothesize that continuous
N. Gefen compression of the longissimus and gluteus muscles by the sacral and ischial bones
. during wheelchair sitting increases muscle stiffness around the bone-muscle interface
E. Linder-Ganz over time, thereby causing muscles to bear intensified stresses in relentlessly widening
regions, in a positive-feedback injury spiral. In this study, we measured long-term shear
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Faculty of Engineering, 1/4-2 h, N=32), and evaluated tissue viability in matched groups (using phosphotungstic
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Tel Aviv, Israel stiffening of muscle tissue in vivo in muscles subjected to 35 KPa for 30 min or over, and
e-mail: gefen@eng.tau.ac.il in muscles subjected to 70 KPa for 15 min or over. By incorporating this effect into a
. finite element (FE) model of the buttocks of a wheelchair user we identified a mechanical
S.S. Margulles stress wave which spreads from the bone-muscle interface outward through longissimus
Department of Bioengineering, muscle tissue. Aftel h of FE sinulated motionlessness, 50%—-60% of the cross section of
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Philadelphia, Pennsylvania cell death in rat muscle within 15 min). During these 4 h, the mean compressive stress

across the transverse cross section of the longissimus increased by 30%-40%. The iden-
tification of the stiffening-stress-cell-death injury spiral developing during the initial 30
min of motionless sitting provides new mechanistic insight into deep PS formation and
calls for reevaluation of tb 1 h iepositioning cycle recommended by the U.S. Department
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Introduction cal time period[1-3]. These ischemic conditions, together with
Pressure soreéPS are the consequence of intense and plroc_ritical prolongeq deformation of tissues, may result in cell death
longed mechanical loading of vascularized soft tissues whilg'n th(.e.affected tlssu.es..ln early stages, the;e deep PS cannot be
causes cell death through metabolic deprivafibr3] and/or céiti- identified by examination of t.he skin, which often ]eads to

. e rogress to a more serious injury level before detection. Thus,
cal deformatior{4]. Immobilization and lack of sensory feedbac

are the greatest risk factors for PS ondgdtand accordingly, spi- bhuerf;lindi?qeﬁqapnig?;g g%sltga:%;trs at, and are considered a heavy

nal cord injury (SCI) patients are among the most vulnerable D ; ; : ;
: ! . L eep PS in SCI patients typically appear in the muscles pad-
populations[6]. Despite considerable efforts to minimize they, e sacrum and ischial tuberosities—the longissimus and glu-

fr:g\slgli';%i r?tfsthése\r/];?(l)%dgtalnqugtgoiiI gaStIZEtr?ﬁglmgisrt ﬁ}?ﬁ:lhggt s muscles—Ilikely because of the denser vascularization in stri-
e . d muscles compared with that in more superficial tissues
care and rehabilitation, and between 15% and 26% of the patie b P

develop a PS thereafté6]. These complications cause pain, Suf. 6—12. Clinical evidence of deep muscle injury in immobilized

feri dq] hospitalization time for SCI pati Additi patients[11,12 is consistent with animal studies in which com-
ering, and longer hospitalization time for SCI patients. Additions egsjon of soft tissue layers composed of skin, subcutaneous fat,
ally, PS impose vast healthcare costs, e.g., around 1.2 hillion d

. . > 1d striated muscles initially manifested cell death in muscle tis-
lars are invested annually in treating SCl-related PS alaile Y

. ) ) sye. Specifically, Daniel et dl2] showed that in pigs, pressure of
Worse still, PS are potentially fatal such as in the recent death ®} « pa delivered fo4 h wassufficient to cause muscle cell death

movie star Christopher Reeve in October of 2004. Septicemia afh sin injury required application of 107 KPa for 8 h. Moreover,

severe infectious complications associated with PS are conside cle layers directly envelope highly curved bone surféees

the major direct causes of ded®9). under the sacrum and ischial tuberosititisat, from a biome-
Two different mechanisms for onset of PS were recently recogpanical perspective, tend to concentrate loads and mechanical

erbated by moisture and elevated temperature @hdeep(se- resses it between the supporting surfa@ss., wheelchair cush-
vere PS in va}sculanzed tlssqe{QIplcaIIy skeletal mgsclesare ion) and curved bony prominencés.g., the sacruim pathologic
produced by tissue compression under bony prominences respffanges associated with ischemia are likely to appear first in
ing in local obstructions or occlusions in blood supply for a criti,scle tissue.
The biomechanical factors which determine the risk for deep
Contributed by the Bioengineering Division for publication In the JOURNAL OFPS onset are tWOfOId’ extrinsic and intrinsic. Important extrinsic
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loads to which the body is subjected. Important intrinsic factoiadentor’s size for the thickness of the sample, and concluded that
are the geometry and mechanical properties of the soft tissue I&should be equal or less than 25% the thickness of the studied
ers that are compressed between the supports and bony prasaimple. This also ensures that unintended misalignment of the
nences during wheelchair sitting. The individual combination dhdentor that is smaller than 12.5 deg will have a negligible effect
anatomy and tissue stiffness characteristics determines the inten- the measured mechanical properties. For testing gracilis
sity of loads to which deep tissues are exposed for given whegtuscle of adult rats, which is typically 15-20 mm thick, an in-
chair and sitting position. In view of the susceptibility of musculagentor with radius oR=2 mm is appropriate.

tissue to PS, its mechanical properties are of particular interestThe displacemens(t) is determined to be of a “ramp-and-hold”
Specifically, long-term viscoelastic properties of muscular tissyg,ye shape, i.e., the indentor is pressed into the tissue at a veloc-
should be studied, because PS develop on a time scale of minqg}e%f 1 mm/s until reaching a depth of 1 mm, where it is held in
to hours[1-4], during which stress relaxation occurs in the tissu&epth for 50 s. Because this study focuses on formation of PS,

under body-weight loading. ‘\thiCh is a gradual, slow process occurring under a nearly constant

We hypothesize that mechanical properties of striated mus ed (i.e., body weight of the immobilized patiéntve report the

tissue play an important role in the etiology of deep PS CharaCtEShg-term shear modulus of muscl&,. Consistently, we in-

ented at a moderate speed, 1 mm/s, to measure the load-
[13], intervertebral disc§14], and brain[15]). The stiffer me- relaxation response in rat muscles that reflects the consequence of

chanical behavior of dead tissues was attributed to cellular decoﬁ]_moderat_e sqft_ tissue deform_atlon rate by a persons_self body
eight while sitting down(or being seatedon a wheelchair.

position resulting in the rise in the swelling pressure of the tlssﬂ%m order to simultaneously measure the indentation force and

[16], to intracellular proteolysifl7] or to rigor mortis in muscles isplacement. an electromechanical  comouter-controlled and
[18]. In a novel hypothesis we propose that stiffening may als% piac " L ,comput
ecalibrated indentor, comprising a miniature linear stepper mo-

occur in vivo in muscular tissue which underwent widespread ¢ (min. displacement 0.0032 mrforce transducefmax. load
death produced by applied bone compression. Furthermore .57 N or 150 ¢ and a linear variable displacement transducer

hypothesize that local cell-death-related stiffening will affect th .
distribution of mechanical stresses and deformations in adjachﬁS usedFig. 1).
(not yet damagedmuscular tissue, further promoting deep PS.  Experimental Protocol. Pressures measured to occlude blood
In a previous study, we found abnormél.6-fold) stiffening  flow in subcutaneous tissues over the ischial tuberosities were
(p<<0.09 of rat gracilis muscles that were exposed to externakound 40 to 50 KP§29]. Our finite elementFE) analysis of the
compressiorn35 KPa—70 KPa for 2—6)hin vivo and then tested buttocks described later on shows that compression stresses of
in uniaxial tension in vitro, at strains of 2.5%—7.9%B)]. In that that order, and even greater, develop in the longissimus and glu-
study, exposure of rat gracilis to 11.5 KPa did not induce hist@eus muscles of humans during motionless sitting. With respect to
logical evidence of damage or abnormal mechanical propertiggposure time, a study monitoring sitting paraplegic subjects
even in cases where pressure was delivered continuously for Gefuipped with pressure transducers over each ischial tuberosity
The goals of this study are t6) measure the viscoelastic me-showed that subjects who moved every 10 min or less did not
chanical properties of rat skeletal muscles in vivo before and afigévelop PS30], but according to the U.S. Department of Health,
delivery of prolonged compressia@pplied for up to 2 h (i) PS develop withi 2 h of imnobilization[31]. Taking this litera-
compare changes in muscle mechanical properties with histologlire and our present FE simulations together, our animal study
cal damage, andll) characterize the effect of abnormal Stiﬁening/vas designed to app|y combinations of constant pressure magni_
of muscle properties on the biomechanical conditions for onsgfdes(35, 70 KPa and exposure duratior{45 min—2 b that will
and progression of deep PS in sitting humans, using a compuigtentially cause PS in muscles of animal models. Rats, a well-

istic to SCI patients. It is widely recognized that isolated so
tissue specimens stiffen gradually post-mortéerg., ligaments

tional model of the buttocks of a wheelchaBCl) user. established animal model for studying soft tissue tolerance to
pressure injuriefl19,32—-33, were selected for this study. We pro-
Methods duced PS in the rat's gracilis musdlan adductor of the thigh

Mechanical Testing. Striated le i . hi hi ecause it is relatively large and flat and is conveniently acces-
echanical Testing. Striated muscle tissue Is a hierarchiagip e for mechanical testing after reflection of the skin.

structure containing packed muscle fibers that are enveloped Yrhe following protocol was approved by the Institutional Ani-
endomysium thin connective tissue and bundled together by pgra) care and Use Committees of the University of Pennsylvania
imysial connective tissue. This heterogeneous structure generFﬂ% 708193 and of Tel Aviv University(No. M-03-109. A total
exhibits anisotropic material behavior, but for the purpose of bigs "¢ 45 Sprague-Dwaley matu@-4 rﬁonth-ol()i male rats
mechanical measurements, it is common to approximate mus eight 280+20 g were assigned for this studable 1: 32 rats

tissue as being a homogenous and isotropic mat@y21]. This were assigned fo6G., in vivo measurements, and the additional

assumption allows for evaluation of stiffness of muscle tissue I . - o X
VivO en were assigned for muscle histology which is described later.

In order to measure viscoelastic mechanical properties of r. tge group assigned fd&,, testing was further divided into eight

muscles in vivo we employed the well-established indentati bgroups, each_ comprising four a“'m?'s- In these eight sub-
method [22-26. This method utilizes a rigid indentor that isdroups, the gracilis muscles were surgically exposed and sub-

: : : . ected to the following pressure-time combinatidiiable 1: (1)
pressed against the tissue by a foR(e) [N] deflecting the tissue ] s )
S(t) [mm]. Corresponding to our selection of an indentor with 35 KPafor 15 min(2) 35 KPa for 1/2 h{(3) 35 KPa for 1 hi(4)

hemispherical tip of radiuR=2 [mm] (to avoid sharp edges that%5 KPa for 2 hi(5) 70 KPa for 15 mini6) 70 KPa for 1/2 h{7)

may cause microtears in the tissue during testing applied the 70 KPa for 2 h; and(8) no pressure applied. This experimental
solution of Lee and Radofe7], which provides the viscoelastic design(Table 1) considered delivery of comparable pressure doses

- : PD, the time-pressure integyadbetween some pairs of experi-
shear mo_duluﬁ(t) _[MPa[| of _the _te_sted m;_itenal, assuming tha ental groups to investigate whether the PD, used in clinical
the material occupies a semi-infinite elastic space

evaluation of diabetic plantar tiss{ig6], can also be employed to
3P(t) predict the extent of damage to muscle tissue during PS onset.
Glt)=———F7— (1) specifically, PD of 17.5 KPa h was delivered to rats exposed to 35
165(t) VRa(Y) KPa for 1/2 h and to rats exposed to 70 KPa for 1/4 h. Likewise,
The indentor’s radiugR) is an important parameter of the in-equivalent PD of 35 KPa h was delivered to rats exposed to 35
dentation test which should be adequately selected. Zheng etkdPa for 1 h and to rats exposed to 70 KPa for 1/2 h.
[28] conducted experiments on fresh fish tissue to optimize theRats were anesthetized using ketam(@6 mg/Kg and xyla-
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Fig. 1 Scheme of the computer-controlled indentation system for measuring long-term

shear modulus G, of rat muscle tissue

Table 1 Sizes of experimental groups

Pressure Number of
delivered Animals assigned for Duration of pressure delivery animals
1/4h 1/2h 1h 2h

35 KPa G.. Measurements 4 4 4 4 16
Histology 2 2 4

70 KPa G.. Measurements 4 4 - 4 12
Histology 2 2

Controls Time-matched surgical controls 4
Histology 4
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Fig. 2 Scheme of the compression apparatus used to induce pressure injury
on the exposed rat muscle tissue

zine (10 mg/Kg that were intraperitonially injected, and 1/3 ofcompleteness. Therefore, each 1 mm indentation was performed
this dose was used for maintenance of anesthesia during exptvie times, designating the first indentation maneuver as the non-
ments. Depth of anesthesia was verified by lack of pinch responpegconditioned run. According to Carew et [87], precondition-

Hair of the hind limb (randomized, left or rightwas carefully ing without adequate rest periods between subsequent loading
shaved and the skin over the proximal lateral part of the limb waycles increases predictive errors, and therefore, a pause of 20 s
reflected using a scalpel to expose the gracilis. Special care vie$ween subsequent test runs was used to allow elastic recovery of
taken not to damage muscular tissue during surgery. Expogbe muscle tissue.

muscle tissue was maintained moist at all times using spray ofNext, in groups(1)—(7), pressure was applied directly on the
saline. gracilis. For that purpose, rats were placed within a specially de-

Long-term shear moduli., of the gracilis were measured atsigned apparatus which comprised a spring-derived rigid plastic
three time points(i) before delivery of pressure to the exposedompressofdiameter 20 mmwhich delivered precalibrated con-
gracilis (baseline stage (ii) immediately after delivery of pres- stant compression to the muscle’s surféégy. 2). During deliv-
sure(post-compression stagend (i) 30 min after pressure was ery of pressure, the limb was fixed to the base of the apparatus
removed(reperfusion stageto detect potential recovery of abnor-using heavy-duty adhesive tapes at the knee and ankle. Immedi-
mal G, after reperfusion of the muscle. The 30 min recovery timately after delivery of pressure, animals were returned to the in-
was selected to represent potential muscle recovery in a wheggntation system for post-compressi@®. measurements, and
chair user who optimally follows the recommendations of the U.Svere then kept under anesthesia for 30 min of reperfusion, fol-
Department of Health, and changes his/her sitting posture evéowed by another session @, measurements. At each experi-
less than one hoyB1]. mental stage(baseline, post-compression, reperfusiame re-

To acquireG,, measurements at baseline stage, the rat fempeated the indentation measurements at three adjacent sites on the
was firmly fixed to the rigid support under the indentor usingnuscle’s surface, running five preconditioning indentation maneu-
heavy-duty adhesive tapes at the ankle and knee joiigs 1). vers at each site to obtain naive, non-preconditioned as well as
Next, the indentor was positioned using its fine system of adjustreconditionedG.. values. Intra-animal variability ofs.. moduli
ments until delicate contact was made with the surface of tlaeross adjacent sites on the muscle’s surface was in the order of
exposed gracilis muscle, as determined by monitoring the for¢é% (ratio of standard deviation to the medor baseline testing,
transducer’s signal on an oscilloscajfég. 1). In preliminary test- and in order of 15% after pressure was delivered. Accordingly, we
ing of the indentation system while pressing the indentor agairesteragedG,. results across site at each sta@mseline, post-
the center of a digital scale, we measured the threshold of detemtmpression, and reperfusjoto reduce variability. Sites of in-
able contact at a force of 0.02 g, which can be considered as thentation were marked with a permanent color marker and were
consistent preload in all the present indentation tests. The surfat®tographed for documentation. After completing measurements
of the gracilis was indented at a velocity of 1 mm/s to a depth @ff G,, at the three stages of the experiment, animals were eutha-
1 mm. The indentor was then held in depth for 50 s during whiahized with an overdose of pentobarbital and death was verified by
muscle-indentor contact force data were continuously acquired cessation of heartbeat.

a computer at 25 HZLab View 6i, National InstrumentsAl- Group(8) was assigned as time-matched control animals for the
though for the study of PS injury, nonprecondition@PC) G,, surgical proceduréTable . In this groupG.. of the gracilis were
data appear to be the most relevérgcause once an immobilizedmeasured in three adjacent sites immediately after skin was re-
patient was positioned, he is not expected to change posture fdteated, and again 1/2 h, 1 h,11/2 h, 2 h, and 2 1/2 h after skin
long time), we also acquired precondition€@C) shear moduli for reflection without any delivery of pressure, to eliminate effects of
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muscle dehydration on measur&j,. Muscles of time-matched that carried out in preparation f@.. measurementésee Experi-
surgical controls were kept moist using saline spray in the sammntal Protocgl Two cubic sample¢face length~10 mm) were
manner by which muscles exposed to pressure were treated. Afiarvested from the gracilis muscle at the site exposed to pressure.
acquiringG., data over time, these animals were also euthaniz&r muscles which were subjected to pressure, samples were ex-
with overdose of pentobarbital. tracted immediately after delivery of pressure to allow the histol-

- . . . ... ogy findings to be associated wif, measurements takdfrom
Statistical Analysis. To allow a nondimensional statistical jitto rant animals at equivalent times (during the post-

analysis of changes in muscle stiffness, we defined property ratiQs,,, ession stageln preparation for tissue slicing, specimens
of shear moduli for the compressi@f’"" and reperfusiolG***"  were fixed in formaline. Slicing was carried out perpendicularly to
stages of the experiment with respect to the baseline shear mogh¢ direction of load, at thickness of &m (diameter of a muscle
lus value fiber in the rat is~30 um). All slices were studied. Sections were
mounted on glass slides and stained with phosphotungstic acid
Geomp hematoxylin(PTAH) in order to study cell viability and integrity

ceomp_ _F= of cross striatior] 19].
Giomp_ Gbaseline (2) r{ ]

Computational Model. In order to determine the effects of
stiffening of muscular tissue under bone compressiohumans
reper we employed a three-dimension(@D) computational model of a
Greper— G _ &) transverse 1-cm slice through the butto¢ksy. 3(a)]. Using the

* GPaseline FE method(NASTRAN 2003, we solved the model for the distribu-
tion of internal principal compression stresses in the soft tissues
surrounding the pelvic and sacral bones during wheelchair sitting
[Fig. 3(b)]. Subsequently, we obtained the time-dependent
changes in the state of stresses due to modified muscle t&Bsue

(3)]. It follows from these definition§Egs. (2) and (3)] that (i) properties that were observed in the animal studies. The method-

properties remain unaffected if the mean property ratio of an e I_ogyloI FE modelt()jgvfelgpmentt_ls des%cr_ltbed In det_talﬂljﬁ]. For t
perimental group is statistically indistinguishable from unity, anE;mp eleness, a briet description of 1ts essential components

" : ] ] llows.
that (ii) muscle tissue abnormally stiffens if the mean propert . .
(i) y prop The transverse two-dimension@D) geometry of a cross sec-

ratio S S|gn|f|car.1tly greater thaﬂ;ggy‘ _ tion through the buttocks was obtained from the “Visible Human”
Paired one-tail-test betweerG_™™" and unity was employed (malg digital database, and transferred to a solid modeling soft-
f_or each _expe_nmental group to determine |f_stat|st|cal_ly sngnlflcaw_are packagésoLIDWORKS 2003 for detection and segmentation
tissue stiffening occurred. Based on previous published expegtcortical and trabecular bone of the pelvis and sacrum, cartilage,
mental data showing consistent, statistically significant increasesify skin, muscleglongissimus and glutelisinternal organgco-
muscle tissue stiffness post-compresgib®], one-tail testing was |on and ileum, and major blood vessels. The 2D cross section was
selected to increase the statistical power of these tests. POYInh extruded 1 cm along the transverse direction to form a 3D
analysis(paired, =0.05, 0.9 powerwas run to determine the model[Fig. 3(a)]. The buttocks model was supported by an elastic
minimal detectable difference in comparisonG@f°™Pto unity for ~cushion(thickness: 15 cm; elastic modulus: 150 KPa; friction co-
the only group that did not show statistically significant stiffeningfficient between the skin and cushion: 038]). The foundation
of moduli (as reported in the Results sectierthe group exposed of the cushion was fixed for translational and rotational displace-
to 35 KPa for 15 min(N=4). ments. The analysis considered the weights of all tissues, the ab-
Next, we used property rati¢&q. (2) and(3)] to test the effect dominal pressure and the skeletal for¢es, F2) and skeletal mo-
of muscle reperfusion by compari@°™ and G'*P* within each ments(M4,M,) that are transfered through the spine during sitting

group using a paired two-taitest(the more conservative two-tail for two different backrest angles, 70 deg and 80 fiéig. 3(b)].

test was used here because no previous data on the effect of musculoskeletal loads, ,F>,M,M, (Table 2 were calcu-

erfusion on moduli were availableFinally, we conducted pair- lated for each backrest inclination case from static equilibrium of
the free-body-diagram of the entire slitas described in the Ap-

wise multiple comparisons (Eiomp property ratios across experi- oo i of[19])

mental groups using a post-hoc Fisher's leastsignifica .. The model was meshed into 16,664 tissue elements and 3847
difference test. We further verified the results from the FlsheraJShion element§Fig. 3c)]. Al tissues and the cushion were
analysis with a Dunnett test for multiple (:ompariso_nsG@omp considered homogeneous and isotropic materials. Skin and fat,
property ratios from all experimental groups with unity. For eaclhich undergo large deformation during sitting, were assumed to
test type, preconditioned and nonpreconditioned property ratipe nonlinear elastic materials. Bone, cartilage, colon, and ileum
were analyzed separately. For all the above statistical tegts, gissues were assumed to behave linear elastically. Constitutive re-
value less than 0.05 was considered significant. lations for all tissues excluding skeletal muscle tissue were as

Histological Evaluation. The ten animals assigned for histo-SpeC'f'ed in[19]. To model the viscoelastic response of muscle

logical evaluation were divided into four sub-groups. In these fotifs'Sue under constaribody-weight loading, we employed the
sugb roups. the aracilis muscles were sur icgll é)x 'osed and slg inciple that a viscoelastic, time-dependent mechanical behavior
groups, 9 gically exp Bproaches elastic behavior at long times. For the purpose of bio-

jected to the following pressure-time combinatidfable 3: 35 mechanical modeling, it is practical to consider muscle tissue as a
KI_Da for 15 m|n(N_-2), 35 KPa for 1/2 K‘N_,Z)’ 70 KPa for 15 linear viscoelastic material, which allows calculation of the tran-
min (N=2); and histology controls not subjected to press{ie sient shear modulug(t) from [39]

=4). Histological evaluation was conducted only for the above

specific pressure-time combinations becalis@ all these short-

time (15, 30 min exposures, cell death was already eviders G(H) =(G.-G)(1-e")+G (4)
detailed in the Results sectipand so, we stopped further animal

sacrifices assuming that a longer exposure to the same pressunereG,, is the long-term shear modulug; is the instantaneous
magnitudes will also result in cell death, afid) because long- shear modulusimmediately after deformation has ceasezhd =

time (2 h) exposures were previously reported to induce cell deaihthe time constant of relaxation. Our stress relaxation indentation
[19]. The surgical procedure to expose the gracilis was identical éxperiments showed that muscle tissue reached a stable relaxation

where @25¢"js the baseline long-term shear modul@°™ is
the long-term shear modulus post-compres$ieon (2)] andGTP*"
is the long-term shear modulus after 30 min of reperfusie.
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Fig. 3 Computational modeling of the buttocks during wheelchair sitting: (a) three-
dimensional solid model, (b) free-body-diagram showing the system of skeletal forces (F, F,),
skin-cushion friction force and skeletal moments (My, M,) acting on the model, and (c) finite
element meshing with magnification of the abdominal cavity region subjected to abdominal
pressure

responséi.e., the “long-term phase” of the relaxation curadter simulation step. The dependence®f on the magnitude of de-
40 s to 45 s. The time scale for the present FE analyses, howe¥enmation in large deformationonlinearity was not accounted
was in the order of 15 mif@00 9 between subsequent simulationfor in the present FE modeling because of the lack of experimen-
steps(consistent with our animal study design in which shortesal data regarding the influence of PS on nonlinearity.

exposure to pressure was 15 pimhich is ~20-fold the relax- Model predictions of contact stress between the buttocks and
ation time. Accordingly, for the purpose of FE analysis of théhe support surface during sitting were validated using contact
buttocks during prolonged continuous sitting, muscle tissue can piessure measuremerit&lexiforce” sensors, Tekscan Co., Bos-
considered to reach its elastic long-time behav@yr at each ton, MA, thickness 0.13 mm; range: 0 N-4.4 N, accuracy: 5%

Table 2 Loading system for the finite element model of the buttocks during wheelchair sitting,
corresponding to the diagram in Fig. 3  (b). The loads applied to the slice through the buttocks

include skeletal forces (Fy, F,), skin-cushion friction forces and skeletal moments (My, M,) for
two backrest inclination angles. The method of calculation is described elsewhere [19].
Backrest inclination Fy [N] F, [N] Friction f [N] My [Nm] M, [Nm]
70 deg 320 336 11 63 68
80 deg 220 247 66 32 35
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Table 3 Means, standard deviations  (SD), and p values of property ratios for experimental groups (compared with unity within
each group ). GX™=Long-term shear modulus after compression normalized by the baseline long-term shear modulus;
GP'=Long-term shear modulus after reperfusion normalized by the baseline long-term shear modulus; NS =not significant.

Group ascomp a;eper
Nonpreconditioned Preconditioned Nonpreconditioned Preconditioned
Pressure
(KPa)/Time
(1H) Mean SD p Mean SD p Mean SD p Mean SD p
35 1/4 1.21 0.39 NS 1.17 0.37 NS 0.99 0.25 NS 0.90 0.12 NS
35 1/2 1.87 0.41 0.01 1.77 0.38 0.01 1.72 0.21 0.00 1.64 0.29 0.01
35 1 2.39 1.23 0.04 1.95 0.62 0.03 2.09 0.68 0.02 1.80 0.57 0.03
35 2 3.29 1.73 0.04 2.85 1.24 0.03 2.40 0.76 0.02 212 0.49 0.01
70 1/4 2.54 1.07 0.03 2.20 0.93 0.04 1.99 0.48 0.01 1.71 0.37 0.02
70 1/2 3.01 0.70 0.01 2.85 0.75 0.01 2.73 0.64 0.01 2.53 0.64 0.01
70 2 3.28 1.56 0.03 3.10 1.54 0.04 2.73 0.64 0.01 2.65 0.78 0.01

The ischial bones of volunteer subjedfive female and five shown to stiffenG,, of rat muscles, we increases.. of muscle
males, age: 27+2, weight: 69+10 Kg, height: 175+9)amere tissue at that specific site of the computer model, by the corre-
located by palpation and three pressure sensors were adheregpighding stiffening factor that was obtained experimentély

the body under each ischium. Subjects sat on a flat rigid surfaggscriped later; factors provided in Tablg Bor exampleG.. of
covered by the same elastic cushion considered in the FE mo

- . e scle elements that were subjected to compression stress of
ggg%gé ubr;pggfgtgﬁ]’(;’:’jilvﬂ'g:? tﬁ:ﬁstgﬁigfgg&n&a%%Zzsur'%ore than 70 KPa in the computer model was increased 2.54-fold
statistically indistinguishable from measured peak contact pre@-jSt for _these ele_mer)tsn order to mimic local stn‘_fenlng of
sures under ischial bones of subje@tsean + standard deviation: muscle tissue subjected to that extent of compression for 1/4 h.
18+6 KPa,p<0.05. Detailed sensitivity analysis of the modelFisher’s least-significant-difference tests showed G&t" of

was included if19]. Briefly, body weight had the most influential muscles exposed to 35 KPa & h werestatistically indistinguish-
effect (an additional 40 Kg of body weight increased peak comable from those of muscles exposed to 35 KPa for 1 h, and like-
pressive stress in the Ionglssm_us by §9peak stress predlctlon§ wise, GE°™P of muscles exposed to 70 KParf@ h were indistin-
deviated within a range of 7% in response to a +20% change in_ hable f th : | d to 70 KPa for 1/2 h
skin and fat stiffness, and to a +25% change in muscle stiffne: ¥|s_a € Irom those ol muscies exposed 1o 7 a tor '
[19]. otting the stiffening factors in Table 3 on a time scé&epa-

To account for time-dependent changesin of muscle tissue ately for 35 KPa and 70 KPa exposuresiows that both non-
under compression as shown in our present animal studies, Rfgconditioned and preconditioned factors approach asymptotic
first analyzed the distribution of compression stress in muscle tialues at long times. We therefore assumed that stiffening factors
sue of the computer model. In each site where simulated comprés- muscle elements in the FE analyses at times longer than 2 h
sion stress equaled or exceeded a compression level that wase the same as the 2 h factgiable 3.
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Fig. 4 Nonpreconditioned (NPC) and preconditioned (PC) long-term shear moduli G, of gra-

cilis muscle of surgical control rats over time (N=4), from time of skin reflection  (baseline ). No
pressure was applied on muscles of this group.
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Results We conclude that the pressure magnitude and exposure time pa-
rameters should be specified separately for predicting muscle tis-
Mechanical Testing. Long-term shear modulG.. of surgical sye stiffening under compression.
controls(subgroup 8 over time(up to 150 min from the time of ) ) )
skin reflection were generally similar to baseline valu@sg. 4). Histological Evaluation. Death of muscle cells and loss of
A mild increase in muscle stiffness appeared 90 min after surgeiPss striation were demonstrated with PTAH staining in all ex-
(significant for POG., with respect to unityp=0.043, likely be- perimental groups that were assigned for histol®fy KPa deliv-

cause of some tissue dehydration, but at 120 min and 150 mclered for 1/4 h(Fig. €), 35 KPa delivered for 1/2 h and 70 KPa

e PO . Jdlivered for 1/4 h). In frames where cell death was apparent,
stiffening was again insignificariig. 4. Overall, we conclude 0% to 90% of the frame area contained dead muscle tissue. None

that the surgical procedure of skin reflection did not affect musc S the control slides included such abnormalities. and so. we con-

stifiness within  the flrst_hour, and may had a m”d_eﬁecglude that tissue damage was induced by mechanical compression

(~1.4-fold increase in NPG.. and~1.3-fold increase in PG.; in our experimental protocol. Injuries were generally dispersed
Fig. 4) at 90 min and thereafter. across the cross section of the muscle, with dead muscle fascicles
G.. post-compressioiG°™) were significantly greater than being adjacent to viable fascicles. In all experimental groups,
baselines in all experimental groufis<0.05 except the one in some transitional regions of partially viable tissue were identified
which the gracilis was subjected to 35 KPa for 15 fifiig. 5@)].  (Fig- 6). Since rat muscle tissue subjected to 35 KPa for 15 min
Likewise, except for 35 KPa applied for 15 min, after allowing 3¢!emonstrated cell death and loss of cross striation but did not
min of reperfusion of the compressed mus6@"®) G., were _mann‘est significant changes in _mechanlcal properties, and since
S . S in all other groups both histological and mechanical property ab-
significantly greater than baselines values, indicating that musﬂSrmalities were demonstrated, we conclude that cell death and

stlffm_ass did not sp_ont_a_neous_ly recover to b_asellne level with regyz, o rq) changessuch as loss of cross-striatiorprecede
erfusion after a significant increase in stiffness had occurr

) i anges in mechanical properties.

Across experimental groups, bo@®°™P and GI°P' consistently . o . ,
increased with time of exposure to pressiup to 3.3-fold, Fig. 5, Comp_utgtlonal Model. Pea_k principal compressive stresses in
and Table 3 In all experimental groups but the 35 KPa for 1ghe longissimus muscles during wheelchair sitting with the back-
min, the extent of stiffeningminimum: 1.8-fold after 30 min; rest inclined 80 ded5700 KPa and 70 deg(4000 KPa were
maximum: 3.3-fold after 2 h; Table) as greater than the maxi- 292-fold and 266-fold greater than peak contact pressures, respec-
mal stiffening observed in tt’1e surgical contréls4-fold after 90 tively. Likewise, peak compressive stresses in the gluteus muscles

. - f . ith the backrest inclined 80 deg830 KPa and 70 deg 1460
min), approving that pressure was indeed the cause for tissue s 5a) were 96-fold and 94-fold gfgater thanapeak contag(t pressure

ening. Property ratioNPC and PCof compressedG:™™ and  respectively, confirming that interfacial pressures are inefficient
reperfusedG/*"®) muscles were significantly greater than unityneasures for predicting conditions for deep PS of@jt Muscle
. . —comp i ) tissue du_rlng wheelchair sitting is generally subjected_ to Iarge
p<0.05 in a one-tait test for G and in a two-tailt test for  geformations, e.g., when the backrest of the wheelchair was in-
G!*P®"for all groups but the one subjected to a pressure of 35 KRlined 80 deg, peak strains in the longissimus and gluteus were
for 15 min(Table 3. According to the power analysis, the desigril0.4% and 12.9%, respectively. Peak principal compressive
of the present study was adequate to determine significant difféftesses at both the longissimus and gluteus muscles during sitting
ences greater than 0.6 betwagﬁ’mp and unity. Thus, we cannot (with backrest inclinations of 70 deg and 80 glexxceeded 70
) R KPa (Fig. 7). Therefore, these simulations predict that sitting pos-

exclude a possibility that the difference betwe®?™" and unity tures will stiffen deep muscle tissue at the overstressed sites after
in the 35 KPa 15 min group might have been statistically signifit5 min of motionlessness. Consequently to stiffening, stress levels
cant in a larger study population. at the stiffened sites and in surrounding tissue rise. This triggers a

Property ratios of reperfused muscles were almost always ithetrimental positive-feedback mechanism of increase in tissue
distinguishable from those immediately post-compression, howtiffness and subsequent increase of stress levels in the muscles,
ever, in two groups a slighbut statistically significantrecovery Wwhich was manifested in the present simulations atess wave
of muscle stiffness was identified: PC moduli from the group sufhat propagates from the sacral bone outward through longissimus
jected to 35 KPa fol h decreased by 8% (mean with reperfu-  tissues(Fig. 8. The greater backrest inclination ang&0 deg
sion, and similarly, PC moduli from the group subjected to 7Broduced a more intense and faster stress wiige 8). For back-
KPa for 30 minutes decreased byL1% with reperfusion. rest |ncI|nat|9n of 80 deg, we found that muscle regions subjected

Fisher’s multiple comparisons detected significant stiffening dp compressive stress;of 35 KPa or over expanded in area _by 35%
muscles followirg 2 h of exposure to 35 KP&p<0.01), but ex- after 1/4 h and by 60% aftel h of motionless wheelchair sitting.

- o ) During that time, the mean compressive stress across the trans-
posure to .35 KP_a fol h orless d'(.j n_o_t result_S|gn_|f|cant St'ﬁen'_verse cross section of the longissimus increased 1.43-fold. For
ing. Likewise, this test detected significant stiffening after 30 mig, krest inclination of 70 deg, we found that muscle regions sub-

(p<0.0) and after 2 h(p<0.01) of exposure to 70 KPa, but jected to compression stress of 35 KPa or over expand in area by

exposure to 70 KPa for just 15 min was not sufficient to manifesos after 1/4 h and by 52% aftd h of motionless sitting, and

a significant change according to Fisher's. Hence, a Fishe(ithin the 4-h time frame, the mean compressive stress in the

analysis indicates that significantly abnormal properties manifdshgissimus increased 1.3-fold.

during the second hour of exposure to 35 KPa, and between 15

min and 30 min of exposure to 70 KPa. A Dunnett test yieldeDiscussion

results that were consistent with those_ of the'Flsher’s anal_y&s. This study characterized basic pathophysiological and biome-
Pressure doses were shown to be ineffective in predicting thganical phenomena in the onset of PS. Specifically, using an

extent of abnormal increase in muscle stiffness. Specifically, Pipimal model of deep PS under a bony prominence, we demon-

of 17.5 KPa h caused 1.9-fold stiffening of muscles in the grougirated significant stiffeningl.8-fold to 3.3-fold,p< 0.05 in one-

exposed to 35 KPa for 1/2 h, but the same PD caused 2.5-fqlg| t test3 of muscle tissue in vivo in groups subjected to 35 KPa

stiffening in the group exposed to 70 KPa for 1/4Table 3. for 30 min or over, and in all groups subjected to 70 KPa. In all

Similarly, PD of 35 KPa h caused 2.4-fold stiffening of muscles iexperimental groups, substantial cell death occurred in the muscle

the group exposed to 35 KPa for 1 h, but the same PD causegion that was subjected to pressure. Interestingly, all statistical

three-fold stiffening in the group subjected to 70 KPa for 1/2 hests resulted that the slight increase in gracilis stiffness for the
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pressure of 35 KPa for

30 min and (g) 120 min. Bars indicate means and vertical lines indicate standard deviations. For each group
baseline shear modulus  (immediately after skin reflection

are depicted.

(NPC) and preconditioned
(a) 15 min, (b) 30 min, (c) 60 minutes, and (d) 120 min, and of rats subjected to 70 KPa for
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Fig. 7 Model predictions of distributions of principal compres-

sive stresses in the buttocks during wheelchair sitting with the
backrest of the wheelchair inclined  (a) 70 deg and (b) 80 deg
with respect to the horizon. Arrowheads indicate locations of
peak principal compressive stress (in the right longissimus
muscle, adjacent to the sacrum ).

(b)

Fig. 6 Representative phosphotungstic acid hematoxylin
(PTAH) staining of (a) control rat gracilis muscle tissue (not
subjected to pressure ), showing a clear cross-striation struc-
ture stained blue by PTAH, and of  (b) muscle tissue which was
subjected to compression of 35 KPa for 15 min. Injuries in (b)
are dispersed, with dead muscle fascicles (not stained, and no
cross striation ) being adjacent to viable fascicles ~ (stained blue,  isgye. For wheelchair users, the simulations predicted that peak
insdgocﬂzojiﬁg'?r'gg gaé?ézggiissﬁewggm?ait:g dfrgggfj SCZ?LV n,\'/lgg_(b)’ muscle stresses during sitting can be moderately reduced when the
nification was set as X300 ’ backrest inclination is reduced, e.g., reducing the backrest angle
' from 80 deg to 70 deg reduced the peak compressive stress in the
longissimus from 5700 KPa to 4000 KPa, but still, after 15 min of

animal group exposed to 35 KPa for 15 n{in9% for NPC and immobilized sitting ~25% of the cross-sectional area of this
PC propertieswas insignificant, but a histological evaluation ofmuscle was subjected to potentially injuring stresse85 KPa.
this group indicated that the tissue was partially dégig. 6). We conclude that merely decreasing the backrest inclination is an
Based on the results from this group we conclude that significansufficient intervention for relief of elevated buttocks stresses in
changes in mechanical properties follow extensive morphologicsheelchair-bounded patients.
damage and cellular death, and not vice versa. Therefore, futurdReperfusion of muscle tissue for 30 min after the tissue was
development of noninvasive techniques for diagnosis and progra@ntinuously compressed never recovered muscle stiffness back to
sis of deep PS based on mechanical property distribuiog., baseline in all cases where immediately after tissue compression,
using ultrasound-based or MRI-based tissue elastography megtiffness was significantly above baseline. Although a very mild
ods, reviewed irf40]) may employ elevated muscle stiffness as ébut statistically significantdecrease in stiffnesg~10%) was
marker of already existing damage, but not as a predictor of pobserved after allowing reperfusion in two experimental groups,
tential damage. considering also the histological findings, the experimental data
The FE model of the buttocks during immobilized wheelchaindicate occurrence of permanent damage. This suggests that if
sitting (characteristic to SGldemonstrated thafl) deep muscles tissue stiffeningfollowing cell death already took place, patient
which pad the pelvic and sacral bones during sitioggissimus, repositioning to relieve tissue loads may delay, but cannot termi-
gluteus are subjected to stresses that are greater by two ordersafe the positive-feedback deterioration mechanism. Widening of
magnitude than corresponding buttocks-wheelchair interfaciagions which bear potentially injuring stresses is expected to con-
stressegFig. 7), and therefore, the common clinical practice ofinue as soon as the injuring posture recurs.
monitoring interfacial pressures in order to protect SCI patientsIn a previous study of rafgracilis muscle stiffness following
from PS may have fundamental flaws; @i abnormal stiffening exposure of the muscle to continuous pressures we delivered pres-
of muscle tissuén vivo under compression may play a key role irsures in vivo and then, harvested the muscles for in vitro testing
spreading of deep PS. The injured, stiffer muscle tissue bears[dl9]. In vitro, we placed the harvested muscles under uniaxial
evated stresses, and projects these stresses to adjacent tissueeimigion(along the direction of the muscle fibgrssing an electro-
was not yet injured, thereby exposing it to potentially damagingechanical universal testing machitiestron 5544. Using this in
loads. This may drive a positive-feedback mechanism in whiglitro testing configuration we demonstrated statistically significant
elevated stresses in widening regions around the bone-musclesiiffening following exposure to pressures of 35 KPa or 70 KPa
terface (Fig. 8) increase the potential for cell death in muscléfor 2 h to 6 h, but stiffness increased more moderately than in
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Fig. 8 Finite element model predictions of the time-dependent
distribution of principal compression stresses in the longissi-

mus muscle during wheelchair sitting. Based on our animal
studies, muscle tissue elements subjected to compressive
stresses ¢ in the range 35 KPa =0 .<70 KPa stiffen (by factors
specified in Table 3 ) after 1/2 h of immobilized sitting. Stiffen-
ing of muscle tissue at sites subjected to o.=70 KPa occurs
after just 15 min of immobilized sitting (Table 3). For simulation
case (a), where the backrest inclination is 70 deg, 28% of the
cross-sectional area of the longissimus is subjected to poten-
tially injuring stresses (=35 KPa) after 15 minutes of immobi-
lized sitting. For simulation case  (b), where the backrest incli-
nation is 80 deg, 35% of the cross-sectional area of muscle
tissue is susceptible to injury after 15 min of immobilization.
The dotted line in each time frame of the stress analysis shows

the propagation and widening of the 70 KPa stress wave within
the right longissimus.

Very little information is available in the literature regarding
passive viscoelastic mechanical behavior of living or fresh muscle
tissue from humans. Specifically, there is paucity of data regard-
ing directional transverse elastic or shear moduli for living/fresh
human muscles. In vitro tensile tests of fresh human muscle fibers
incidentally extracted during surgical treatment of traufeay.,
from the brachioradialis, thumb, and wrist extengs@tsowed that
the longitudinal elastic modulus w&s=28+3 KPa(mean * stan-
dard deviatioh [41]. Considering that muscle tissue contains
mostly water(~75%) and therefore, is nearly incompressible
(Poisson’s ratiov approaches 0)5shear moduli can be approxi-
mated fromG=E/2(1+v), as~9 KPa. In vivo measurements ob-
tained with ultrasound-based or MR-based elastography are in
good agreement with this estimate. Shear moduli of unloaded hu-
man muscle tissue obtained using elastography for the lateral gas-
trocnemius[42,43, biceps brachi{43,44], flexor digitorum pro-
fundus[43], and soleu$43] are in the ranges of 5 KPa to 20 KPa,
and standard deviations are around 5 KPa to 8 KPa. Only one
paper used elastography to study in vivo directional properties of
muscle tissu¢45], and found that the transverse shear modulus is
in the order of 1/10 the longitudinal modulus. Accordingly, the
above studiegtaken togethgrsuggest that the transverse instan-
taneous shear moduli of human skeletal muscles are in the order
of 500 Pa to 2 KPa. No in vivo stress relaxation tests of skeletal
muscles under transverse loading are available from humans, but
stress relaxation in transversally loaded living tibialis anterior of
rats showed that long-term relaxation forces are in the order of 0.5
to 0.6 the instantaneous for¢d6], and this was confirmed in
stress relaxation tests obtained in the present study. Because shear
moduli are linearly proportional to the relaxation foféag. (1)], it
can be deduced that long-term transverse shear moduli of human
skeletal muscles should be in the order of 250 Pa to 1200 Pa, in
excellent agreement witl., values reported herein for transver-
sally loaded uninjured rat muscle tisstrange: 345 Pa to 730 Pa,
Fig. 5. We therefore conclude th&.. values obtained from liv-
ing rat gracilis muscles are suitable for representing human skel-
etal muscles in the present FE simulations.

Limitations of the present study lie with the assumption that
tissues are homogenous and isotropic. This assumption was taken
both during calculation o6,, from Eq. (1), and during computa-
tional modeling of the buttocks with the FE method. Indentation is
an important biomechanical method because unlike standard
uniaxial tension/compression mechanical testing it allows to de-
termine properties of intact organs, which makes it applicable for
use in vivo. While appreciating the experimental constraints of
this in vivo method which cannot completely isolate the mechani-
cal behavior of the tested muscle from those of adjacent, con-
nected organge.g., viscoelastic responses of underlying tissues,
or some motion at the joints of the animal’s limb during indenta-

the present study, to 1.6-fold that of contrfil®]. We consider the tion), our G,, measurements were repeatable and agreed very well
more dramatic increase in stiffness manifested in the present studth the literature, as described above. Thus, the simplification of
(1.8-fold to 3.3-fold stiffening to be more relevant than the re-muscle tissue as being homogenous and isotropic in(Bcand
sults from our previous uniaxial testing.6-fold stiffening for utilization of the indentation method allowed to monitor muscle
analysis of deep PS in humans. This is not only because preserttiffening in vivo in our animal models. In the computational
muscles were tested in vivi@nd so, no post-mortem rigor statesimulations, the assumption of homogeneity and isotropy of tis-
effects could have been involvedut also because in the presensues was taken in lack of more detailed experimental data appro-
study, muscles were tested under compressive loadhoden- priate for the modeling; however, this compromise released con-
tation) in the transverse direction. Loading the rat gracilis transiderable computational efforts for obtaining realistic, 3D stress
versally to the direction of the muscle fibers and measuring igalysis of the buttocks anatomy over time. Overall, the advan-
stiffening response in that direction conform the in vivo conditiotages of the coupled animal-computational modeling system out-
in seated humans. In seated humans, the longissimus and gluteaigh the theoretical limitations.

muscles are loaded by the sacrum and ischial tuberosities transthe coupled animal-computer modeling system suggests that
versally to the direction of fibers, and therefore, the muscle meven 15 min of motionless sitting can cause some local damage to
chanical properties relevant to PS in these muscles are the tramstscle tissu¢continuous exposure to compressive stresses of 35
verse ones, which characterize how pressures of the bdkPa—70 KPa as in Fig. 7 for 15 min was shown to induce cell
prominences are being resist@d cushionefiby the muscles. The death in rat gracilis as in Fig.(B)]. However, the 15 min time
present study specifically provided the transverse stiffness foime is less than that required to trigger the positive feedback
muscle tissue and its dependence on the loading history in timechanism of exacerbation in muscle regions subjected to mod-
transverse direction. erate stressgdecause the 35 KPa rat group did not show muscle
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