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Abstract—The aetiology of pressure ulcers is poorly unde
stood. The complexity of the problem, involving mechanic
biochemical, and physiological factors demands the need
simpler model systems that can be used to investigate
relative contribution of these factors, while controlling othe
Therefore, anin vitro model system of engineered skelet
muscle tissue constructs was developed. With this model
tem, the relationship between compressive tissue straining
cell damage initiation was investigated under well-defined
vironmental conditions. Compression of the engineered mu
tissue constructs revealed that cell death occurs within 1–2
clinically relevant straining percentages and that higher stra
led to earlier damage initiation. In addition, the uniform dist
bution of dead cells throughout the constructs suggested
sustained deformation of the cells was the principle cause
cell death. Therefore, it is hypothetised that sustained cell
formation is an additional mechanism that plays a role in
development of pressure ulcers. ©2003 Biomedical Engineer
ing Society. @DOI: 10.1114/1.1624602#

Keywords—Decubitus, Pressure ulcers, Cell viability, Ce
damage, Cell deformation, Confocal microscopy, Fluoresc
dyes, Tissue engineering.

INTRODUCTION

Soft tissues are highly sensitive to prolonged co
pressive loading, eventually leading to tissue breakdo
in the form of pressure ulcers.9,20 This loading is induced
by the body weight that compresses skin and underly
fat and skeletal muscle tissue between a supporting
face and bony prominences. Pressure ulcers can
occur from orthoses and prostheses which apply cor
tive forces that compress the soft tissue composite. P
sure ulcers are painful and difficult to treat. Moreov
they put a heavy burden on health care budgets.

Pressure ulcers can develop either superficially
from within the deep tissue depending on the nature
loading.9,10,15,17,25,33 Several studies have shown th
skeletal muscle tissue is particularly susceptible for pr
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sure ulcer development.9,15,22,25Since ulcers that initiate
in muscle tissue are generally more extensive and
velop at a faster rate than superficial ulcers,2 this study
focuses on damage initiation in skeletal muscle tissu

It is clear that loads acting on the skin are transfer
to the underlying muscle tissue, changing the local c
lular environment. At this level, cell damage starts w
signs of disintegration of contractile proteins and dama
to the membrane and nucleus, followed by inflammato
reactions.4,17,20However, it is not fully understood which
changes in the local biomechanical and biochemical
vironment can initiate cell damage. Consequently,
relationship between local cell damage and the load m
nitude and time is unclear.

Several theories have been proposed, to explain h
compressive tissue straining leads to local cell dama
These theories focus on different functional units of t
tissue namely the vessels, interstitium, and the cells.
most commonly adhered theory is that compress
straining causes occlusion of capillary blood flow, resu
ing in local ischaemia.9,10,17Apart from local ischaemia,
other mechanisms are likely to be involved which eith
directly induce cellular damage or increase the vuln
ability of the cells. Reddy23 hypothesized that occlusio
of the lymphatic system leads to accumulation of me
bolic waste products22,23 which leads to cell damage
Another theory relates to reperfusion damage after lo
ing of the tissue.19 Finally, it was proposed that sustaine
cell deformation forms an additional mechanism for c
damage eventually leading to pressure ulcers.4,6

Attempts to unravel the precise pathways of press
ulcer development have been impeded by a lack of
producible model studies of the clinical condition. So f
animal models from different species have be
used.9–11,15,16,20,25In these studies, an external load w
applied to the skin with an indenter that compresses s
and underlying tissues. These studies focused on es
lishing threshold values for tissue damage in terms
externally applied pressure and time of compressi
More recently, Bosboom3 and co-workers examined bot
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1358 BREULS et al.
the amount and location of damage in a rat model us
magnetic resonance imaging~MRI! techniques.

The animal studies have provided most of the pres
knowledge on the aetiology of pressure ulcers, howe
they are less suitable for unraveling the mechanisms
lead to local cell damage. This is because these stu
do not allow independent control or observation of t
proposed mechanisms for cell damage since all fu
tional units of the tissue are affected by external lo
application.

In vitro skeletal muscle models may provide
complementary method for studying mechanisms for c
damage.5,6 In addition, they are useful to establish rel
tionships between cell damage as a function of time
magnitude of loading. The first objective of this stud
was to develop such anin vitro model of skeletal muscle
tissue. A second objective was to study damage evolu
in time for different clinically relevant straining regime
For this purpose, a novel compression device was de
oped. Finally, by quantification and localization of viab
and dead cells using previously developed image an
sis techniques7 it is possible to test the hypothesis th
cell deformation forms an additional mechanism for c
death, which may play a role in the onset of press
ulcers.

MATERIALS AND METHODS

Engineered Skeletal Muscle Tissue Constructs

Constructs of skeletal muscle myotubes embedde
a gel matrix were developed by modification of protoco
from Vandenburgh and co-workers.30 C2C12 mouse
myoblasts @European Collection of Cell Culture
~ECACC!, Salisbury, UK# were cultured in growth me
dium consisting of DMEM high glucose, 20% fetal ca
serum, 2% hepes, 1% nonessential amino acids, and
gentamycin~all purchased form Biochrom AG, Berlin
Germany!. The cells were replated at 70% confluency
avoid premature differentiation. At passage 20 the c
were trypsinized and resuspended in growth medium
concentration of 1.253106 cells/ml. This cell suspension
was gently but thoroughly mixed with an ice-cold mi
ture of rat tail collagen type I solution, containing 3.2 m
collagen~Sigma, St. Louis, MO! per ml 0.2~v/v%! ace-
tic acid, neutralized with 0.5 M NaOH according
methods described by Bell.1 Furthermore, growth facto
reduced Matrigel~BD Biosciences Discovery Labware
Lincoln Park, NJ! was added to this mixture. The ratio o
collagen solution cells in growth medium matrigel w
6:4:1 ~v/v%! which implies that each construct initiall
contains approximately 3.43105 cells.

The gel/cell mixture was carefully added to six-we
culture dishes~750 ml per well!, forming disk-shaped
constructs. The constructs were kept at room tempera
for 10 min to increase the viscosity of the mixtur
t
,
t
s

-

-

e

Thereafter, the constructs were carefully transported t
humidified incubator. In the incubator, the construc
were allowed to attach to the culture wells for 6 h, aft
which they were overlaid with fresh growth medium
Every 24 h, the constructs were rinsed and fed with 3
fresh growth medium. From day 3 onwards, growth m
dium was replaced by fusion medium, which was add
to the wells to stimulate fusion and differentiation of th
myoblasts into multinucleated, elongated myotubes. T
fusion medium consisted of DMEM high glucose, 2%
horse serum, 1% gentamycin, 1% nonessential am
acids and 2% hepes.

Compression Device

A compression device was developed to simul
neously compress six muscle constructs with circul
impermeable glass indenters, each of diameter 5 m
The compression device is based on a micropipette m
nipulator system~Fig. 1!. A stainless steel plate which
holds the indenters was connected to the fine verti
positioning carriage of the manipulator. Two coar
spindles were used to position the glass indenters ab
the layers. A fine micrometer spindle, with an accura
of 10 mm, was used for gently lowering the plate an
thus applying the strain onto the constructs. The wh
setup was mounted on a computerizedx–y stage with a
control unit ~MCU 28, Zeiss, Germany! that was
mounted on a confocal laser scanning microscope~Zeiss
LSM 510!. The moment of contact between the indent
and the constructs could be easily determined by visu
izing the indenter and the top of the constructs usi
transmission microscopy. During compression of t
constructs, air temperature, CO2 and humidity was con-
trolled by an incubator system~Tempcontrol 37-2, CTI-
controller 3700 purchased from PeCon GmbH, G
many!. This incubator system circulated the air in
custom made plastic chamber that covered the setup.
culture medium temperature was stabilized at 37° us

FIGURE 1. Schematic representation of the construct com-
pression device „side view …, with a magnification of the con-
struct which is compressed by a glass indenter. The whole
setup is covered by a custom made incubator, with an inlet
for humidified, heated and CO 2 controlled air.
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1359Compression Induced Cell Damage in Engineered Muscle Tissue
a custom made six-well heating plate based on a prin
circuit board with a thermocouple sensor~TCMK-S12,
TMC Instruments, The Netherlands! and a control
unit ~West N2300/Y1200, TMC Instruments, Th
Netherlands!.

Compression Protocol

For each experiment, 10 day old constructs were u
whereby day 1 is defined as the moment where the c
gel mixture was added to the wells. The initial height
these constructs was determined from axialz-stack scans
of cells stained with CellTracker™ Green~see next sec-
tion!. For each construct, the mean height was de
mined by averaging measured heights at nine rando
chosen locations below the indenters. Based on th
height measurements, the glass indenters were low
by prescribed amounts equivalent to gross compres
strains of 30% and 50%, respectively. These strain
levels were based on MRI studies of compressed tiss
near bony prominences.28 As a control, also unloaded
constructs and constructs with only the glass inden
touching the construct were monitored. These latter c
trols were used to study the effect of the impermea
glass indenters, since the impermeable glass indenter
top of the layer may prevent culture medium to reach
constructs from this side. This may result in a reduc
nutrition supply to the cells below the indented area. F
the latter constructs, the indenters were carefully lowe
while the moment of contact was determined by tra
mitted light microscopy. This resulted in a negligib
initial strain. For each strain regimen56 constructs
were used except for the 30% strain experiment,
which n53 was used.

Characterization of the Constructs

Morphology of the cells within each construct wa
regularly examined using a conventional transmiss
light microscope~Zeiss!. For monitoring the viability of
the cells and measuring layer heights, the fluoresc
probes CellTracker™ Green~CTG! and propidium io-
dide ~PI! were used~both purchased from Molecula
Probes, USA!. CTG stains the cytoplasm of living cell
and was used for visualisation of the cells whereas
was used to identify dead cells. In all experiments
optimum probe concentration of 10mM ~CTG! and 5
mM ~PI! was used.7 The constructs were loaded wit
CTG for 5 min, rinsed twice with poly butene sulfon
and incubated for 30 min in a humidified incubator. Aft
rinsing again, PI dissolved in fresh growth medium w
added to each well~3 ml per well! after which the
six-well plate was mounted onto the microscope stage
103 plan apochromatic lens~numerical aperature50.3)
/

e
d

s

n

t

was used to obtain fluorescence images at a
3512 pixel resolution. For all measurements an opti
slice thickness of 10mm was chosen.

To determine the viability across the area below t
indenter, 25 tile-scan fluorescence images (535 tiles!
were taken, covering an area of 5 mm square below e
indenter. Positioning of the microscope stage was p
formed fully automatically by programming the compu
erizedx–y stage~Zeiss Multi Time Series software!. For
each strain regime, images were taken from the cen
horizontal section of the constructs att50, 1, 2, 4, 6,
and 8 h. The four corner tiles which were situated on
partly below the circular indenter were excluded fro
data analyses. Dead cell numbers were quantified
automated counting of nuclei from PI images using p
viously developed image analysis software7 written in
Matlab ~The Matworks, Natick, MA!. Since the con-
structs contain multinucleated myotubes, this is not
actly equal to the number of dead cells, since myotu
may be only partly damaged. Therefore, in the remain
of this paper, ‘‘dead cells’’ should be interpreted as t
number of PI stained nuclei. Percentage cell damage
defined by the number of PI stained nuclei normaliz
by the average total number of nuclei within the cent
horizontal confocal plane of the compressed constru
To determine this total cell number, at the end of t
experiments 2 ml of 70% alcohol was added to each w
which rapidly killed all the cells. 5 min after alcoho
addition, tile scans were taken to determine the to
number of PI stained nuclei.

Data Analyses

The percentages dead cells were analyzed as a f
tion of time for different straining regimes using SPS
~SPSS, Chicago, IL!. Nonparametric Kruskal–Wallis
tests were performed to investigate whether dead
numbers significantly increased with time for each stra
ing regime. Post hoc comparisons~Mann-Whitney U!
were performed between different moments in time a
given straining percentage. Moreover, differences
mean dead cell percentages were analyzed for diffe
straining regimes at a given time. To investigate whet
cell damage varied across the area below the inden
dead cell percentages in two selected areas of the
scan images were compared using pairwise Man
Whitney U tests. Unless stated otherwise, thep,0.05
level of significance was used.

RESULTS

Engineered Skeletal Muscle Tissue Constructs

Figure 2~a! shows an example of an engineer
muscle tissue construct. After addition of the gel-c
mixture to the wells, the constructs attached to the c
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1360 BREULS et al.
ture wells within 3–6 h. The attachment was media
by cells that are both in contact with the well substratu
and the gel. During the first 2 h, fluid was squeezed
of the constructs and the diameter decreased from
proximately 15 to 10 mm due to gel contraction. Aft
attachment to the substratum, the diameter of the c
structs remained constant over time. The edges of
constructs were slightly curled inwards@see arrows in
Fig. 2~a!#. Some cells at the edges of the construct t
were not fully entrapped by the gel proliferated a
formed a monolayer connected to the edges of the c
struct @Fig. 2~b!#. These cells additionally supported th
construct’s attachment to the well. Nevertheless, oc
sionally a construct detached from the well. Wh
this happened, the construct was excluded from furt
experiments.

During the first 3 days, the myoblasts rapidly prol
erated, forming a multilayered, three-dimensional n
work of connected cells@Fig. 2~c!#. After replacement of
the growth medium by fusion medium on day 4, t
myoblasts fused into a branched network of multinuc
ated, elongated myotubes@Fig. 2~d!#. The myotubes
showed spontaneous contractions after 8 days. After
days in culture, the engineered skeletal muscle constr
exhibited approximately 70% differentiated cells with
overall viability of more than 95%. The constructs cou

FIGURE 2. „a… Disk-shaped engineered muscle tissue con-
struct with slightly curled edges „arrows …. „b…, „c…, „d… Trans-
mission microscopy images showing: „b… myoblasts at the
edge of the engineered muscle tissue construct „day 1 …,
„c… a network of connected myoblasts within the construct
„day 3 …, and „d… a branched network of elongated myotubes
„day 8 ….
-

-

-

s

be kept in culture for at least 30 days without compr
mising viability.

Compression Experiment

The results of the compression experiments are s
marized in Fig. 3. The unstrained controls are identifi
as ‘‘control,’’ whereas the constructs whose surfac
were in contact with a glass indenter causing a negligi
initial strain, are identified with ‘‘indenter.’’ Timet
50 h is defined as the moment at which the indent
were lowered onto the constructs.

The results show that the increase in dead cell p
centages with time was significant for the constructs s
jected to 30% and 50% strain (p,0.001). At a 50%
gross compressive strain level, 13.6% of the cells d
immediately after strain application (t50 h). Cell death
significantly increased between 1 and 4 h compression
and remained nearly constant thereafter. Post hoc c
parisons revealed that the differences in number of d
cells for the 50% strained constructs as compared to
control and indenter groups were significant for ea
moment in time. Constructs strained to 30% invok
8.2% initial cell damage, followed by a more gradu
increase between 2 and 6 h~Fig. 3!. The number of dead
cells for the 30% strained construct were significan
larger than the control and indenter groups att
54 – 8 h. Post hoc comparisons between the 30%
50% straining regime revealed that the differences
mean dead cell numbers were significant at thep
,0.05 level between 4 and 8 h.

The indenter constructs showed an initial dead c
percentage of approximately 4.2%, with a small, nons
nificant increase between 1 and 2 h. Dead cell perce
ages in the control constructs remained constant at
proximately 5% over time. Post hoc tests indicated t
the differences in dead cell percentages between the

FIGURE 3. Percentage dead cells as a function of time for
different straining regimes. Data is presented as mean
Á scanning electron microscopy.
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1361Compression Induced Cell Damage in Engineered Muscle Tissue
trol and indenter group were not significant for ea
moment in time.

In the 30% and 50% strained constructs, dead c
were found to be highly localized below the indent
~Fig. 4!. However, below this indenter, a random dist
bution of dead cells was found~Fig. 5!. To investigate
whether the percentage of dead cells depended on
location below the indenter, dead cell numbers at

FIGURE 4. Confocal tile-scan image covering an area of 2
mm square at the periphery of the indenter. The PI stained
nuclei indicated with the bright white dots are only present
below the indenter as shown by a clear demarcation line
between damaged and undamaged areas „see arrow ….
e

center of the indenter were compared to dead cell nu
bers at the periphery of the constructs. This was achie
by analyzing two selected areas of tile-scan images fr
the constructs. The selected areas covered 1 mm sq
located below the center of the indenter and a sim
area at the periphery~see squares in Fig. 5,t54 h).
Pairwise comparisons revealed that at none of the t
periods (t50,2,4,6,8 h) there were significant differenc
in cell damage between the center and peripheral a
(p.0.5).

DISCUSSION

The mechanisms underlying the aetiology of press
ulcers are not well understood. The complexity of t
problem involving mechanical, biochemical, and phy
ological factors demands the need for simpler mo
systems that allow investigation of the relative contrib
tion of individual factors while controlling others. Fo
this purpose, a novelin vitro model of skeletal muscle
tissue has been developed that could be compressed
der well defined conditions.

The applicability of the model system was demo
strated by compressive straining of the constructs, le
ing to highly localized cell death at clinically relevan
strains. Compressive straining induced cell death
FIGURE 5. Tile-scan images, covering the indented area, which show the distribution of dead cells as a function of time for 50%
compressed constructs. The white dots represent nuclei of dead cells. The edges of the circular indenter are clearly visible „see
arrow at tÄ4 h… with only a limited number of nuclei visible away from the indenter area. The percentage dead cells gradually
increases from tÄ1 to 4 h, but the distribution of dead cells remains uniform across the indented area for each point in time.
The white squares indicate the selected areas that were analyzed for comparison of the percentages dead cells in the center and
near the periphery of the indenter.
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1362 BREULS et al.
tween 1 and 2 h which is comparable to what has be
reported in anin vitro model6 and animal experiments o
muscle tissue.3,15,17 Dead cells were located below th
indenters where a clear demarcation line was present
corresponds to the edge of the indenter and the inhe
stress concentration effects. The results in Fig. 3 sho
that at 30% and 50% straining, 8.2% and 13.6% of
cells immediately died, respectively. Presumably, this i
consequence of direct trauma to the cell membra
caused by disruption or buckling of the membran6

However, the vast proportion of the cells died betwee
and 4 h. A 30% strain level, led to smaller percentag
dead cells and a delayed damage growth as compare
the 50% strain level.

The results agree with the well known pressure ul
risk curve presented by Reswick24 who found an inverse
proportional relationship between load magnitude a
time required for pressure ulcer development. With
spect to clinical practice, the present results suggest
even a few hours of compression may cause severe d
age to muscle tissue. Thus, although pressure ulcers
become visible at the skin after 1–2 weeks, the initiat
may have occurred within a short period of compressi
This endorses the viewpoint of several observers26 who
have suggested that pressure ulcers in fact often dev
during the relative short period in operation room
where, as a rule, less attention is paid to pressure re
ing support systems.

The cause of cell damage could be a direct con
quence of sustained cell deformation or from impair
transport of both metabolites and waste products wit
the construct. The present results, however, provid
number of arguments that suggest that sustained cell
formation invoked cell death. First, if impaired transpo
of both metabolites and waste products within the c
struct was the primary cause of cell damage, a grad
in damage might have been expected from the ce
towards the periphery of the construct. However, t
was not seen in the results, presented in Fig. 5. In a
tion, the constructs with an indenter resting on them
not show an increase in damage over time. Apparen
blocking the diffusion pathways by the impermeab
glass indenter on one side and the culture well bottom
the other side was not harmful to the constructs wit
this time frame. Even after 24 h, the impermeable gl
indenters resting on the constructs did not increase
death~data not shown!. Since damage occurred within
few hours, transport of substrates to the cells within
constructs was apparently not a major trigger for c
death. Finally, it appeared that constructs subjected
both levels of compressive strain did not squeeze out
fluid below the indenter, since the PI dissolved in t
growth medium could still reach the cells.

These findings suggest that the increase in cell d
age with time was predominantly caused by sustai
t
t

,

o

t
-
y

p

-

-

t
r

l

l

-

cell deformation. However, the mechanisms whereby c
deformation induces cell damage still remain to be e
cidated. Presumably, cell deformation impairs diffusi
of large molecules through the cell membrane. In ad
tion, direct structural trauma to load bearing structu
within the cell may play a role. Furthermore, it should
noticed that the compression of the constructs may h
decreased the permeability across the whole inden
area, thereby affecting the cell susceptibility for dama
Therefore, elucidating diffusion pathways of both sm
molecules and larger vital molecules will be subject
future work.

In the present study, the actual local cell deformatio
which result from the applied gross compressive co
struct strain were not quantified. In future, such measu
ments may be carried out by using a cytoplasmic sta
which can be visualised with the confoc
microscope.6,12,13 However, the random alignment of th
cells hamper such measurements. In addition, the lim
axial resolution of the confocal microscope at larg
working distances and aberrations in the vertical dir
tion inherent to confocal microscopy complicate quan
fication of cell deformations in the deeper tissue.12,32

Clearly, the local cell deformation state is a compl
interplay between the externally applied gross compr
sion and the prestress generated by the attachment to
well in combination with internal cellular forces actin
on the gel. In addition, the local structural heterogene
and the viscoelastic behavior of both cells and gel p
an important role. Thereby, it should be noticed that
extracellular environment in thein vitro model differs
from the in vivo situation. Consequently, the applie
gross compressive strain may have resulted in cell de
mations that exceed physiological conditions at wh
pressure ulcers occur, which may have led to an ove
timation of cell damage in thein vitro experiments. In-
deed, numerical simulations have shown that the lo
cell environment has a profound impact on the act
deformation sensed by the cells as a consequenc
tissue compression.8 In this particular study, it was
shown that the typical microstructural organization
adult muscle tissue led to smaller cell deformations th
a random cell distribution as is typical for thein vitro
constructs used in the present study.

A limitation of the present experimental setup co
cerns the accuracy of strain application. In theory,
accuracy of the strain application is within 5mm, how-
ever, in practice this accuracy will not be reached. T
is due to the obliquity within a single culture well an
the obliquity of the whole six-well plate that is mounte
on the stage of the confocal microscope. The relative l
bending stiffness of the commercially available six-w
plates that were used in the present study further co
plicates accurate strain application. By careful alignm
of the indenter surface with the bottom surface of t
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well, it was attempted to minimize these inaccuracies
Previously, our group developed anin vitro model

consisting of muscle cells embedded in an agar
matrix.6 One of the limitations of this model was that th
cells in the agarose model adopted a spherical shape.
present model is more representative in the sense tha
cells formed a branched network of contractile, elonga
myotubes arranged in a three-dimensional multilaye
network. In the past, various authors have attempted
engineer artificial muscle constructs either on a basem
membrane14 or in the form of three-dimensional con
structs called organoids or myooids.18,21,27 Provided that
the cells within the gel are subject to internal stresses
the gel, the cells in such constructs contain specific m
cular cytoskeletal proteins as shown by antibody label
techniques.29 Nevertheless, the myotubes in the pres
in vitro model will only proceed to primary myotub
stage having a different phenotype from myofibe
in vivo. In addition, thein vitro model lacks the typica
three-dimensional organization with transverse mech
cal connectivity. When interpreting the results this sho
be kept in mind since adult skeletal myofibres may b
have differently. Future studies will focus on improvin
the representativeness of the engineered construct
using cocultures of fibroblasts and myoblasts.

A difficulty in maintaining a lattice of cell populated
gels is their propensity to detach from the substrat
due to cell generated internal forces.31 This problem can
be solved by providing some form of artificial tendo
that serves as attachment site.29 Then, after some days in
culture, the construct can detach from the well wh
being maintained between the artificial tendons. For
present study, such a system was less feasible since
trolled compression and monitoring of such ‘‘floating
organoids is difficult. Therefore, the detachment probl
was solved by suspending a low concentration of cells
the collagen-matrigel mixture which reassured that
contractile forces in the first few hours did not exce
the forces keeping the gel connected to the w
Thereby, the chosen cell concentration appeared to
critical. In a later stage, also cells that grew in a mon
layer surrounding the disk-shaped construct suppo
the attachment to the well. The equilibrium of intern
and external forces causes internal stresses in the
which are required for long term maintenance of my
tubes in the gel.14,31 In this way, it was achieved to
create constructs with an overall viability of more th
95%, which could be kept in culture for at least 1 mon
without compromising viability~data not shown!.

Summarising, anin vitro model system was develope
which aims at elucidating the pathways of pressure u
related muscle damage. This model allows studying
lationships between compressive straining and cell de
under well defined conditions. Results indicated tha
significant increase in cell death can occur at clinica
e
e

t

y

-

l

relevant strains within 1–2 h and that a higher strain
to earlier damage initiation. In addition, the present
sults suggested that prolonged cell deformation is
additional mechanism leading to cell damage wh
could play a role in the onset of pressure ulcers.
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