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A B S T R A C T

Background: Pressure ulcers are one of the most common complications of immobility resulting from pressure and
shear. Whole-body vibration (WBV) has been shown to increase skin blood flow but little information is known
about its effect on pressure ulcers. This study investigated the effects of WBV on wound healing in a mouse
pressure ulcer model.
Methods: Two cycles of ischemia-reperfusion were performed by external application of two magnetic plates to
dorsal skin to induce stage II pressure ulcers characterized by partial-thickness skin loss with exposed dermis. A
total of 32 male ICR mice were randomly and equally divided into untreated control and the WBV groups.
Immediately after the completion of 2-cycle ischemia-reperfusion injury, mice in the WBV group participated in a
WBV program using a vibrator (frequency 45 Hz, peak acceleration 0.4 g, vertical motion) for 30 min/day and 5
consecutive days/week. At days 7 and 14 post-ulceration, wound closure rate was assessed. Wound tissues were
harvested for determination of collagen deposition in Masson's trichrome stained sections, neutrophil infiltration
and capillary density in hematoxylin and eosin-stained sections, as well as TNF-α and VEGF levels using ELISA.
Results: TNF-α levels and neutrophil infiltration were significantly decreased in wounds on days 7 and 14 of WBV
treatment. Moreover, wound closure rate and collagen deposition were remarkably accelerated on day 14. Tissue
VEGF and capillary density were unaffected by WBV at either time point.
Conclusions: These findings suggest that WBV has the potential to promote the healing process of stage II pressure
ulcers, as evidenced by attenuation of wound inflammation and enhancement collagen deposition.
1. Introduction

Pressure ulcers, commonly known as bed sores, are one of the most
common complications that occur in immobilized patients as a result of
pressure and shear force [1]. The pathophysiology of pressure ulcers
involves repeated ischemia-reperfusion injury, impaired vascularization
and lymphatics, and cellular distortion, all of which induce the genera-
tion of free radicals and inflammatory mediators such as tumor necrosis
factor alpha (TNF-α) that cause dysregulated immune response and tissue
damage [2, 3, 4, 5, 6, 7]. Based on the extent of tissue loss, pressure ulcers
can be divided into 4 stages: stage I non-blanchable erythema of intact
skin, stage II partial-thickness skin loss with exposed dermis, stage III
full-thickness skin loss, and stage IV full-thickness skin and tissue loss [1].
If improperly treated, pressure ulcers may progress to more severe stages
that can result in chronic skin damage, increased risk of wound infection,
onwong).
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high medical care costs and a high mortality rate [8, 9]. Management of
pressure ulcers includes dressings, microclimate control, nutrition,
repositioning and early mobilization, and support surfaces [1]. None-
theless, development of novel interventions is still needed in an attempt
to improve the healing and care of the patients suffering from pressure
ulcers. Examples of the advanced treatment modalities currently
described in the literature are negative pressure therapy, low-level laser
therapy, electrical stimulation, ultrasound and vibration therapy [10, 11,
12, 13].

This study focuses on the utilization of whole-body vibration (WBV),
an oscillatory mechanical stimulation using a vibrator. A single bout of
vibration with frequency ranging from 30-50 Hz has been proven to in-
crease skin blood flow [14, 15, 16]. Furthermore, WBV has been reported
to improve wound healing in only a few clinical and preclinical studies
[17, 18, 19]. In elderly patients with stage I pressure ulcers, vibration
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Figure 1. Image of whole-body vibrator. The frequency and vertical-motion
acceleration of the vibrator were 45 Hz and 0.4 g, respectively. Mice were
placed standing directly on a vibrating plate and covered with a clear rectan-
gular plastic cover with ventilation holes to prevent their escape.
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therapy (47 Hz, 0.18 g) for 15 min 3 times/day increased the number of
healed ulcers as assessed by complete disappearance of skin erythema
[17]. An experimental study using full-thickness excisional wounds in
diabetic mice indicated that whole body low-intensity vibration (45 Hz,
0.4 g) exerted a positive effect on wound healing by enhancing angio-
genesis and granulation tissue formation [18]. In another study using
foot excisional wounds in neonatal n5-streptozotocin-induced diabetic
rats, low magnitude high frequency vibration (35 Hz, 0.3 g) for 20
min/day was able to accelerate foot wound healing and increase blood
flow to the wound [19]. However, the roles and underlying mechanisms
of WBV in the healing of stage II pressure ulcers have not yet been
established.

The purpose of this study was to examine the effects of WBV on the
healing of stage II pressure ulcers in a mouse model. We hypothesized
that WBV can accelerate the healing process of pressure ulcers by
decreasing TNF-α and neutrophil infiltration, as well as increasing VEGF
and angiogenesis and collagen deposition in the wound tissues.

2. Materials and methods

2.1. Animals

All animal procedures were conducted in compliance with the Na-
tional Institutes of Health guide for the care and use of Laboratory ani-
mals (NIH Publications No. 8023, revised 1978). The experimental
protocol was approved by the Institutional Animal Care and Use Com-
mittee, Faculty of Medicine, Chulalongkorn University. A total of 32 male
ICR mice (8 weeks old; body weight 35–40 g) were purchased from the
National Laboratory Animal Center, Salaya Campus, Mahidol University,
Nakornpathom, Thailand. A 1-week acclimation period was required for
the mice before initiation of the experiment. They were housed indi-
vidually in plastic cages at 25 �C room temperature with a 12-hour
light:dark cycle and fed ad libitum. Food consumption and body
weight of each mouse were recorded at 4 pm every day.

2.2. Pressure ulcer creation

An ischemia-reperfusion injury model was conducted to create pres-
sure ulcers using a non-invasive method as previously described [2].
Briefly, under sedation with 3–5 min inhalation of 5% isoflurane, dorsal
skin of mice was shaved, disinfected, pinched and placed between two
external magnets (10 mm diameter, 3 mm thickness, 1.7 g weight, 300
Gauss magnetic force) to compress skin at a pressure of 50 mmHg. Two
cycles of ischemia-reperfusion including 16 h of compression and 8 h of
compression-release were employed, producing bilateral stage II pressure
ulcers. All mice received saline dressings once a day as standard wound
care.

2.3. Animals and study design

The animals were randomly divided into two groups (n ¼ 16 each):
control group (CON) and whole-body vibration group (WBV). In the CON
group, the mice were left in their cages throughout the experiment. Mice
in the WBV group were administered a WBV program immediately
following completion of 2-cycle ischemia-reperfusion. Each group was
subdivided into two subgroups for parameter studies at days 7 and 14
post-ulceration.

At the end of the study period, the animals were sacrificed by cardiac
puncture under isoflurane anesthesia. The areas of both left- and right-
side wounds of each mouse were measured to assess wound closure
rate. Wound tissues were harvested by circular incision about 2 mm
distally from the wound edge with an average incision depth of 3 mm.
The right-side wound tissues were fixed in 10% formalin, embedded in
paraffin blocks and cut into 1-μm-thickness sections before staining for
further skin histopathological study and quantification of neutrophil
infiltration and capillary density, as well as collagen deposition. The left-
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side wound tissues were frozen at �80 �C for TNF-α and VEGF analysis.
According to our preliminary study, there was no difference between
sides of mice in the wound size generated by this ischemia-reperfusion
model and the healing rate. Therefore, wound closure was averaged for
the left- and right-side wounds, and the wounds were not randomized
into histological and protein assays.

2.4. Whole-body vibration program

The vibration intervention consisted of a whole-body low-intensity
vibration delivered vertically at 45 Hz with peak acceleration of 0.4 g for
30 min/day and 5 consecutive days/week, which is similar to the vi-
bration intervention method used by Weinheimer-Haus et al. [18]. In the
study by Weinheimer-Haus et al., mice were put in an empty plastic cage
which was placed on a vibrating plate. In this study, however, the mice
were placed directly on a vibrating plate of the vibrator and covered with
a clear square plastic cover with ventilation holes to prevent their escape
(Figure 1). The area of the plastic cover was 18 � 18 cm2, ensuring that
the mice were not restrained while receiving WBV treatment. The
vibratory signals were calibrated using computer software every time
before use.

2.5. Assessment of wound closure rate

At days 0, 7 and 14 post-ulceration, both wounds on each mouse were
photographed with a digital camera featuring 16.2 megapixels resolution
(Sony Cyber-shot™; Sony, Tokyo, Japan). Wound areas were measured
using digital image processing and analysis with ImageJ [20], and the
areas of both wounds were then averaged for each mouse. The wound
closure rate was defined as the percentage reduction in wound size and
calculated using the following formula: (area of initial wound – area of
final wound) �100/area of initial wound.

2.6. Skin histopathology and quantification of neutrophil infiltration and
capillary density in wound tissues

Four tissue sections were cut away from the center of the wound of
each mouse and stained with hematoxylin and eosin for histopatholog-
ical study and quantification of neutrophil infiltration and capillary
density. All histopathologic examinations were performed by the same
and certified pathologist. Skin histopathology was examined under a
light microscope (Olympus BX53) at 100�. Eight frames (2 frames � 4
sections) and 16 frames (4 frames � 4 sections) per mouse were
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examined for neutrophil infiltration (Figure 2) and capillary density
(Figure 3), respectively, under the light microscope at 400�. Neutrophil
infiltration was expressed as the number of neutrophils infiltrating the
dermis per frame. Capillary density was determined by counting the total
number of capillary vessels and expressed as the number of capillaries per
frame.

2.7. Assessment of collagen deposition

Masson's trichrome staining was performed for collagen identification
(International Medical Equipment; IMEB, San Marcos, CA, USA), using
the method as previously described [21]. Trichrome stained slides were
photographed at 20� using a scanner (Axio Scan.Z1; Carl Zeiss, Jena,
Germany) (Figure 4A). Image analysis software ZEN (Carl Zeiss, Jena,
Germany) was used to determine the area of blue collagen staining and
that of the wound bed, where the segmentation was produced by
assigning intensity threshold (Figure 4B,C). Collagen deposition was
expressed as the percentage of collagen-stained area relative to total area
of the wound bed.

2.8. Measurement of tissue TNF-α and VEGF levels

Tissue was homogenized in RIPA lysis buffer (Cell Signaling Tech-
nology, Danvers, MA, USA) with protease inhibitor cocktail (Sigma
Chemical, Saint Louis, MO, USA) and centrifuged at 11,872�g for 10
min. Supernatants were used for quantitative determination of TNF-α and
VEGF using ELISA assay kits (R&D Systems, Minneapolis, MN, USA).
Levels of tissue TNF-α and VEGF were adjusted for total tissue protein
and expressed in pg/mg total protein.

2.9. Statistical analysis

Results are presented as mean and standard deviation (SD). Data were
analyzed by one-way analysis of variance (ANOVA) andMann-Whitney U
test. Differences were considered statistically significant at P < 0.05.

3. Results

3.1. Wound closure rate

Photographs in Figure 5A show pressure ulcers in the untreated and
treated groups at the start and during the experimental periods. There
was a notable reduction in wound size, particularly on day 14, following
WBV treatment. As shown in Figure 5B, the wound closure rate did not
differ between the two groups on day 7 post-ulceration (CON ¼ 15.5 �
Figure 2. Morphology of neutrophils in hematoxylin and eosin-stained sections
at 400� magnification. Neutrophils are characterized by multilobed nucleus
with cytoplasmic purplish granules.

3

9.8%, WBV ¼ 24.2 � 9.8%), but was significantly higher on day 14 post-
ulceration in the WBV group than in the untreated control group (CON¼
55.3 � 22.1%, WBV ¼ 90.0 � 3.5%).

3.2. Neutrophil infiltration

Over days 7 and 14 post-ulceration, neutrophil infiltration was
significantly decreased in the WBV group compared with the control
group (day 7: CON¼ 46.1� 15.4, WBV¼ 25.6� 4.3 cells/frame; day 14:
CON ¼ 19.2 � 4.0, WBV ¼ 8.8 � 3.0 cells/frame) (Figure 6).

3.3. Capillary density

As depicted in Figure 7, capillary density was not different between
both groups at either time point (day 7: CON¼ 34.4� 7.3, WBV¼ 40.7�
11.4 vessels/frame; day 14: CON ¼ 31.6 � 1.9, WBV ¼ 30 � 4.8 vessels/
frame).

3.4. Collagen deposition

Figure 8 shows that collagen deposition significantly increased in the
WBV group on day 14 (CON ¼ 31.6 � 4.3%, WBV ¼ 49.0 � 3.2%).
However, there was no significant difference between both groups on day
7 (CON ¼ 15.8 � 2.0%, WBV ¼ 17.9 � 5.8%).

3.5. Skin histopathology

Figure 9 reveals histological features of the ulcers in both groups. On
day 7, the untreated ulcer showed a large ulceration, fibrin, and bacterial
growth in the epidermal layer, with keratin debris covering the ulcer bed.
Moreover, the inflammatory exudate contained numerous lymphocytes,
monocytes and macrophages in the dermal layer. There was a mild in-
flammatory reaction in the hypodermal layer. In WBV-treated ulcers, the
lesion characteristics were similar, but less severe than those of untreated
ulcers.

On day 14, polymorphonuclear cell infiltrate, muscle atrophy, and
blood vessels had decreased in the untreated ulcers. In addition,
epithelialization and a small-sized hemorrhagic crust were observed. In
WBV-treated ulcers, similar characteristics were also evident. However,
the WBV-treated ulcers displayed more collagen bundles than the un-
treated ulcer.

3.6. Tissue TNF-α and VEGF levels

Tissue TNF-α levels of the WBV group were significantly lower than
those of the CON group at days 7 and 14 (day 7: CON ¼ 994.1 � 110.7,
WBV ¼ 420.2 � 111.7 pg/mg protein; day 14: CON ¼ 772.7 � 245.2,
WBV ¼ 30.3 � 17.7 pg/mg protein) (Figure 10).

No difference in the levels of tissue VEGF was observed between the
two groups on days 7 and 14 (day 7: CON¼ 581.0� 123.4, WBV¼ 723.9
� 152.3 pg/mg protein; day 14: CON ¼ 318.1 � 86.1, WBV ¼ 238.2 �
58.4 pg/mg protein) (Figure 11).

4. Discussion

This study investigated effects of WBV on wound healing in a mouse
pressure ulcer model. The main finding of this study is that WBV accel-
erates the healing process of stage II pressure ulcers induced by ischemia-
reperfusion injury. Compared with the untreated control, WBV-treated
mice exhibited a significant decrease in neutrophil infiltration and
TNF-α levels in wounds. There was a remarkable enhancement of wound
closure rate and collagen deposition. However, capillary density and
tissue VEGF were not increased after WBV treatment.

This study indicated that inflammation of pressure ulcers was sup-
pressed after WBV treatment as demonstrated by a decrease in pro-
inflammatory cytokine TNF-α and neutrophil infiltration at days 7 and



Figure 3. Morphology of capillaries in hematoxylin and eosin-stained sections at 400� magnification. Capillaries are composed of a thin layer of endothelial cell,
surrounded by basement membrane.

Figure 4. Analysis of collagen deposition in wounds using image analysis
software. (A) Image of Masson's trichrome stained slide at 20� using a scanner
(Axio Scan.Z1; Carl Zeiss, Jena, Germany). (B) Intensity threshold was set to
determine the area of blue collagen staining as highlighted in green. (C)
Determination of the area of the wound bed as highlighted in red.

Figure 5. Effect of WBV on wound closure of stage II pressure ulcers. (A) Images
of untreated and WBV-treated pressure ulcers at days 0, 7 and 14 post-
ulceration. (B) Wound closure rate expressed as percentage reduction in
wound area at days 7 and 14 post-ulceration. CON: control group; WBV: vi-
bration group. Data are expressed as mean � SD. Star indicates a significant
difference from CON (P < 0.01).
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14 post-ulceration. Given that prolonged inflammation is a factor in
wound chronicity [22, 23], the anti-inflammatory effect of WBV is
beneficial to the healing and prevention the severity of pressure ulcers
from progressing. This anti-inflammatory effect offers a possible expla-
nation for the reduction of skin redness indicative of inflammation of
4

stage I pressure ulcers after WBV reported by Arashi et al. [17]. The
present findings are also in agreement with the study by
Weinheimer-Haus et al. showing that neutrophil accumulation and
TNF-α mRNA expression were reduced after WBV in CD11b– cells iso-
lated from the wounds at day 7 post-ulceration [18]. In addition to a local
anti-inflammatory effect at the wound site, WBV has been shown in one
study to improve inflammatory status in the elderly by increasing
interleukin-10 mRNA levels while decreasing plasma TNF-α and
C-reactive protein levels via downregulation of toll-like receptors 2 and 4
signaling pathways [24]. Thus, a WBV program may reduce



Figure 6. Effect of WBV on neutrophil infiltration expressed as average number
of neutrophils infiltrated in the dermal layer per frame at days 7 and 14 post-
ulceration. CON: control group; WBV: vibration group. Data are expressed as
mean � SD. Star indicates a significant difference from CON (P < 0.01).

Figure 7. Effect of WBV on capillary density expressed as average number of
capillary vessels per frame at days 7 and 14 post-ulceration. CON: control group;
WBV: vibration group. Data are expressed as mean � SD. There was no signif-
icant difference from CON (P > 0.05).

Figure 9. Histopathological features of pressure ulcers in hematoxylin and
eosin-stained sections at 100� magnification at days 7 and 14 post-ulceration.
CON: control group; WBV: vibration group.
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inflammation through down-regulation of pro-inflammatory inflamma-
tory cytokines and up-regulation of anti-inflammatory cytokine
production.

At day 14 post-ulceration during the proliferative phase of the repair
process, WBV was found to stimulate wound closure and collagen
Figure 8. Effect of WBV on collagen deposition expressed as percentage of
collagen-stained area relative to total area of wound bed at days 7 and 14 post-
ulceration. CON: control group; WBV: vibration group. Data are expressed as
mean � SD. Star indicates a significant difference from CON (P < 0.01).

Figure 10. Effect of WBV on tissue TNF-α levels at days 7 and 14 post-
ulceration. CON: control group; WBV: vibration group. Data are expressed as
mean � SD. Star indicates a significant difference from CON (P < 0.01).
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deposition. Similarly, Weinheimer-Haus et al. demonstrated that WBV
promoted granulation tissue formation and re-epithelialization through
local production of pro-healing insulin-like growth factor-1 (IGF-1) in
diabetic wounds [18]. IGF-1 is known to activate dermal fibroblast
proliferation to synthesize collagen, as well as keratinocyte proliferation
and migration, which leads to improved re-epithelialization [25, 26]. In
addition, according to Sari et al., vibration therapy was able to prevent
the deterioration of compression-induced deep tissue injury in rat skin by
inhibiting the activity of matrix metalloproteinases, enzymes responsible
for collagen degradation [27]. Besides local effects, WBV has been re-
ported to cause an acute increase in circulating IGF-1 and GH [28, 29].



Figure 11. Effect of WBV on tissue VEGF levels at days 7 and 14 post-
ulceration. CON: control group; WBV: vibration group. Data are expressed as
mean � SD. There was no significant difference from CON (P > 0.05).
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GH is well recognized to in turn stimulate IGF-1 production by the liver.
A recent mechanistic study using human keratinocytes by Kim et al. has
indicated that mechanical vibration (45 Hz, 0.8 g) results in F-actin
cytoskeletal reorganization despite having no significant effect on cell
viability, cell proliferation or cell migration. This action is mediated via
activating extracellular signal-regulated kinases (ERK1/ERK2) and
upregulating the gene expression levels of heparin-binding epidermal--
growth-factor (EGF)-like growth factor (HB-EGF) and EGF receptor
(EGFR) [30].

Angiogenesis is another crucial process for providing blood supply for
successful healing during the proliferative phase. However, this study
revealed no changes in capillary density and tissue VEGF after WBV
treatment. Pufe et al. reported that VEGF was not deficient in chronic
pressure ulcers and thus proposed that the delayed healing might be
attributed to lack of other pro-angiogenic factors [31]. In contrast to
pressure ulcers, diabetic wounds are impacted by defective VEGF pro-
duction, and WBV was found to enhance diabetic wound angiogenesis
and VEGF in the studies by Weinheimer-Haus et al. and Yu et al. [18, 19].
The systemic effect of WBV on angiogenesis also seems to be contro-
versial. Since serum VEGF was increased when employing WBV with
90-min cycling exercise in healthy men [32], while no such increase was
observed after 6 weeks of WBV treatment applied during resistance ex-
ercise [33].

WBV may also speed up wound repair partly through its ability to
increase blood flow, which was not assessed in this study. Evidence has
indicated that vibration may induce shear stress on endothelial cells,
which activates nitric oxide production, which causes vasodilatation
[34]. The authors therefore propose that vasodilating effect of WBV is
responsible for improving blood supply to the wound sites, which pro-
vides tissue oxygenation that contributes to wound repair.

One of the limitations of this study is that the CON mice were left in
their cages and not placed on the platform to control for stress of
changing the environment. For wound closure measurements, scab may
obscure the wound and makes measurement of actual wound size diffi-
cult. Lastly, it was conducted in mice, and therefore, the results obtained
cannot be generalized as reflecting the effects of WBV on pressure ulcer
healing in humans.

5. Conclusion

In summary, WBV improves the healing of stage II pressure ulcers in
mice by reducing wound inflammation and enhancing collagen deposi-
tion, but not improving angiogenesis. The information gained from these
results may provide the basis for further study of WBV as a treatment
modality for patients with pressure ulcers.
6

Additional investigations and clinical studies in humans are war-
ranted, with the aim of exploring the cellular and molecular mechanisms
of changes in wound healing, as well as changes in microcirculation and
oxidative stress in pressure ulcers following WBV treatment.
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