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Abstract The aim of this study is to quantitatively
investigate the short-term effects of RF tissue-tightening
treatment in in vivo rabbit dermal collagen fibrils. These
effects were measured at different energy levels and at
varying pass procedures on the nanostructural response
level using histology and AFM analysis. Each rabbit was
divided into one of seven experimental groups, which
included the following: control group, and six RF group
according to RF energy (20 W and 40 W) and three RF pass
procedures. The progressive changes in the diameter and D-
periodicity of rabbit dermal collagen fibrils were investi-
gated in detail over a 7-day post-treatment period. The
dermal tissues treated with the RF tissue-tightening device

showed more prominent inflammatory responses with
inflammatory cell ingrowth compared to the control. This
effect showed more prominent with the passage of day after
treatment. Although an increase in the diameter and D-
periodicity of dermal collagen fibrils was identified
immediately after the RF treatment, a decrease in the
morphology of dermal collagen fibrils continued until post-
operative day 7. Furthermore, RF treatment led to the loss
of distinct borders. Increases in RF energy with the same
pass procedure, as well as an increase in the number of RF
passes, increased the occurrence of irreversible collagen
fibril injury. A multiple-pass treatment at low energy rather
than a single-pass treatment at high energy showed a large
amount of collagen fibrils contraction at the nanostructural
level.

Keywords High radiofrequency treatment . Energy and
pass procedure . Dermal collagen fibrils . Inflammatory
response . Atomic force microscopy

Introduction

In recent years, various treatments and technologies have
been developed for skin rejuvenation of aged and photo-
damaged skins as well as fat-related aesthetic problems, as
a result of increased attention in beauty care [1–4]. Ablative
treatments, including Er:YAG and CO2 lasers, are believed
to be the best method for skin rejuvenation with dramatic
improvement, but they need considerable recovery time and
can cause potential side-effects. Therefore, non-ablative
treatments including pulsed dye laser, intense pulsed light,
light emitting diode, and photodynamic therapy are the
most accepted alternatives, requiring minimal recovery time
and lesser potential side-effects [4]. Although these methods
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showed a mild improvement in wrinkles, they did not
achieve outstanding results in clinical experiments [5–7].
Therefore, invasive treatments, including botulinum toxin
injections (Botox) and fillers (hyaluronic acid and colla-
gen), are mainly used in dermatological and aesthetic
clinics [8, 9]. However, these methods have only temporary
effects on the skin rejuvenation and are not effective for
treatment of skin laxity [2].

A novel radiofrequency (RF) treatment based on the
generation of a powerful electro-thermal effect throughout
the dermis has been developed as an effective non-
surgical non-ablative method for improving skin laxity.
The basic principle of this method is that RF energy
causes collagen fibrils to contract immediately, and then
this tissue contraction and heat-mediated healing response
induces the production of new collagen [2–6, 10–17].
However, the mechanism by which the RF treatment
protocol might have an effect on skin rejuvenation remains
controversial.

Atomic force microscopy (AFM) introduced by Binning
in 1986 [18] is a useful technique for characterizing the
surface properties of various cells and biological materials
[19]. The major advantage of AFM over conventional
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) is that AFM can provide
three-dimensional (3D) information of the morphology as
well as quantitative information regarding the surface
morphology without special pre-treatment or vacuum
conditions [20–25]. Since the morphological changes in
connective tissues such as the contraction and expansion
of collagen fibrils play an important role in the healing
tissues, many studies reported that AFM can be used for
a structural examination of collagenous composites
including the fibrillary diameter and D-periodic pattern
of a 67-nm axial repeat in the collagen fibrils. However,
to the best of the authors’ knowledge, there are no
reports on nanostructural effects of the RF treatment
protocol on the skin rejuvenation. Therefore, this study
examined quantitatively the immediate and short-term
effects of monopolar RF treatment with different energy
and varying pass procedure on the nanostructural
response of in vivo rabbit dermal collagen fibrils using
AFM analysis.

Materials and methods

Animal preparation

A total of 19 male New Zealand white rabbits (6 months
old, 2.5±0.4 kg) were used. The rabbits were each assigned
into one of seven experimental groups (Table 1); one
normal rabbit (control group), 18 RF-treated rabbits (six RF

groups at three time points). The rabbits were kept at 22–
24°C with alternating 12-h light–dark periods. The
animals were fed a standard rabbit chow and water ad
libitum. Adequate injection and anesthesia were planned
as a measure to minimize the level of pain or discomfort.
All animal-use procedures were approved by the Ethical
Committee of Kyung Hee University College of Medicine
and were in strict accordance with the National Institutes
of Health Guides for the Care and Use of Laboratory
Animals.

Administration of RF treatment

The animals were anesthetized with an intramuscular
injection of 15 mg/kg of ketamine and 6 mg/kg xylazine.
Additional ketamine and xylazine were properly adminis-
tered where needed in order to maintain the same level of
anesthesia during the experiment. Non-ablative skin-
tightening handpiece (DHP05R, ellman® International
Inc., NY, USA) was placed on the limb region of each
rabbit. RF Cool-Gel™ (DHPG8, ellman® International Inc.,
NY, USA) was used to cool the outer surface of the rabbit
skins, while RF energy slightly heats and modifies the soft
tissues beneath the skin. A coupling monopolar RF energy
with the power setting of 20 W and 40 W and a pulse
duration of 1,200 ms (Surgitron® 4-MHz Dual Frequency
RF/120 Device, ellman® International Inc., NY, USA) was
given to the four limb regions of each rabbit according to
three pass procedures (Table 1). This RF application was
carried out in ambulatory settings with no need for skin
sterilization. A total 76 skin-punch biopsies (Ø 4 mm,
biopsy punch, Stiefel Laboratorium, Offenbach/M., Germany)
were harvested from four limbs of one control rabbit (n=4),
and 18 RF-treated rabbits (n=4 each) at set time points that
correspond approximately to the inflammatory phase (days 0
and 2) and the start of proliferative phase (day 7) after

Table 1 Seven experimental groups according to non-ablative RF
tissue-tightening treatment protocola

Group RF energy (W) RF pass

0 (Control) 0 No

1 20 1

2 20 2

3 20 3

4 40 1

5 40 2

6 40 3

a Each RF-treated rabbit (groups 1 to 6, n=12 each) was harvested
immediately (n=4), 2 days (n=4) and 7 days (n=4) after non-ablative
RF tissue-tightening treatment whereas the normal rabbit (control, n=4)
was harvested before non-ablative RF tissue-tightening treatment

924 Lasers Med Sci (2012) 27:923–933



treatment. Each biopsy specimen was cut evenly. The biopsy
was assigned respectively to histological and AFM analyses,
and were fixed in a 4% buffered paraformaldehyde solution
for 1 day.

Histological analysis

After fixation, the specimens were embedded in paraffin.
They were sectioned on the sagittal and stained with
hematoxylin and eosin (H&E) to assess the inflammatory
response. A histological assessment of the dermal tissues
was examined by two professional pathologists blinded to
the experimental group assignment.

AFM analysis

The specimens were dehydrated with increasing concen-
trations of ethanol and were immobilized on mica with
double-sided tape. The dermal surfaces were scanned using
a NANOstation II (Surface Imaging Systems, Herzogenrath,
Germany) in non-contact mode (see Table 2). All AFM
dermal images were scanned with sizes of 5×5 μm2 with a
35% relative humidity using a silicon cantilever with an
integral pyramidal-shaped tip (SICONG, Santa Clara, CA,
USA) [20–26]. A total of 208 AFM rabbit dermal images,
consisting of 18 from the control group and 190 from the RF
group, were obtained over a post-operative 7-day period. Six
representative AFM topographical images per time point and
for each group were used for quantitative analysis of the
degree of irreversible collagen fibril injury. The dimensions
of rabbit dermal collagen fibrils, including diameter and D-
periodicity, were measured by two observers blinded to

experimental group assignment using a Scanning Probe Image
Processor version 4.8 (SPIP, Image Metrology, Lyngby,
Denmark). After AFM imaging, the specimens were used
for SEM study again.

Statistics

The results of the morphology of dermal collagen fibrils
were expressed as the mean ± standard error. Statistical
analysis was performed to compare the morphological
difference of collagen fibrils between the groups at
different energies using a two-tailed Student’s t test. For
an analysis of the time course with respect to RF energy
and pass, a multiple range of one-way analysis of variance
(ANOVA) was used and additional post hoc comparisons
were performed using a Student-Newman-Keuls test
where appropriate. p values <0.05 were considered
significant.

Results

Skin imaging

Figure 1 shows representative AFM images of rabbit
dermal collagen fibrils and the measurement concepts of
the two morphological parameters used to examine the
effects of RF treatment on wound healing. AFM topo-
graphical (Fig. 1a) and deflection (Fig. 1b) images show a
regular parallel arrangement of rabbit dermal collagen
fibrils and clearly show the fibrillary diameter and D-
periodicity. A 3D AFM image (Fig. 1c) shows the details of
the elaborate nanostructures of dermal collagenous compo-
sites. The morphology of collagen fibrils (Fig. 1d and e)
was measured by line profiles. A total of 50 collagen fibrils
was used to measure the diameters and D-periodicities of
each sample. SEM image (Fig. 1f) shows the bundles of
parallel collagen fibrils, but does not clearly show quanti-
tative information regarding the morphology.

Histological and AFM analyses

Figure 2 shows representative histological images of the
control (Fig. 2a) and RF groups, at post-operative 2 days
with single pass at 20 W (Fig. 2b) and 7 days with multiple
passes at 20 W (Fig. 2c) and 40 W (Fig. 2d). The dermal
tissues treated with the RF tissue-tightening device showed
more prominent inflammatory reactions with inflammatory
cell ingrowth associated with acute inflammation compared
to the control. This effect showed more prominence with
the passage of day after the RF tissue-tightening treatment.

Figure 3 shows representative nanostructural changes in
dermal collagen fibrils obtained from AFM measurement

Table 2 Specification of AFM examination used in this study

AFM machine

Model NANOS N8 NEOS

Scanner (μm3) 43×43×4 XYZ

Optical microscopy Epiplan 200× and 500×

Noise cancellation Active and passive vibration isolation tables

Analysis Scanning Probe Image Processor ver 4.8

Imaging

Mode Non-contact

Cantilever Silicon

Tip material Silicon

Tip height (nm) 14,000±2,000

Tip aspect ratio 1.5-3.0

Tip radius (nm) 5.5±0.5

Resolution (pixel) 256×256

Scan speed (line/s) 0.8

Scan size (μm2) 5×5

Lasers Med Sci (2012) 27:923–933 925



during the post-operative days. Typical normal rabbits
(Fig. 3a) showed an irregular parallel arrangement of
collagen fibrils with clear axial periodicity. The mean
diameter was 116.38±3.18 nm (n=50) and the mean
fibrillary D-periodicity was 67.86±0.40 nm (n=50) ranging
from 62.60 to 72.90 nm. RF rabbits immediately after
treatment (Fig. 3b) showed a regular parallel arrangement
of collagen fibrils and a significant increase in their
diameter and D-periodicity. Since then, the collagen fibrils
showed loss of distinct edges, and their morphology
continued to decrease throughout the inflammatory phase
(p<0.001). This change at the nanostructural level continued
until post-operative 7 days (p<0.001).

Figure 4 shows the effects of RF energy on the
morphology of rabbit dermal collagen fibrils during the
post-operative days (Table 3). All RF groups showed the
occurrence of irreversible collagen fibril injury, a decrease

in the diameter and D-periodicity, compared to the control.
Overall, RF tissue-tightening treatment at 20 W showed a
lower decrease in the diameter and D-periodicity compared
to that at 40 W. However, at post-operative 7 days with a 3-
pass, it showed the opposite results that RF treatment at
20 W (Fig. 3c) showed a higher decrease in the morphology
compared to that at 40 W (Fig. 3d), p=0.0029 for diameter
and p<0.0001 for D-periodicity. Tables 4 and 5 show the
results of an ANOVA and post hoc comparisons of the
nanostructural changes in collagen fibrils during post-
operative days. ANOVA showed a significant difference
(p<0.001) in the morphology of collagen fibrils for all
groups. Post hoc comparisons showed that the rabbits (D7)
at post-operative 7 days of all groups showed a significant
irreversible collagen fibril injury, a significant decrease in
both the diameter and D-periodicity of collagen fibrils,
compared to the normal rabbits (No).

Fig. 1 Representative AFM topography (a), AFM deflection (b),
AFM 3D (c), and SEM (f) images of dermal collagen fibrils in the
rabbit with a scan size of 5 μm×5 μm, and measurement principles of
fibrillary diameter (d) and D-banding (e). AFM imaging is created by
bringing the tip and sample into contact and scanning the tip across
the surface while the sample height is adjusted using a feedback loop
to keep the bending of the AFM cantilever constant. This yields a
topographical image that gives calibrated height information about the
sample. In many cases, small cantilever bending occurs because the

feedback loop is not perfect, and the resulting error signal can be used
to generate a deflection image highlighting the edges of features in the
topographical image. Arrows in each panel indicate the fibrillary
diameter and D-banding of the skins, measured by line profiles. For
SEM study (Hitachi S-4700, Hitachi Co. Ltd., Tokyo, Japan), each
tissue was vacuum-coated with a layer of carbon followed by gold,
and was investigated at a beam voltage of 2 kV and the magnification
of 15000×
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Figure 5 shows the effects of RF pass procedure on the
morphology of rabbit dermal collagen fibrils during the post-
operative days. In all groups, increasing the number of RF pass

at the same energy showed a greater decrease in the fibrillary
diameter and in the D-periodicity. This change showed a
greater change at 20 W energy than at 40 W energy (Table 6).

Fig. 2 Representative histological
images of normal dermal tissues
(a) and RF-treated dermal tissues
at post-operative 2 days with
1-pass at 20 W (b), and
post-operative 7 days with 3-pass
at 20 W (c), and 40 W (d). The
RF group shows inflammatory
cell ingrowth compared to the
control

Fig. 3 Representative AFM
topographic images of normal
rabbit dermal tissues (a) and
RF-treated dermal tissues at
immediately after treatment
with 1-pass at 20 W (b), and
post-operative 7 days with
3-pass at 20 W (c) and
40 W (d). Non-ablative RF
tissue-tightening treatment leads
to the dermal collagen fibril
contraction

Lasers Med Sci (2012) 27:923–933 927



Discussion

This study examined quantitatively the immediate and
short-term effects of RF treatments on the morphology of
the rabbit dermal collagen fibrils using in vivo animal over
a 7-day period.

The collagen contraction could be interpreted by the
decreased diameter and D-periodicity of dermal collagen
fibrils, and then, the progressive collagen remodeling and
the production of new collagen over the next several weeks
could be interpreted by a decrease in the morphology of
dermal collagen fibrils. It is significant that this study

Fig. 4 Effects of RF energy on nanostructural changes in the diameter (a, b, c) and D-banding (d, e, f) of the rabbit dermal collagen fibrils over a
post-operative 7-day period

Table 3 Effects of RF energy
with the same pass procedure on
the morphology of rabbit dermal
collagen fibrils over a
post-operative 7-day perioda

aD0, D2, and D7 represent the
RF-treated rabbits immediately,
2 days and 7 days after
treatment

Morphology RF pass Group RF energy (W) Fibrillary diameter and D-periodicity

D0 (nm)a D2 (nm)a D7 (nm)a

Diameter 1 Group 1 20 116.87±2.92 109.07±3.09 102.08±2.10

Group 4 40 121.56±3.06 103.99±3.01 97.14±2.75

p value (Student’s t test) = 0.1568 = 0.1320 = 0.0682

2 Group 2 20 121.87±2.92 102.65±3.15 92.67±3.06

Group 5 40 127.13±3.54 99.14±2.79 94.38±2.07

p value (Student’s t test) = 0.1425 = 0.2841 = 0.5531

3 Group 3 20 127.42±3.32 95.39±2.66 80.03±2.42

Group 6 40 132.13±4.41 95.21±3.44 88.56 ±2.66

p value (Student’s t test) = 0.2732 = 0.9581 = 0.0029

D-periodicity 1 Group 1 20 68.81±0.42 66.16±0.56 65.27±0.45

Group 4 40 69.04±0.57 65.65±0.94 64.90±0.61

p value (Student’s t test) = 0.6779 = 0.5541 = 0.5271

2 Group 2 20 69.33±0.48 65.17±0.72 63.61±0.71

Group 5 40 69.86±0.37 64.36±0.31 63.29±0.38

p value (Student’s t test) = 0.2600 = 0.1869 = 0.6104

3 Group 3 20 69.84±0.45 63.76±0.84 58.06±0.69

Group 6 40 70.67±0.26 64.08±0.41 62.61 ±0.71

p value (Student’s t test) = 0.0439 = 0.6593 < 0.0001
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provides a new method to examine the short-term effects of
RF tissue-tightening treatment on the dermal tissues
through the morphological changes in collagen fibrils using
AFM technique.

Several studies [2–6, 10–16, 27, 28] have shown that
the RF treatment causes the collagen contraction by an
electro-thermal effect throughout the dermis. This heat-
mediated tissue tightening promotes the healing response

of dermal tissue. It initiates progressive collagen remodel-
ing over the next several weeks and induces the produc-
tion of new collagen, resulting in gradual skin tightening
and reduction in skin laxity. Sometimes, skin tightening
may be noticed immediately after RF tissue tightening, but
it is only a temporary effect. Therefore, it is seems that RF
treatment promotes the healing response to thermal-
injured skins.

Table 4 ANOVA and post hoc comparisons of the nanostructural changes in the diameter of rabbit dermal collagen fibrils over a post-operative
7-day perioda

Group RF energy (W) RF pass p value (ANOVA) Significantly different day (post hoc comparisons)

No (control)† D0† D2† D7†

1 20 1 <0.001 D2 D7 D2 D7 No D0 D7 No D0 D2

F=9.99

2 20 2 <0.001 D2 D7 D2 D7 No D0 D7 No D0 D2

F=30.76

3 20 3 <0.001 D0 D2 D7 No D2 D7 No D0 D7 No D0 D2

F=87.90

4 40 1 <0.001 D2 D7 D2 D7 No D0 D7 No D0 D2

F=23.11

5 40 2 <0.001 D0 D2 D7 No D2 D7 No D0 No D0

F=44.39

6 40 3 <0.001 D0 D2 D7 No D2 D7 No D0 No D0

F=54.72

a The days (No, D0, D2, and D7) in each group represent significant differences (p<0.05, Student-Newman-Keuls test) compared to each day

†No represents the normal rabbits without non-ablative RF tissue-tightening treatment. D0, D2, and D7 represent the RF-treated rabbits
immediately, 2 days and 7 days after treatment

Table 5 ANOVA and post hoc comparisons of the nanostructural changes in the D-periodicity of rabbit dermal collagen fibrils over a post-
operative 7-day perioda

Group RF energy (W) RF pass p value (ANOVA) Significantly different day (post hoc comparisons)

No (control)† D0† D2† D7†

1 20 1 <0.001 D2 D7 D2 D7 No D0 No D0

F=19.89

2 20 2 <0.001 D0 D2 D7 D0 D2 D7 No D0 D7 No D0 D2

F=31.09

3 20 3 <0.001 D0 D2 D7 No D2 D7 No D0 D7 No D0 D2

F=115.66

4 40 1 <0.001 D2 D7 D2 D7 No D0 No D0

F=14.03

5 40 2 <0.001 D0 D2 D7 No D2 D7 No D0 D7 No D0 D2

F=114.05

6 40 3 <0.001 D0 D2 D7 No D2 D7 No D0 D7 No D0 D2

F=98.77

a The days (No, D0, D2, and D7) in each group represent significant differences (p<0.05, Student-Newman-Keuls test) compared to each day

†No represents the normal rabbits without non-ablative RF tissue-tightening treatment. D0, D2, and D7 represent the RF-treated rabbits
immediately, 2 days and 7 days after treatment
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Fig. 5 Effects of RF pass procedure on the nanostructural changes in the diameter (a, b) and D-banding (c, d) of the rabbit dermal collagen fibrils
over a post-operative 7-day period

Table 6 Effects of RF pass procedure at the same energy on the morphology of rabbit dermal collagen fibrils over a post-operative 7-day perioda

Morphology RF energy (W) Group RF pass Significant RF pass number (post hoc comparisons)

D0a D2a D7a

Diameter 20 Group 1 1 3 3 2 3

Group 2 2 3 1 3

Group 3 3 1 1 2 1 2
p value (ANOVA) = 0.008 < 0.001 < 0.001

40 Group 4 1 3 3 3

Group 5 2 3

Group 6 3 1 1 1 2
p value (ANOVA) = 0.037 = 0.037 = 0.008

D-periodicity 20 Group 1 1 3 2 3

Group 2 2 1 3

Group 3 3 1 1 2
p value (ANOVA) N.S.† = 0.011 < 0.001

40 Group 4 1 3 2 3
Group 5 2 1

Group 6 3 1 1

p value (ANOVA) = 0.002 N.S.† = 0.002

a D0, D2, and D7 represent the RF-treated rabbits immediately, 2 days and 7 days after treatment

†N.S. = Not significant
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There were five main findings in this study: (1) At
immediately after the RF treatment, it showed instantly an
increase in the diameter and D-periodicity of dermal
collagen fibrils; (2) RF tissue-tightening treatment led to a
decrease in the morphology of dermal collagen fibrils over
post-operative 7 days; (3) RF tissue-tightening treatment
led to change in irregular parallel arrangement of collagen
fibrils into a regular parallel arrangement of collagen fibrils.
Also, it led to a loss of distinct boundaries; (4) Overall,
increasing RF energy led to promote a decrease in the
diameter and D-periodicity of dermal collagen fibrils, but
not significantly; (5) Increasing number of RF pass led to
promote a decrease in the diameter and D-periodicity of
dermal collagen fibrils. This change is dominant in
treatment at low energy, particularly a post-operative day 7.

Wrinkles are the most common sign of aged skin. Skin
aging is a complex biological phenomenon that is caused
by intrinsic and extrinsic processes [29]. An intrinsic
process leads to flattening of the dermal-epidermal junction,
thinning of the epidermis and dermis, and loss of rete ridges
and elasticity. This chronologic aging is associated with a
decrease in the number of fibroblasts and in the level of
collagen. In contrast, extrinsic process leads to thickening
of the stratum corneum and to loss of epidermal cellular
polarity. The representative change in the extrinsic process
is photo-damaging or photo-aging due to the exposure of
ultraviolet (UV) light. This photo-damaging is associated
with an increase in the collagen breakdown and a decrease
in the collagen production [5, 27–29]. Clinically, the
contraction effects of collagen fibrils are used to shorten
the tendons in the shoulder capsule. Collagen fibrils of the
tendon show in a parallel direction, whereas dermal
collagens arrange in bundles aligned in every direction
[30, 31]. This is consistent with the finding of this study
(Fig. 3a). This contraction was not clearly detected
immediately after treatments. This is also similar to the
first and second findings of this study. The diameter and D-
periodicity of collagen fibrils are increased immediately
after the RF treatment and then are decreased until the start
of the proliferative phase.

Collagen is one of the main building blocks of human
skin and is the most abundant in tissues as very long fibrils
with an axial periodic structure. This is distinct from other
proteins in that the molecules consist of three polypeptide
chains that form a unique triple-helical structure (tropocol-
lagen). There are two major classes of collagen, including
interstitial and pericellular. Interstitial collagens are type-I
(the major collagen of the skin), -II and -III. Pericellular
collagens are type-IV and type-V [25, 26]. The collagen
fibrils provide the major biomechanical scaffold for cell
attachment and the anchorage of macromolecules, and
allow the shape and form of tissues to be maintained.
These fibrils are stabilized by the cross-linking of specific

lysines and hydroxolysines of the collagen molecules,
ordered parallel in a D-periodic pattern. This D-periodic
pattern generally shows a 67-nm axial repeat of the
collagen fibrils [25]. This is consistent with the present
study that AFM can resolve individual collagen fibrils with
a clear axial periodicity. The mean fibrillary diameter and
D-periodicity from scan size of 5×5 μm2 are 116.38±
3.18 nm and 67.86±0.40 nm, respectively. Tzaphlidou [32]
suggested that the collagen fibril diameter is related to the
aging process and sex. He revealed that the mean diameter
of collagen fibrils for the rabbit skin is 90.1±10.2 nm for
male and 82.8±9.8 for female. This result is smaller than
that of this study. This difference is likely to be responsible
for aging effects or investigation methods.

On the other hand, the first finding of this study is
consistent with those reported previously in that the
diameter and D-periodicity of collagen fibrils are increased
immediately after the RF tissue-tightening treatment [3, 4].
This result is responsible for the thermal injury, which
completely or partially denature the fibril helix. Instant
heating process of RF tissue-tightening treatment may
injure the dermal collagen fibrils causing the dermal tissue
swelling [11]. As a result, this occurrence is most likely the
catalyst for the stimulation of a wound-healing response.

Healing is the response to an injury that sets a sequence
of events into motion. There are three basic phases in the
healing process: inflammatory, proliferative, and remodel-
ing. When the collagen fibrils are injured, they become
inflamed, which is the initial phase of the tissue-healing
response. Alaseirlis et al. [33] suggested that an early
inflammatory response affects the quality of the healing
tissue. Williams et al. [34, 35] showed that new small blood
vessels would colonize areas of hemorrhage in which fibrin
and damaged collagen fibrils are still present, and invade
freshly produced connective tissue in the adjacent matrix.
This study revealed that the RF group showed a significant
decrease in the diameter and D-periodicity of dermal
collagen fibrils at inflammatory phase and the start of
proliferative phase. This is consistent with those reported
previously in that the fibrillary diameter decreased in the
inflammatory phase, which is caused by the release of
various chemotactic factors [33, 36–38]. Alaseirlis et al.
[33] showed via TEM in tendon that the diameter of an
injured collagen was smaller than that of normal. They
suggested that the tumor necrosis factor (TNF)-α, an
inflammatory cytokine, influences tissue wound healing
by regulating macrophage differentiation and by down-
regulating the production of collagen. Furthermore, the
present histology and AFM results support this finding. At
both post-operative day 2 and day 7, the histological
findings of RF group showed more inflammatory cell
ingrowth compared to the control group. The AFM findings
of the RF group showed a smaller diameter and D-
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periodicity of collagen fibrils. At the next healing phase,
this effect may lead to an increase in new collagen
formation that leads to tightening of the skin matrix.

The side-effects with the RF tissue-tightening device
occur due to tissue overheating and improper RF
treatment protocol. The original protocol called for a
single pass at high energy, which would cause signif-
icant side-effects including scars and skin indentation
[30]. Clinically, a high-energy treatment leads to more
patient discomfort than a low-energy one. Kist et al. [4]
revealed that the changes after multiple-pass treatment at
low energy is similar to those with single-pass treatment at
high energy from the ultrastructural analysis of collagen
fibril architecture using TEM. This is similar with the
fourth and fifth findings of this study in that not only
increases in RF energy with the same pass procedure, but
also increases in the number of RF pass at the same energy
increase the occurrence of irreversible collagen fibril
injury. Therefore, this study showed that, at post-
operative 7 days, a multiple-pass treatment at low energy
rather than a single-pass treatment at high energy showed
more collagen fibrils contraction at the nanostructural
level. Interestingly, the treatment at low energy than high
energy is beneficial to more consistent results with higher
patient comfort and safety.

In this study, we tried to examine the dermal collagen
fibrils using three investigation methods. Histopathological
analysis was used for examination inflammatory response
of RF tissue-tightening treatment on the rabbit skins.
Conventional SEM analysis was used for comparison with
AFM analysis in order to quantitatively examine the
nanostructural characteristics of the dermal collagen fibrils
treated with RF application. Histopathology and AFM
provided satisfactory results as expected, whereas SEM
failed to give the morphological information of collagen
fibrils due to fringe distortion and measurement error.
Therefore, AFM analysis with the force-distance curve is
reliable and can provide very promising results in the field
of ophthalmology.

In summary, non-ablative RF tissue-tightening treatment
directly led to an inflammatory response causing nano-
structural changes in the collagen fibril network. However,
the inflammation mechanism is related to a complex
process involving multiple stages. Similar to results
reported previously, this study showed that the collagen
fibril contraction after RF treatment stimulates a collagen
repair and synthesis process that likely gives rise to the
tightening of the dermal tissue that is observed clinically.
This study first showed quantitatively short-term effects of
RF tissue-tightening treatment on the dermal tissues
through the nanostructural changes in collagen fibrils over
a 7-day period using novel AFM technique. The results
suggest that the multiple-pass treatment at low energy

rather than the single-pass treatment at high energy incurs
more collagen fibril contraction. However, there are some
limitations including the small sample size (four dermal
tissues), short-term examination, as well as only morphol-
ogy information. Therefore, further studies are required to
evaluate the long-term effects of more varying clinically
based applications in non-ablative RF tissue-tightening
treatment.

Acknowledgments This study was supported by the Bio R&D
program through the National Research Foundation of Korea
funded by the Ministry of Education, Science and Technology
(grant 2009–0092562).

References

1. Kerscher M (2009) Aesthetic and cosmetic dermatology. Eur J
Dermatol 19:530–534

2. Kushikata N, Negishi K, Tezuka Y, Takeuchi K, Wakamatsu S
(2005) Non-ablative skin tightening with radiofrequency in Asian
skin. Lasers Surg Med 36:92–97

3. Zelickson BD, Kist D, Bernstein E, Brown DB, Ksenzenko S,
Burns J, Kilmer S, Mehregan D, Pope K (2004) Histological and
ultrastructural evaluation of the effects of a radiofrequency-based
nonablative dermal remodeling device: a pilot study. Arch
Dermatol 140:204–209

4. Kist D, Burns AJ, Sanner R, Counters J, Zelickson B (2006)
Ultrastructural evaluation of multiple-pass low-energy versus
single-pass high-energy radio-frequency treatment. Lasers Surg
Med 38:150–154

5. Atiyeh BS, Dibo SA (2009) Nonsurgical nonablative treatment of
aging skin: radiofrequency technologies between aggressive
marketing and evidence-based efficacy. Aesthetic Plast Surg
33:283–294

6. Sadick NS (2003) Update on non-ablative light therapy for
rejuvenation: a review. Lasers Surg Med 32:120–128

7. Hardaway CA, Ross EV, Paithankar DY (2002) Non-ablative
cutaneous remodeling with a 1.45-micron mid-infrared diode
laser: phase II. J Cosmet Laser Ther 4:9–14

8. Yamauchi PS, Lowe NJ (2004) Botulinum toxin types A and B:
comparison of efficacy, duration, and dose-ranging studies for the
treatment of facial rhytides and hyperhidrosis. Clin Dermatol
22:34–39

9. Naoum C, Dasiou-Plakida D (2001) Dermal filler materials and
botulin toxin. Int J Dermatol 40:609–621

10. England LJ, Tan MH, Shumaker PR, Egbert BM, Pittelko K,
Orentreich D, Pope K (2005) Effects of monopolar radiofrequency
treatment over soft-tissue fillers in an animal model. Lasers Surg
Med 37:356–365

11. Alster TS, Tanzi E (2004) Improvement of neck and cheek laxity
with a nonablative radiofrequency device: a lifting experience.
Dermatol Surg 30:503–507

12. Ruiz-Esparza J, Gomez JB (2003) The medical face lift: a
noninvasive, nonsurgical approach to tissue tightening in
facial skin using nonablative radiofrequency. Dermatol Surg
29:325–332

13. Hsu TS, Kaminer MS (2003) The use of nonablative radio-
frequency technology to tighten the lower face and neck. Semin
Cutan Med Surg 22:115–123

14. Fritz M, Counters JT, Zelickson BD (2004) Radiofrequency
treatment for middle and lower face laxity. Arch Facial Plast Surg
6:370–373

932 Lasers Med Sci (2012) 27:923–933



15. Lyer S, Suthamjariya K, Fitzpatrick RE (2003) Using a radio-
frequency energy device to treat the lower face: a treatment
paradigm for a nonsurgical facelift. Cosmet Dermatol 16:37–40

16. Friedman DJ, Gilead LT (2007) The use of hybrid radiofrequency
device for the treatment of rhytides and lax skin. Dermatol Surg
33:543–551

17. Narins RS, Tope WD, Pope K, Ross EV (2006) Overtreatment
effects associated with radiofrequency tissue-tightening device:
rare, preventable and correctable with subcision and autologous
fat transfer. Dermatol Surg 32:115–124

18. Binnig G, Quate CF, Gerber C (1986) Atomic force microscope.
Phys Rev Lett 56:930–933

19. Xu M, Fujita D, Onishi K, Miyazawa K (2009) Improving
accuracy of sample surface topography by atomic force micros-
copy. J Nanosci Nanotechnol 9:6003–6007

20. Choi S, Park KH, Cheong Y, Kim HK, Park YG, Park HK (2011)
Changes in ultrastructure and properties of bracket slots after
orthodontic treatment with bicuspid extraction. Scanning 33:25–32

21. Choi S, Lee SJ, Shin JH, Cheong Y, Lee HJ, Paek JH, Kim JS, Jin
KH, Park HK (2011) Ultrastructural investigation of intact orbital
implant surfaces using atomic force microscopy. Scanning
33:211–221

22. Choi S, Shin JH, Cheong Y, Lee HJ, Jin KH, Park HK (2011)
Nanostructural investigation of frontalis sling biomaterial surfa-
ces. Scanning. doi:10.1002/sca.20233

23. Choi S, Rhee Y, Park JH, Lee GJ, Kim KS, Park JH, Park YG, Park
HK (2010) Effects of fluoride treatment on phosphoric acid-etching
in primary teeth: an AFM observation. Micron 41:498–506

24. Choi S, Cheong Y, Lee GJ, Park HK (2010) Effect of fluoride
pretreatment on primary and permanent tooth surfaces by acid-
etching. Scanning 32:375–382

25. Choi S, Cheong Y, Lee HJ, Lee SJ, Jin KH, Park HK (2011) AFM
study for morphological and material property of human sclera
surface. J Nanosci Nanotechnol 11:6382–6388

26. Thorsteinsdottir S, Deries M, Cachaco AS, Bajanca F (2011) The
extracellular matrix dimension of skeletal muscle development.
Dev Biol 354:191–207

27. Helfrich YR, Sachs DL, Voorhees JJ (2008) Overview of skin
aging and photoaging. Dermatol Nurs 20:177–183

28. Holck DE, Ng JD (2003) Facial skin rejuvenation. Curr Opin
Ophthalmol 14:246–252

29. Carneiro SC, Cassia Fde F, Pascarelli BM, Souza SO, Ramos-e-
Silva M, Filgueira AL, Japiassu MA, Takiya CM (2007) Increase
in dermal collagen fibril diameter and elastogenesis with UVB
exposure: an optical and ultrastructural study in albino Balb/c
mice. Acta Dermatovenerol Croat 15:65–71

30. Boisnic S, Branchet MC, Birnstiel O, Beilin G (2010) Clinical and
histopathological study of the TriPollar home-use device for body
treatments. Eur J Dermatol 20:367–372

31. Hsu TS, Kaminer MS (2003) The use of nonablative radio-
frequency technology to tighten the lower face and neck. Semin
Cutan Med Surg 22:115–123

32. Tzaphlidou M (2001) Diameter distributions of collagenous
tissues in relation to sex. A quantitative ultrastructural study.
Micron 32:333–336

33. Alaseirlis DA, Li Y, Cilli F, Fu FH, Wang JHC (2005) Decreasing
inflammatory response of injured patellar tendons results in
increased collagen fibril diameters. Connect Tissue Res 46:12–7

34. Williams IF, McCullagh KG, Goodship AE, Silver IA (1984)
Studies on the pathogenesis of equine tendonitis following
collagenase injury. Res Vet Sci 36:326–338

35. Williams IF, McCullagh KG, Silver IA (1984) The distribution of
types I and III collagen and fibronectin in the healing equine
tendon. Connect Tissue Res 2:211–227

36. Langsjo TK, Rieppo J, Pelttari A, Oksala N, Kovanen V,
Helminen HJ (2002) Collagenase-induced changes in articular
cartilage as detected by electron-microscopic stereology, quanti-
tative polarized light microscopy and biochemical assays. Cells
Tissues Organs 172:265–275

37. Sharma PMN (2006) Biology of tendon injury: healing, modeling
and remodeling. J Musculoskelet Neuronal Interact 6:181–190

38. Aström M, Rausing A (1995) Chronic Achilles tendinopathy. A
survey of surgical and histopathologic findings. Clin Orthop Relat
Res 316:151–164

Lasers Med Sci (2012) 27:923–933 933

View publication stats

http://dx.doi.org/10.1002/sca.20233
https://www.researchgate.net/publication/51752577

	Short-term nanostructural effects of high radiofrequency treatment on the skin tissues of rabbits
	Abstract
	Introduction
	Materials and methods
	Animal preparation
	Administration of RF treatment
	Histological analysis
	AFM analysis
	Statistics

	Results
	Skin imaging
	Histological and AFM analyses

	Discussion
	References


