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INTRODUCTION 

Laser cartilage reshaping (LCR), first introduced in 1993, is a 
novel technique designed to permanently alter the shape of car-

tilage [1]. It has been used in the field of reconstructive surgery 
for a number of cartilage deformities, and several studies have 
reported successful clinical application of LCR during septoplas-
ty [2], otoplasty [3], and epiglottoplasty [4].
 In spite of several successful reports, LCR has not been ad-
opted widely in the clinical setting, since it is based on thermally 
induced internal relaxation of mechanically deformed cartilage. 
Heat generation by laser causes the injury to the chondrocytes, 
resulting in concurrent death of chondrocytes and significant 
shape changes of the cartilage. Due to this problem, several pre-
vious studies have focused on the potential thermal injury to the 
chondrocytes during photothermal heating to determine guide-
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lines for safe and effective LCR [5-8]. However, few studies have 
evaluated the regeneration of damaged chondrocytes following 
laser irradiation, although this information is critically important 
to adapt LCR for use in the clinical field. Hence, we aimed to 
evaluate the degree and mechanism of thermal injury to carti-
lage, and the regenerative process of damaged cartilage after la-
ser irradiation. 

MATERIALS AND METHODS

Tissue preparation and laser irradiation
Human septal cartilage was obtained from 10 patients undergo-
ing septal surgery. The average age was 23.8 ± 4.0 years (range, 
18 to 30 years) with 7 men and 3 women. Harvested cartilage 
was carved to 1-2 mm thick with a shape of rectangle, and stored 
in normal saline solution at room temperature until use. Total 56 
specimens were irradiated by 1,460 nm diode laser (CyT-ML1450, 
CyTroniQ, Cheonan, Korea) within 1 hour after harvest of the 
cartilage. Ethics approval was obtained from the Internal Review 
Board of the Dankook University Hospital.
 Laser was delivered via an optic fiber (2 mm in spot diame-
ter) in two different patterns: spot and linear. In spot pattern, 
the specimens were irradiated with laser powers of 0.5 W, 1.0 W, 
and 2.0 W for exposure time of 5, 10, and 20 seconds. In linear 
pattern, specimens were irradiated with laser powers of 0.5 W, 
1.0 W, and 2.0 W in a to-and-fro manner for 10 and 20 seconds 
each.
 Two separate 3×4 cm-sized segments of the auricular carti-
lage was harvested from six New Zealand white rabbits after el-
evating submucoperichondrial flap in each ear. The harvested 
cartilage was immediately divided into 5×10 mm sized rectan-
gular slabs with a razor blade. More than 16 specimens were ir-
radiated by 1,460 nm diode laser for 5 seconds at laser powers 
of 0.3 W, 0.5 W, and 1 W, respectively. The schematic diagram of 
experimental protocol was described in Fig. 1. These settings were 
decided after a preliminary study to obtain a range of laser pa-
rameters required to change the shape of the cartilage without 
significant thermal injury.
 The average depth and width of the thermally damaged area 
were measured by a single observer who was unaware of the 
experimental conditions using embedded software in the Olym-
pus microscope system.

Reimplantation and harvest of rabbit auricular cartilage
The control and reshaped cartilage were reimplanted into a sub-
perichondrial pocket of the rabbit ear. The quilting sutures were 
performed to provide fixation between perichondrium and re-
implanted cartilages. Ceftizoxime was administered intramuscu-
larly to prevent wound infection.
 Cartilage specimens were reharvested at 1, 2, and 4 weeks af-
ter reimplantation. Subperichondrial planes were dissected care-

fully with iris scissors, and cartilages were harvested from the 
subperichondrial pockets and prepared for viability assessment 
and histologic examination (Fig. 1).

Cell viability assay
Cell viability assay were performed on the human and rabbit 
cartilage immediately after laser irradiation. The cartilages were 
sliced into 400 μm-thick-cross sections. They were stained with 
calcein acetoxymethylester (calcein AM) and ethidium homodi-
mer-1 (EthD-1; Molecular Probes, Eugene, OR, USA). Calcein 
AM is an indicator of living cells that have intact cell mem-
branes and esterase activity and Eth-D-1 is an indicator of dead 
cell. It can only permeate cells with compromised membranes. 
Stained specimens were inspected with a confocal microscope at 
10× magnification (LSM 510 META, Carl Zeiss, Jena, Germa-
ny).
 Harvested rabbit cartilages were examined at 1, 2, and 4 weeks 
after reimplantation by the same method to evaluate regenera-
tion of damaged cartilage.

Hoechst and propidium iodide staining
Hoechst and propidium iodide (PI) staining was used to evaluate 
the mechanism of thermal injury in rabbit cartilage after laser 
irradiation. Hoechst 33342 (Sigma-Aldrich Co., St Louis, MO, 
USA), a blue-fluorescence dye (excitation/emission maxima 
≈350/461 nm when bound to DNA), stains the condensed chro-
matin in apoptotic cells more brightly than normal chromatin. 
PI, a red-fluorescence dye (excitation/emission maxima 
≈535/617 nm when bound to DNA), is only permeant to dead 
cells. The staining pattern resulting from the simultaneous use of 
these 2 dyes makes it possible to distinguish normal, apoptotic, 
and necrotic dead cell populations by fluorescence microscopy.
 The first stain (Hoechst solution, 4 μL) was added to 2 mL of 
medium. After incubating the sample in Hoechst solution over-
night, the samples were rinsed with Dulbecco’s phosphate-buff-
ered saline for a few seconds. Then, the second stain (PI, 4 μL) 
was added to 2 mL of medium. Sample slides were finally ex-
amined by confocal microscopy (405 nm and 543 nm).

Histologic examination
The remaining portions of the specimens were fixed in formalin 
and serially dehydrated using graded ethanol solutions and sub-
sequently embedded in paraffin. Then, 6-μm sections were ob-
tained, and stained with hematoxylin-eosin (H&E), and finally 
examined with a light microscope at 200× magnification.

RESULTS

The effect of laser irradiation on human septal cartilage
Laser irradiation with given power and exposure time produced 
shape changes in all human septal cartilages without definite tis-
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sue ablation (Fig. 2). Cell viability test using live/dead assay 
showed a clear demarcation between live cells (green) and dead 
cells (red) in histology and the extent of the damaged area in-
creased accordingly as the laser power and the exposure time 
increased (Fig. 3). The average depth and width of the thermally 
damaged area showed a linear correlation according to the laser 
power and the exposure time, irrespective of the irradiation 
method (spot or linear) (Fig. 3).

The effect of laser irradiation on rabbit auricular cartilage
Laser exposure to rabbit auricular cartilage created a similar 
shape changes like in human septal cartilages. The extent of the 
damaged area in the rabbit auricular cartilage increased with the 
increase of the laser power (0.3-1.0 W) and the extent of dead 
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Fig. 1. Schematic illustration of experimental protocol. (A) Experimental protocol of human septal cartilage (B) experimental protocol of rabbit 
auricular cartilage.

Fig. 2. Shape change of human septal cartilage before (A), immedi-
ately after (B) diode laser irradiation. The cartilage was bent by laser 
irradiation. Reshaped cartilage was recovered into flat shape after 
re-irradiation by laser to the convex side (C). Red arrow indicates 
the direction of laser irradiation.
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chondrocytes in the 0.3 W and 0.5 W treatment groups was less 
extensive than in the 1 W treatment group (Fig. 4A). The depth 
of thermal damage showed no significant difference among 
treatment groups due to thin thickness of the auricular cartilage. 
However, the width of thermal damage increased from 736 μm 
in 0.3 W treatment group to 1,377 μm in 1 W treatment group 
(Table 1). 
 Hoechst and PI staining showed a dominance of red staining 
without blue fragmented nucleus-like an apoptotic body after 
laser irradiation, suggesting that cell death by laser irradiation 
resulted from mainly necrosis, rather than apoptosis (Fig. 4B).

Regeneration of irradiated auricular cartilage
In terms of regeneration capacity, we implanted irradiated carti-
lages in rabbit ear until 4 weeks. The angle of curvature had a 
tendency to recover to its original position over time and it re-

duced slightly at the time of harvest as compared with that im-
mediately after irradiation. Chondrocytes in 0.3 W treatment 
group regenerated completely at 2 weeks and those in 0.5 W 
treatment group regenerated at 4 weeks, showing relationship 
between radiation power and recovery time. In 1 W treatment 
group, chondrocytes could not recover until 4 weeks (Fig. 5A). 
At 1 week after implantation, 75% of damaged chondrocytes in 
the 0.3 W treatment group regenerated. In 0.5 W treatment group, 
33%, 73%, and 99% of damaged chondrocytes regenerated at 
1, 2, and 4 weeks, respectively. In contrast, chondrocyte could 
not regenerate in 1 W treatment group until 4 weeks (Fig. 5B). 
Table 2 shows changes in the average depth and width of ther-
mally damaged tissue. The width of the damaged area in the 0.3 
W and 0.5 W laser groups decreased with time, while the width 
of the damaged area in 1 W laser group increased slightly.
 H&E staining revealed loss of chondrocytes and condensation 
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Fig. 3. Confocal images of live/dead assay of the human septal cartilage after (A) spot-pattern laser irradiation and (B) linear pattern laser irra-
diation. Cartilage was irradiated with different laser power (0.5-2.0 W) and exposure time (5-20 seconds). The green and red fluorescence in-
dicates live and dead cell respectively. The extent of damaged area increased with the increase of the laser power and exposure time irrespec-
tive of exposure pattern. Average depth and width of thermal injury following laser cartilage reshaping (human) is plotted in graphs, showing lin-
ear increase of damaged depth and width with increase in power and exposure time.
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Table 1. Mean depth and width of thermal damage in rabbit auricular cartilage following laser irradiation for 5 seconds (mean±SD)

Power (W) P-value

0.3 0.5 1.0 0.3 vs. 0.5 0.5 vs. 1.0 0.3 vs. 1.0

Depth (µm) 219.5±29.2 225.0±29.7 244.3±39.9 0.76 0.36 0.24
Width (μm) 736.1±176.5 1,044.5±205.7 1,376.7±222.2 0.02 0.01 <0.01

Table 2. Mean depth and width of thermal damage in rabbit auricular cartilage after laser irradiation according to reimplantation time (mean ± 
SD)

Power (W) Length (µm) 0 week 1 week 2 weeks 4 weeks

0.3 Depth 219.5±29.2 203.7±150.3 0*† 0*†

Width 736.1±176.5 483.3±165.4* 0*† 0*†

0.5 Depth 225.0±29.7 222.5±45.6 133.5±100.0*† 0*†‡

Width 1,044.5±205.7 876.9±255.6 581.5±358.3*† 0*†‡

1.0 Depth 244.3±39.9 233.3±29.8 233.3±29.8 244.3±41.0
Width 1,376.7±222.2 2,017.1±153.2 2,534.2±235.2 2,423.2±321.5

*A statistically significant difference (P<0.05) as compared with baseline (0 week); †A statistically significant difference as compared with 1 week; ‡A statis-
tically significant difference as compared with 2 weeks.

Fig. 4. (A) Confocal images of live/dead assay of the cartilage injury after laser irradiation in rabbit auricular cartilage. Cartilage was irradiated 
with laser power of 0.3 W, 0.5 W, and 1.0 W for 5 seconds. The extent of damaged area increased with increase in laser power (0.3-1.0 W). (B) 
Hoechst & PI staining imaging of rabbit auricular cartilage following laser irradiation (laser power, 0.3-1.0 W; exposure time, 5 seconds ). Blue 
and red stained cell indicates live and necrotic cell, respectively. This image shows that thermal injury of chondrocytes resulted in necrosis of 
chondrocytes rather than apoptosis.
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of nuclei in laser irradiated area and the degree of changes was 
different according to the laser power and reimplantation time 
(Fig. 5C). However, H&E staining could not precisely identify 
the thermally damaged area and regeneration of chondrocytes 
like cell viability test. Cell viability test showed much superior 
result in determining cellular change by thermal damage. The 
extent of thermal damage demonstrated by the cell viability test 
was found to be greater than that demonstrated by conventional 
histologic examination.

DISCUSSION

Laser mediated cartilage reshaping (thermochondroplasty) is a 
non-ablative, low-intensity interaction where heat accelerates 
stress relaxation in deformed cartilage specimens resulting in 
shape change. Cartilage can be reshaped when heated to approx-
imately 60°C-75°C [9]. Several different types of lasers have been 
employed (CO2, Er: Glass, Holmium etc.) with similar results for 
the treatment of nasal septal deviations [1,10] and protruding 
ears [3].
 LCR relies on heat generation to induce structural changes in 
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Fig. 5. Regeneration of rabbit cartilage after thermal injury. (A) Confocal images of live/dead assay show that chondrocytes exhibited necrotic 
changes immediately after laser irradiation, irrespective of laser power. The chondrocytes in 0.3 W and 0.5 W treatment group regenerated 
completely and those in 0.3 W treatment group showed earlier regeneration. Chondrocytes in 1 W treatment group could not regenerate until 
4 weeks after reimplantation. (B) Change of live/dead chondrocyte proportion in irradiated rabbit after reimplantation. (C) Histologic cross sec-
tions of laser-irradiated specimens of rabbit cartilage revealed loss of chondrocytes and condensation of nucleus (H&E, ×200).
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the cartilage matrix. Heat causes physical changes in tissue that 
may not only result in reshaping, but may also injure chondro-
cytes [1,6,7,9,11-16]. Identifying the appropriate laser parame-
ters is most important in order for LCR to be accepted clinically, 
without causing thermal injury. The present work focused on de-
termining how viability and regeneration of cartilage varies by 
laser parameters using a 1,460 nm diode laser.
 The wavelength of laser is important for better outcome after 
LCR. Since the longer wavelength produce deeper penetration, 
there are chances that the cartilage becomes perforated after la-
ser irradiation if the wavelength is too long. Several wavelengths 
of lasers have been evaluated in various studies: Nd:YAG laser 
(λ=1,320 nm); Ho:YAG laser (λ=2,100 nm), and CO2 laser 
(λ=1,060 nm) [16]. High absorption of CO2 laser causes shallow 
penetration, while low absorption of Ho:YAG and Nd:YAG laser 
causes deep penetration with a risk of septal perforation. This 
study used a 1,460 nm diode laser, of which the wavelength lies 
between that of CO2 and Ho:YAG that the penetration depth 
lies in the middle.
 We showed that the depth and width of immediate thermal 
damage increased in proportion with increase in laser power de-
livered, with significant shape changes both in human septal 
cartilage and rabbit auricular cartilage. Choi et al. [15] showed 
similar results with our study in that the extent of nonviable 
chondrocytes in human septal cartilage increased with increase 
in power and exposure time after 1,450 nm diode laser irradia-
tion.
 Rabbit auricular cartilage is usually thinner and is composed 
of elastic cartilage as compared to the human nasal septal carti-
lage, which is relatively thicker and composed of hyaline carti-
lage. In spite of those differences, we used auricular cartilage for 
the following reasons; it can be harvested easily, the size of car-
tilage is large enough for experiments, the auricle has a good 
curvature and perichondrium can be preserved after harvest for 
reimplantation of cartilage.
 One interesting finding during harvest of reimplanted auricu-
lar cartilage was that the angle of curvature of the auricular car-
tilage decreased as compared with that made initially at the time 
of implantation, although we did not measure the curvature an-
gle. The physical property of subperichondrial pocket and the 
regeneration process of damaged cartilage might influence this 
phenomenon. An in vivo study using rabbit ear by Mordon et al. 
[16] showed similar observations that each ear had a tendency 
to recover its initial shape, although all rabbit ears underwent al-
teration in their shape and retained it for at least 6 weeks. 
 In the present study, the damaged chondrocytes regenerated 
following reimplantation into the subperichondrial pocket. Since 
cartilage is an avascular tissue, it undergoes a wound healing and 
tissue repair process different from that of most other soft tissues. 
The regeneration process of the cartilage is based on an intact 
perichondrium. Perichondrium is rich in stem cells, is highly 
vascularized, and has chondrogenic potential. The inner peri-

chondrial layer provides the source of new cartilage, and the 
outer perichondrial layer provides a fibrous overgrowth when 
there is a trauma of the cartilage [17,18]. Hence, preservation of 
intact perichondrium is essential for regeneration of damaged 
cartilage. However, damaged chondrocytes in 1 W treatment 
group could not regenerate, even though the perichondria were 
preserved. The maximum temperature can be reached up to 
170°C in 1 W laser irradiation whereas it can be reached up to 
65°C-75°C in 0.3 W and 0.5 W laser irradiation. The high tem-
perature in 1 W treatment group might impair the regenerative 
capacity of chondrocytes.
 Many techniques can be used to assess chondrocyte viability 
[19,20]. Gauging acute thermal injury may be best accomplished 
using a live/dead viability assay system combined with laser 
confocal microscopy [21-24]. Mainil-Varlet et al. [24] reported 
that the live/dead assay identified a zone of thermal damage 
that twice exceeded the damage seen by light microscopy, which 
is consistent with our data. Our study also showed that H&E 
staining ambiguously showed the characteristics of damaged 
and regenerated chondrocytes and that live/dead assay revealed 
the extent of laser damage more accurately than conventional 
H&E staining. Several other studies have also used live/dead vi-
ability assay to demonstrate that thermal damage coexisted with 
clinically significant shape change in animal septal cartilage [6-8].
 In this study, cartilage was harvested and irradiated ex vivo 
that it is difficult to apply our data in clinical setting such as sep-
toplasty, where cartilage is covered with mucosal layer. In clini-
cal situation, laser is usually irradiated directly on skin or muco-
sal surface that the effect of mucosal layer was not considered. It 
is difficult to obtain composite septal cartilage grafts, since the 
excision of the full thickness of the septum causes septal perfo-
ration and is a rare procedure clinically [2]. 
 LCR may offer many advantages over the traditional septal 
operations if some clinical problems are solved. Ovchinnikov et 
al. [2] described a large clinical trial of septal cartilage reshaping 
using transmucosal laser irradiation. Their report showed that 
LCR was found to be reasonably efficient and safe for the cor-
rection of deviated septum. LCR can help to improve the septal 
deformity like high deviation which is hard to correct by tradi-
tional method and to manipulate cartilage graft as the shape we 
want in rhinoplasty. Although other in vivo and clinical studies 
showed favorable results of LCR, further study is needed to ver-
ify the effect of LCR in mucosa- covered cartilage for clinical 
application of LCR.
 In conclusion, the degree of thermal damage on chondrocytes 
was related to exposure time and power of laser irradiation. Ne-
crosis, not apoptosis, caused cartilage thermal damage in LCR 
and the damaged chondrocytes could regenerate after reimplan-
tation between perichondria following appropriate laser irradia-
tion. The present study provides valuable information and it can 
be used to adapt LCR to clinical use.
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