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Impact of Tissue Handling and Size Modification on Septal
Chondrocyte Viability

Khodayar Goshtasbi, MD ; Theodore V. Nguyen, BS ; Karthik R. Prasad, MD; Ellen M. Hong, BS;
Naya Sterritt; Katelyn K. Dilley, BS; Konrad Kozlowski, BS; Alexis Ha; Brian J.F. Wong, MD, PhD

Introduction: The physical modification of cartilage grafts during rhinoplasty risks chondrocyte death at the margins
where the tissue is cut. This study compares chondrocyte viability between diced, scaled, and pate samples in human models,
and further computes percent chondrocyte viability as a function of sequential dicing size in a computational model.

Methods: Septal cartilage from 11 individuals was prepared as follows: diced (1 mm cubic), scaled (shaved to <1 mm
thickness � translucent), pate (0.02 g of scraped cartilage surface), positive control (2 � 2 mm diced), and negative control
(2 � 2 mm diced soaked in 70% EtOH). Viability analysis was performed using Live/Dead assay™ and confocal microscopy.
Numerical simulation of cartilage dicing in 0.05 mm increments was performed using MATLAB assuming 250 chondrocytes/
mm3 with each average chondrocyte size of 65 μm2.

Results: Chondrocyte viability was similar between 1 mm diced cartilage, scaled cartilage, and positive control samples
(p > 0.05). Conversely, pate samples had significantly less viability compared to positive controls, diced samples, and scaled
samples (all p < 0.01 after Bonferroni correction). Pate samples had similar chondrocyte viability compared to negative con-
trols (p = 0.36). On computational modeling, cartilage viability decreased to 50% as the diced sample was cut from 1 mm edge
length to 0.7–0.8 mm. Similarly, cartilage viability decreased to 26% at 0.55–0.65 mm, 11% at 0.4–0.5 mm, and <5% at
<0.4 mm edge length.

Conclusion: Modifying septal cartilage grafts into 1 mm diced or scaled samples maintains ideal chondrocyte viability
whereas pate preparations result in significant chondrocyte death. According to computational analysis, chondrocyte viability
sharply decreases as the cartilage is diced below 0.7–0.8 mm.

Key Words: cartilage viability, chondrocyte viability, diced cartilage, rhinoplasty, tissue viability.
Level of Evidence: N/A

Laryngoscope, 134:4259–4265, 2024

INTRODUCTION
Contemporary rhinoplasty techniques rely on septal,

auricular, and costal cartilage grafts. Autologous solid
cartilage grafts offer the ideal graft material with lower
infection and extrusion rates as well as increased longev-
ity.1 Clinically insignificant volume resorption often in
tandem with fibrous tissue replacement has also been
noted.2 Crushing cartilage or placement in regions under
high tensile or compressive forces may lead to cartilage
volume loss.2,3 Cartilage crushing is widely used as rigid-
ity/warping is reduced and formation of facets from con-
tracture is minimized.4,5 Finely diced cartilage for dorsal
augmentation has risen in popularity as well, and used

primarily for dorsal augmentation, but also as injected
micrografts to smooth contours.6–8

The viability of chondrocytes in crushed cartilage
grafts depends on the severity of cartilage
manipulation.9–11 Kayabasoglu et al. demonstrate supe-
rior cell viability in diced auricular cartilage compared to
crushed or morselized auricular cartilage grafts in rab-
bits.12 Furthermore, Garg et al. demonstrated a continu-
ous decrease in immediate cell viability counts for intact,
slightly crushed, moderately, crushed, significantly
crushed, and severely crushed septum cartilage.10 Here,
we determine chondrocyte viability in human septum
after crushing, dicing, and pate formation using laser
scanning confocal microscopy and Live/Dead assay™. In
addition, we present a simple numerical model that esti-
mates chondrocyte viability as a function of decreasing
cube size via dicing. Chondrocyte injury due to progres-
sively smaller sectioning has not been examined using
numerical analysis, and this relationship merits
exploration.

METHODS
The study was performed in accordance with the University

of California, Irvine Institutional Review Board exemption
criteria. Fresh remnant nasal septal cartilage from 11 healthy
individuals undergoing rhinoplasty were obtained. The cartilage
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pieces were stripped of perichondrium and placed in normal
saline solution. Specimens were kept at ambient temperature
and tissue processing was performed on the same day as surgery.
The samples were divided into five groups: diced, sliced
(i.e., “scales”), pate, positive control, and negative control. Diced
cartilage samples were cut to cubes with edge length of 1 mm.
Scales were generated by shaving samples into translucent
sheets less than 1 mm thick. A 10-blade scalpel scraped the carti-
lage surface at a 75- to 80-degree angle to collect 0.02 g of “pâté.”
Positive control was a large 2 � 2 � 2 mm diced sample without
any treatment. Negative control was a 2 � 2 � 2 mm diced sam-
ple soaked in 70% EtOH for 2 h and expected to have maximum
chondrocyte death. All measurements were performed using a
Vernier caliper to confirm uniformity.

Viability analysis was performed within a day of surgery
using a Live/Dead assay (Molecular Probes Inc, Eugene, Oregon)
in conjunction with laser scanning confocal microscopy (Meta
510; Carl Zeiss LSM, Peabody, Massachuesetts), similar to previ-
ously published methods.13–16 After the initial sectioning, all
samples were washed three times with Hank’s Balanced Salt
Solution (HBSS). The viability assay was performed using green-
fluorescent calcein-AM and red-fluorescent ethidium
homodimer-1 stains. Stock solution was created by mixing 50 μL
calcein (1 μg/μL) with 50 μL of dimethylsulfoxide (DMSO). Prior
to staining, 1 mL of calcein stock solution was mixed with 99 μL
of HBSS. A 1 μg/μL ethidum homodimer working solution was
created by mixing 1 mg of ethidium homodimer with 1 mL of
DMSO. Each sample group was mixed with 2 μL of 0.1 μg/μL Cal-
cein, 10 μL of 1 μg/μL Ethidium Homodimer, and 988 μL of
HBSS. Samples were vortexed for 30 s, and then incubated at
37�C for 4 min. After the incubation, samples were washed with
1 mL of HBSS and allowed to incubate for an additional 5–
10 min. Samples were washed once more with 1 mL of HBSS
before imaging.

Specimens were then examined with a laser-scanning con-
focal microscope employing a 488 nm argon laser excitation
source at 10� magnification. When used as a “live” stain, calcein
AM serves as an indicator of cells which have intact cell mem-
branes and esterase activity.17 It is a fluorogenic esterase sub-
strate hydrolyzed by living cells to yield a green fluorescent
product.18 Ethidium homodimer permeates cells with com-
promised membranes, where it binds to RNA with high affinity
and weakly binds to DNA, therefore it serves as a proxy for cell
death. The green and red fluorescent signals produced by these
two dyes were collected independently using two separate color
channels. All images were transferred via portable media to
another computer for analysis.

Digital images were evaluated via ImageJ. Post-imaging
live/dead counts were manually determined by two trained
researchers who were blinded to specimen preparation. Cell via-
bility was determined by dividing the number of live cells by the
number of total cells for each image. The scores of the two coun-
ters were then averaged within each preparation group to deter-
mine chondrocyte viability. Interclass correlation coefficient
(ICC) was calculated between the two counters to determine
inter-rater reliability. The statistical tests were performed using
IBM SPSS (v29, Armonk, MN). Statistical significance for the
Live/Dead assay was performed using one-way ANOVA to com-
pare each manipulation group against control groups. The P
values were reported for each comparison and significance was
determined using Bonferroni’s correction (p < .01).

Simulation of the dicing was performed using code written
in MATLAB (MathWorks Inc, Natick, MA). A cube with a length
of 1 mm was created with 250 equal sub-cubes. Previous litera-
ture has shown that the density of chondrocytes in septal carti-
lage is 250 chondrocytes/mm3 with each chondrocyte having an

average radius of 30 μm.19–21 The center of each sub-cube was
populated with spheres with a radius of 30 μm to represent indi-
vidual chondrocytes equidistant from one another. To simulate
dicing of cartilage in smaller sizes, the cube was serially down-
sized by 0.05 mm increments. Spheres outside the downsized
cube or transecting any of the six planes of the cube were manu-
ally colored to red to represent dead chondrocytes. Those
remaining within the cube were thus “alive” and colored green.
In other words, each serial downsizing highlighted structural dif-
ferences with red spheres outside the downsized cube or trans-
ecting any of the six planes of the cube as dead chondrocytes,
and green spheres inside the cube as alive chondrocytes. The per-
centage of “alive” (e.g., non-transected) chondrocytes at each size
increment were calculated as the number of alive chondrocytes
within the cube, represented by green spheres, divided by the
total sum of 250 chondrocytes within the initial 1 mm3 cube.
Graphs were created in Microsoft Excel.

RESULTS
Nasal septal cartilage from 11 individuals with a

mean age of 29.4 � 10.8 years (range 19–51 years) under-
going primary rhinoplasty were collected. There was no
association between age and percent viable cells among
positive controls (p = 0.75). Figure 1 shows examples of
live dead analysis (and green vs. red color differentiation)
of each type of sample under electron microscopy. The
ICC between the independently counted number of viable
chondrocytes had an interclass correlation ICC of 0.949,
suggesting close agreements. Figure 2 demonstrates the
averaged percent chondrocyte viability counts among
the five groups (diced, scaled, pate, positive control, and
negative control), which are 60.6 � 18.1 for alive controls,
1.4 � 1.5 for dead controls, 67.9 � 1.5 for diced samples,
46.3 � 20.0 for scale samples, and 18.2 � 17.2 for pate
samples. In comparing the chondrocyte viability between
the five groups, one-way ANOVA showed significant dif-
ferences in chondrocyte viability in at least two groups
[F (4, 23) = 18.275, p < 0.001]. Post hoc comparison using
Bonferroni correction showed that, as expected, alive con-
trol had significantly more viable chondrocytes than dead
(formalin) controls (p < 0.001). Scale and diced samples
both had similar viability to alive samples (p > 0.05).
However, pate samples had significantly lower viability
compared to alive samples (p < 0.001) and similar viabil-
ity to negative controls (p = 0.440). The post hoc analyses
are summarized in Table I.

Computational modeling of diced cartilage prepara-
tions was performed with sequential analysis of chondro-
cyte viability with incremental size decreases (Figs. 3 and
4). The figures demonstrate a dramatic decrease in per-
cent viable cells as the diced cubes’ edges are continu-
ously cut in 0.05 mm increments. As demonstrated in
figures 3 and 4, a cube edge length of 1 mm corresponded
to 100% chondrocyte viability, whereas 0.7–0.8 mm cor-
responded to 50% chondrocyte viability; at cube edge
lengths of 0.55–0.65 mm, 25.6% of chondrocytes were via-
ble; at lengths of 0.4–0.5 mm, 10.8% of chondrocytes were
viable; and at cube edge lengths of <0.4 mm, less than 5%
of chondrocytes were deemed viable. These results are
also demonstrated in Figure 5 in a graphic manner,
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showing the same steep decrease in percent viable cells
as the diced cartilage is continuously cut in 0.05 mm
increments.

DISCUSSION
Modified cartilage such as finely diced, sliced,

crushed, or pate samples are routinely incorporated in

Fig. 1. Chondrocyte viability of different surgical preparations of cartilage versus control including standard deviation bars.

Fig. 2. Photographic examples of viability analysis using the Live/Dead assay and laser scanning confocal microscopy, where green cells sig-
nify live chondrocytes whereas red cells signifiy dead chondrocytes. [Color figure can be viewed in the online issue, which is available at
www.laryngoscope.com.]
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TABLE I.
Bonferroni Post Hoc Analysis of Chondrocyte Viability.

Cartilage Type Comparison Group Average % Live Cells Std. Error Significance

Alive Control 62.6

Dead Control 1.4 0.092 <0.001

Scale 46.3 0.088 0.945

Diced 67.8 0.088 0.920

Pate 18.3 0.080 <0.001

Dead Control 1.4

Alive Control 62.6 0.092 <0.001

Scale 46.3 0.088 <0.001

Diced 67.8 0.088 <0.001

Pate 18.3 0.080 0.440

Scale 46.3

Alive Control 62.6 0.088 0.945

Dead Control 1.4 0.088 <0.001

Diced 67.8 0.084 0.158

Pate 18.3 0.075 0.009

Diced 67.8

Alive Control 62.6 0.088 0.920

Dead Control 1.4 0.088 <0.001

Scale 46.3 0.084 0.158

Pate 18.3 0.075 <0.001

Pate 18.3

Alive Control 62.6 0.080 <0.001

Dead Control 1.4 0.080 0.440

Scale 46.3 0.076 0.009

Diced 67.8 0.076 <0.001

Bolded values represent statistical significance (p < 0.05).

Fig. 3. Computational modeling of diced cartilage with sequential analysis of chondrocyte viability with incremental size decrease, part one. A
cube edge length of 0.7–0.8 mm corresponded to 50% chondrocyte viability. [Color figure can be viewed in the online issue, which is available
at www.laryngoscope.com.]

Laryngoscope 134: October 2024 Goshtasbi et al.: Cartilage Viability With Size Modification

4262

 15314995, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lary.31546 by U

niversity O
f C

alifornia - Irvine, W
iley O

nline L
ibrary on [19/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.laryngoscope.com


rhinoplasty, and as such this study aimed to evaluate the
chondrocyte viability of modified cartilage samples via
both live-dead assay and computational model analysis.
It was demonstrated that pate/scraped samples had the
lowest viability and were similar to formalin immersed
samples (negative controls) whereas both 1 mm3 diced
cartilage and 1 mm scaled/shaved cartilage had similar
chondrocyte viability as the positive controls.

Furthermore, this was the first study to use numerical
analysis to estimate changes in percent chondrocyte via-
bility as a function of dicing size. The analysis and figures
demonstrated that theoretical chondrocyte viability
sharply decreased as the diced cube was cut smaller than
1 mm, with 50% viability correspondence to 0.7–0.8 mm
diced cuts, 26% viability in 0.55–0.65 diced cuts, and less
than 5% viability in smaller than 0.4 mm diced cuts. With

Fig. 4. Computational modeling of diced cartilage with sequential analysis of chondrocyte viability with incremental size decrease, part two. A
cube edge length of 0.55–0.65 mm, 25.6% of chondrocytes were viable; at lengths of 0.4–0.5 mm, 10.8% of chondrocytes were viable; and at
cube edge lengths of <0.4 mm, less than 5% of chondrocytes were deemed viable. [Color figure can be viewed in the online issue, which is
available at www.laryngoscope.com.]

Fig. 5. Results of Figures 3 and 4 in a graphic format, where computational modeling of chondrocyte viability showed a steep decrease of per-
cent viable chondrocytes as the diced cartilage is cut in smaller pieces.
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the popularity of finely diced cartilage, this computational
analysis suggests that the potential risk of chondrocyte
death increases as diced cartilage is finely cut below
1 mm in size. This can possibly lead to volume loss over
time, as viable cells are not present to preserve and main-
tain the matrix.

In a 2022 study by Dong et al., various-sized diced
costal cartilage samples were evaluated after 12 weeks
using weight and volume retention rates as well as histo-
pathological and biochemical examinations.22 They dem-
onstrated that <0.5 mm diced cartilage samples had
significant decreases in weight, contour, and chondrocyte
nucleus loss compared to 1 mm or 1.5 mm diced cartilage
samples. Confocal microscopy was previously performed
on auricular cartilage of rabbit models, where
Kayabasoglu et al. showed that crushed, diced, and
morselized cartilage groups all had significantly less live
cell counts than control (unmodified) groups, with
crushed cartilage group having the minimum number of
viable cells.12 The negative effects of crushing were also
previously demonstrated by Cakmak et al.11 and Hitzal
et al.,9 where different degrees of crushing (slightly, mod-
erately, severely, and significantly) corresponded to
increasing levels of chondrocyte death at tenth day.

The computational analysis of our study showed that
as the “cartilage” cube becomes smaller and smaller
(increasingly resembling crushed cartilage), viable “chon-
drocyte” populations decline. Due to the preparation and
staining process of Live/Dead assays, it is difficult to exam-
ine the change in cell death of the same sample with
sequential cuts. Hence, computational modeling facilitates
the estimation of cell viability in tissues in a manner that is
technically challenging in an experimental setting.23 This
study is the first to perform numerical modeling of these tis-
sue sectioning methods on cartilage tissue viability. The
results support previous findings: pate cartilage results in
more chondrocyte death than dice (�1 mm), or thinly sliced
cartilage. Because significant modification of septal carti-
lage graft can influence long-term volume loss,5 surgeons
should take caution when incorporating pate or <1 mm
diced cartilage into their operations.

Cartilage viability is dependent on a variety of fac-
tors beyond just size, which should also be considered
when incorporating septal cartilage grafts. Advanced age
can significantly decrease glycosaminoglycans, elastin,
cell density, and cell size of both auricular and septal
cartilages.24–26 It has been recently suggested that elevat-
ing the soft tissue envelope in the sub-superficial
musculoaponeurotic system plane had superior chondro-
cyte viability versus a subperichondrial dissection.27 Fur-
thermore, implanting cartilage grafts in areas with high
tensile forces or increased muscle activity may further
lead to volume loss.2,3 There are also studies reporting
high rates of resorption when mixing/wrapping cartilage
grafts with AlloDerm, presumably due to mechanisms
related to nutrient diffusion.28,29 These factors should all
be considered to balance competing objectives of ideal
contour versus ideal volume and shape preservation.

There are some limitations that should be considered
when interpreting the present results. First, the number
of samples per each group, and thus the power analysis,

was limited. Future studies will expand on the number of
patients to confirm the statistical significance. Second,
the computational analysis could not be exactly corre-
lated with Live/Dead assay microscopic imaging and anal-
ysis, simply because precise sectioning below 1 mm with
a scalpel is technically challenging, especially beyond
0.7 mm. Furthermore, the positive control samples did
not come close to 100% viability, thus there was a moder-
ate amount of cell death in the process besides tissue
modification likely limited to the ex vivo nature of speci-
men procurement. Because the methodology was consis-
tent across the experiment, the results are still
interpretable in a relative manner, but regardless, future
studies should perform better handling and medium prac-
tices. Lastly, the initial dicing of the sample cartilages
was done manually using scalpel and rulers, but future
studies can do this more precisely and consistently using
a cutting jig. Despite these limitations, the study showed
the effects of cartilage shape/size modification on chondro-
cyte viability via both cellular and computational models.
In addition to adding to the previous live-dead human
chondrocyte viability literature and showing the signifi-
cant cellular death with pate samples, this study also
introduced novel computational modeling to study chon-
drocyte viability as a function of incremental dicing. This
is the first study to suggest significant chondrocyte death
as cartilage is diced below 1 mm especially as it is cut
below 0.5 mm edges, which invites future studies to vali-
date the findings via live-dead assay.

CONCLUSION
Modifying septal cartilage grafts into 1 mm diced or

scaled samples maintains ideal chondrocyte viability
whereas the pate preparations result in significant chon-
drocyte death. Estimated chondrocyte viability sharply
decreases as the cartilage is diced below 0.7–0.8 mm, with
less than 5% viability at cube edge length below 0.4 mm.
Cartilage viability should be considered when preparing
modified or thinly diced cartilage in rhinoplasty, which
can affect resorption or long-term tissue viability.
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