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Advanced tissue engineering approaches for articular cartilage repair in the knee joint rely on translational
animal models. In these investigations, cartilage defects may be established either in one joint (unilateral design)
or in both joints of the same animal (bilateral design). We hypothesized that a lower intraindividual variability
following the bilateral strategy would reduce the number of required joints. Standardized osteochondral defects
were created in the trochlear groove of 18 rabbits. In 12 animals, defects were produced unilaterally (unilateral
design; n = 12 defects), while defects were created bilaterally in 6 animals (bilateral design; n = 12 defects). After 3
weeks, osteochondral repair was evaluated histologically applying an established grading system. Based on
intra- and interindividual variabilities, required sample sizes for the detection of discrete differences in the
histological score were determined for both study designs (a = 0.05, b= 0.20). Coefficients of variation (%CV)
of the total histological score values were 1.9-fold increased following the unilateral design when compared with
the bilateral approach (26 versus 14%CV). The resulting numbers of joints needed to treat were always higher for
the unilateral design, resulting in an up to 3.9-fold increase in the required number of experimental animals. This
effect was most pronounced for the detection of small-effect sizes and estimating large standard deviations.

The data underline the possible benefit of bilateral study designs for the decrease of sample size requirements
for certain investigations in articular cartilage research. These findings might also be transferred to other scoring
systems, defect types, or translational animal models in the field of cartilage tissue engineering.

Introduction

In advanced tissue engineering approaches for articular
cartilage repair in the knee joint, treatment effects are

typically determined in translational animal models by
comparing a novel technique either with untreated defects or
with a standard procedure.1–3 Cartilage defects of such
control groups can be established either in contralateral joints
of the same animal (bilateral design) or in ipsilateral joints of
additional animals (unilateral design).4

Statistical power is a measure of the ability to distinguish
between null and alternative hypotheses and increases with
sample size, ceteris paribus.5 Bilateral study designs allow
for a double increase in the number of treated limbs, al-
though the quantity of experimental animals remains con-
stant. However, due to the potential intraindividual
dependence between fellow limbs due to common and

genetically determined host factors such as age, sex, weight,
tissue characteristics, physical activity, or hormonal status,6

complex statistical analyses of such obtained data are nec-
essary to eliminate this bias and possibly diminish the clini-
cal relevance of the experimental investigation.4,6–8 This
study design is not appropriate when both sides receive ei-
ther an equal treatment (e.g., by systemic or intra-articular
administration of a therapeutic agent) or different treatments
that may reciprocally affect the opposite limb. On the other
hand, independent unilateral setups require twice as many
animals to obtain the same number of treated limbs. Besides,
as statistical independence might additionally enhance the
variability of interindividual comparisons,6 the required
sample size may even be further increased. Therefore, from
an ethic and economical standpoint, bilateral treatment
might be superior to a unilateral strategy in certain studies.
With regard to the experimental setup, researchers and
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methodologists are however limited by governmental or
institutional constrictions, for example, the advice against
bilateral interventions in experimental animals.9 As of yet, an
investigation of required sample sizes for unilateral versus
bilateral study designs is lacking in preclinical models for
cartilage tissue engineering.

Thus, to better define such sample sizes, we performed a
statistical analysis of the spontaneous repair of osteochon-
dral lesions in the rabbit model, comparing the histological
grading10 of the repair tissues for unilaterally and bilaterally
operated animals. For both study designs, we determined the
required sample sizes to detect distinct differences (i.e., effect
sizes) in the histological score. These sample sizes were
based on the intraindividual variability between sides and
the interindividual variability between animals. Specifically,
we hypothesized that a lower intraindividual variability
following the bilateral strategy significantly reduces the re-
quired number of limbs. This, in turn, would result in less
than half of animals needed to treat in a limited number of
studies.

Materials and Methods

Study design

Standardized osteochondral defects (n = 24) were created
in the trochlear groove of 18 rabbits. In 12 animals, defects
were created unilaterally with right and left joints alternating
(unilateral design; n = 12 defects), while defects were created
bilaterally in 6 animals (bilateral design; n = 12 defects). An-
imals were sacrificed after 3 weeks, and osteochondral repair
was evaluated applying an established complex histological
scoring system.10 Based on obtained intra- and interindi-
vidual variabilities, for a power of 80% and applying varying
standard deviations, required sample sizes for the detection
of a broad range of discrete differences in the histological
total score value were determined.

Animal experiments

All animal procedures were approved by the local Gov-
ernmental Animal Care Committee, and the principles of
laboratory animal care were followed. Female Chinchilla
bastard rabbits (n = 18; Charles River, Sulzfeld, Germany)
were kept in air-conditioned rooms with a constant tem-
perature and a regular light/dark scheme. All surgeries were
performed within the same period. The rabbits (mean BW:
3.0 – 0.2 kg; mean age: 14 – 2 weeks) were anesthetized by
intramuscular injection of Rompun (0.2 mL/kg BW; Bayer,
Leverkusen, Germany) and Ketavet (0.75 mg/kg BW; Phar-
macia & Upjohn, Erlangen, Germany). The knee joint was
entered using a medial parapatellar approach. The patella
was dislocated laterally, and the knee flexed to 90�. Stan-
dardized cylindrical osteochondral defects (n = 24; diameter
3.2 mm; depth 5.0 mm) were created in the femoral patellar
groove with a manual cannulated burr with a flat tip
(Synthes, Umkirch, Germany) and a custom-made drill stop.
The defects were washed with phosphate-buffered saline; the
patella was reduced; and the incisions were closed in layers.
All animals were allowed full weight bearing postopera-
tively. No postoperative analgesia was administered. After 3
weeks, the rabbits were euthanized with pentobarbital
(150 mg/kg BW; Merial, Hallbergmoos, Germany), and the

distal femurs (n = 24) were dissected and fixed in 4% phos-
phate-buffered formalin.

Histological analyses

The distal femurs were trimmed and decalcified. Paraffin-
embedded frontal sections (5 mm; n = 8–10 per defect) of the
defects were stained with safranin orange/fast green (safra-
nin O; Fig. 1) according to the routine histological proto-
cols.11 All sections of the unilateral group and all sections of
the bilateral group were stained using single batches of the
staining solution. For the histological grading of the articular
cartilage repair tissue, a total of 223 safranin O-stained sec-
tions were scored blinded by three observers using the
standard scoring system described by Sellers et al.10 (Table 1),
featuring a low intra- and interobserver variability.12 The
inverse score comprises nine individual parameters for single
characteristics of cartilage repair, resulting in a total average
point value ranging from 31 (empty defect and no repair
response) to 0 points (complete regeneration).

Statistical analysis

The coefficient of variation (%CV) was calculated for each
histological parameter to provide an estimate of variability in
total histological scores for unilateral and bilateral study
designs. Sample size requirements for detecting mean dif-
ferences in total score points to evaluate the effects of os-
teochondral repair (i.e., effect size estimates) based on 80%
power with pooled standard deviations of 2, 3, 4, and 5
points were determined using the Student t-test for studies in
which one joint is operated per animal and the paired t-test
for studies involving two joints per animal to account for
within animal correlation (nQuery Advisor; Statistical Solu-
tions, Solutions, Saugus, MA). Statistical analysis was per-
formed using SPSS software (SPSS, Inc./IBM, Chicago, IL).
Two-tailed values of p < 0.05 were considered statistically
significant.

Results

Intra- and interindividual variability
of osteochondral repair

Relative standard deviations of all individual parameters
and of the total score were higher following the unilateral
study design (Table 2). The resulting coefficients of variation
expressed as percent (%CV) following the unilateral and bi-
lateral study design are given in Table 3 to illustrate the
differences in interindividual and intraindividual vari-
abilities, respectively. When individual score parameters
between both study designs were compared, all coefficients
of variation were decreased when both joints per animal
were operated (Fig. 1). This finding was most pronounced
for matrix staining (7.1-fold), subchondral bone formation
(4.5-fold), and architecture of the surface (2.3-fold). Of note,
when only one joint per animal was operated, the %CV
values for matrix staining (233.9%), defect fill (123.9%), and
architecture of the defect (115.5%) exceeded 100%, indicating
that standard deviations were higher than the mean values
of the respective parameters (Table 3). Consequently, the
variability of the total histological score value was 1.9-fold
increased following the unilateral design when compared
with the bilateral approach (26 versus 14%). Thus, total and
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individual score values are more homogenously grouped
when both joints of the experimental animal are analyzed
(Fig. 1).

Sample size requirements for uni- and bilateral
study designs

Assuming varying standard deviations between 2 and 5,
sample size requirements to detect distinct effect sizes (dif-
ferences in the total histological score value ranging from 1 to
10 points) were next determined for the unilateral (Table 4)
and the bilateral study design (Table 5). Here, the numbers of
required joints were always higher for the unilateral design
(Table 4) compared with the bilateral strategy (Table 5). This
effect was most pronounced when the aim was to detect
small-effect sizes with large standard deviations (up to 2.0-
fold increase in required limbs). In contrast, when large mean
differences (between 6 and 10 points) are to be determined,
the required sample sizes varied less between both study
designs (1.0-fold to 1.5-fold increase in required joints).

For both experimental strategies, the largest sample sizes
were required to detect the smallest-effect sizes: Assuming a
standard deviation of three, for example, only three joints
were necessary to detect a 10-point difference, while 143
joints were needed to detect a 1-point difference between

unilaterally created defects (48-fold increase; Table 4). In
good agreement, the required sample size was 24-fold in-
creased when comparing the detectability of smallest- versus
largest-effect sizes following the bilateral design (3 versus 73
joints; Table 5).

Of note, Tables 4 and 5 display the required sample sizes
in terms of joints or limbs. The differences in the sample sizes
between the unilateral and bilateral study designs are further
increased by factor 2 when transferring these results to the
number of required experimental animals, featuring two
treatable limbs per animal (Fig. 2).

Discussion

The data of the present study indicate that a bilateral
study design, with one limb treated and the contralateral
serving as a control, significantly decreases sample size re-
quirements compared with a unilateral design (one treated
limb per animal). Importantly, this effect is most pronounced
when small-effect sizes are to be detected. Although these
sample size requirements are based on different variabilities
in the histological grading of lapine osteochondral repair,
they might also be applicable to other scoring systems, defect
types, or translational animal models in certain studies on
cartilage tissue engineering.

FIG. 1. Histological sections depicting interindividual and intraindividual variability of spontaneous osteochondral repair
following a unilateral or bilateral study design. Representative safranin O-stained histological sections reflect the larger vari-
ability of spontaneous osteochondral repair for the unilateral experimental design compared with the bilateral design, resulting
in increased sample size requirements when only one joint per animal is evaluated. In particular, the important histological
parameters of matrix staining and subchondral bone reconstitution as well as the total score value10 vary more between
different animals (unilateral design; images A and B) than between different joints of the same animal (bilateral design; images
C and D; Table 3). Most single parameters of osteochondral repair, including matrix staining and subchondral bone recon-
stitution, as well as the overall histological score, were improved for the unilateral design compared with bilaterally operated
animals (Table 2). The sections illustrated were taken from the defects having a histological rating equal to the mean score for its
respective experimental group. Photomicrographs were obtained using standardized photographic parameters, including light
intensity. Black triangles indicate defect margins. Scale bar: 1.0 mm. Color images available online at www.liebertpub.com/tec
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The calculation of sample sizes is of paramount impor-
tance and mandatory before clinical or experimental inves-
tigations. Sample sizes are closely positively related to the
statistical power of a study,13 in principle favoring the im-
plementation of a large number of subjects. On the other
hand, smaller sample sizes may translate into earlier com-
pletion of animal experiments or patient recruitment, thereby
reducing the overall study costs and—finally—enabling pa-
tients to benefit from the conducted research sooner rather
than later.14

Table 1. Histological Inverse Grading System

for the Evaluation of the Articular Cartilage

Repair Tissues According to Sellers et al.
10

Filling of the defect relative to surface of normal adjacent
cartilage
111%–125% 1
91%–110% 0
76%–90% 1
51%–75% 2
26%–50% 3
< 25% 4

Integration of repair tissue with surrounding articular
cartilage
Normal continuity and integration 0
Decreased cellularity 1
Gap or lack of continuity on one side 2
Gap or lack of continuity on two sides 3

Matrix staining with Safranin O-fast green
Normal 0
Slightly reduced 1
Moderately reduced 2
Substantially reduced 3
None 4

Cellular morphology (chose first between a-b-c-d)
(a) Normal 0
(b) Mostly round cells with the morphology of

chondrocytes
> 75% of tissue with columns in radial zone 0
25%–75% of tissue with columns in radial zone 1
< 25% of tissue with columns in radial zone

(disorganized)
2

(c) 50% round cells with the morphology of
chondrocytes
> 75% of tissue with columns in radial zone 2
25%–75% of tissue with columns in radial zone 3
< 25% of tissue with columns in radial zone

(disorganized)
4

(d) Mostly spindle-shaped (fibroblast-like) cells 5

Architecture within entire defect (not including margins)
Normal 0
1–3 small voids 1
1–3 large voids 2
> 3 large voids 3
Clefts or fibrillations 4

Architecture of surface
Normal 0
Slight fibrillation or irregularity 1
Moderate fibrillation or irregularity 2
Severe fibrillation or disruption 3

Percentage of new subchondral bone
90%–100% 0
75%–89% 1
50%–74% 2
25%–49% 3
< 25% 4

Formation of tidemark
Complete 0
75%–99% 1
50%–74% 2
25%–49% 3
< 25% 4

Total score 0–31

Table 2. Results of the Histological Analysis

of the Repair Tissue 3 Weeks After Creation

of Osteochondral Defects in the Lapine

Trochlear Groove According to Sellers et al.
10

Parameter
Assignable

points
Unilateral

design
Bilateral
design

Filling [0–4] 0.476 – 0.590
[0–3]

0.927 – 0.821*
[0–3]

Integration [0–3] 1.933 – 0.800
[0–3]

1.229 – 0.421*
[1–2]

Matrix staining [0–4] 0.410 – 0.958
[0–3]

2.802 – 0.929*
[1–4]

Cellular
morphology

[0–5] 2.295 – 0.980
[0–5]

4.017 – 0.975*
[2–5]

Architecture
defect

[0–4] 0.800 – 0.924
[0–4]

1.601 – 1.074*
[0–4]

Architecture
surface

[0–3] 1.333 – 1.157
[0–3]

1.535 – 0.598
[0–3]

Subchondral bone [0–4] 1.124 – 1.026
[0–3]

3.101 – 0.636*
[1–4]

Tidemark [0–4] 3.800 – 0.526
[1–4]

3.903 – 0.297
[3–4]

Total score [0–31] 12.171 – 3.215
[6–21]

19.115 – 2.672*
[8–24]

Unilateral design: one joint operated per animal; bilateral design:
both joints operated within the same animal. Values are given as
mean – standard deviation as well as range of point values (square
brackets). *p < 0.001 for unilateral versus bilateral design.

Table 3. Intra- and Interindividual Differences

in the Histological Grading of the Lapine

Osteochondral Repair Tissue According

to Sellers et al.
10

Parameter

Interindividual
%CV (unilateral

design)

Intraindividual
%CV (bilateral

design) x-fold

Filling 123.88% 88.56% 1.40
Integration 41.37% 34.25% 1.21
Matrix staining 233.86% 33.16% 7.05
Cellular morphology 42.69% 24.27% 1.76
Architecture defect 115.51% 67.10% 1.72
Architecture surface 86.81% 38.39% 2.26
Subchondral bone 91.26% 20.51% 4.45
Tidemark 13.85% 7.60% 1.82
Total score 26.41% 13.98% 1.89

Interindividual coefficients of variation expressed as percent
(%CV) were determined between animals (n = 12) with only one
joint operated per rabbit. Intraindividual %CV was calculated
between the right and left joints when both sides underwent surgical
treatment (bilateral study design).
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Here, the sensitivity of the applied scoring system could
be increased from 10 points of detectable difference to 5
points by increasing the sample size from 3 to 7 joints in the
bilateral design and from 3 to 6 joints in the unilateral design.
Interestingly, to further improve the test sensitivity from 5
points to 1 point, required sample sizes increase to 73 for the
bilateral and 143 limbs for the unilateral approach. Thus, if
large mean differences of the obtained results are expectable,
the analysis of unilaterally performed treatments requires a
similar number of joints when compared with the bilateral
approach. However, if one assumes minute-effect sizes, the
bilateral design should be favored, as it results in an up to
2.0-fold reduction of the required limbs, thus decreasing the
number of animals by factor 4.

Medical research on the pairs of organs such as occurring
in ophthalmology,8,13,15 nephrology,16 angiology,17 gynae-
cology,18 or orthopaedics7,19 is prone to the systematic error
of multiple measurements in the same individual. As the
statistical significance is more easily achieved with increased
sample sizes, counting the dependent joints rather than in-
dependent animals or patients becomes attractive.4,19 How-
ever, due to common and genetically determined host factors
such as age, sex, weight, tissue characteristics, physical ac-
tivity, or hormonal status,6 these dependent observations are
typically more similar than measurements in different, in-
dependent subjects. Therefore, the sample sizes for the bi-
lateral study design presented here are not applicable when
both sides receive an equal treatment (e.g., by systemic or
intra-articular administration of a therapeutic agent), possi-
bly diminishing the clinical relevance of this experimental
setup. Instead, these sample size requirements may be ap-
plied to a limited number of experimental orthopedic in-
vestigations in which both sides are subjected to different
treatments and in which the opposing (control) joint outcome
is securely not affected by the therapy under investigation.4

Pathophysiological, molecular biological, or toxicological
studies, as well as investigations on local tolerability, are also
suitable for a bilateral design. Acknowledging the potential
bias of dependency for intraindividual comparisons, statis-
tical methods appropriate for data characterized by more
than one source of variability (e.g., mixed models,6 general-
ized estimating equations,7 or marginal and conditional lo-
gistic regression models8) are required for a valid analysis in
this bilateral setup. Yet, provided that the effect sizes are
realistic and one can estimate the kind of variability (i.e.,
standard deviation) expected, the data on sample size

Table 4. Sample Size Requirements

for a Unilateral Study Design

Mean Difference SD = 5 SD = 4 SD = 3 SD = 2

1 point 394 250 143 64
2 points 100 64 37 17
3 points 45 29 17 9
4 points 26 17 10 6
5 points 17 12 7 4
6 points 12 9 6 4
7 points 10 7 5 3
8 points 8 6 4 3
9 points 6 5 4 3

10 points 6 4 3 3

Required sample sizes when planning a study to assess differences
in the total histological score values with one joint operated per
animal (unilateral study design) are based on 80% statistical power
using the two-sample Student t-test and display the numbers of
joints needed to treat to detect the respective mean difference in the
total histological score value according to Sellers et al.10 Mean
differences are also applicable to any other scoring system, animal
and defect model when one joint is operated per animal or treatment
versus sham groups with one joint per animal. SD, standard
deviation.

Table 5. Sample Size Requirements

for a Bilateral Study Design

Mean Difference SD = 5 SD = 4 SD = 3 SD = 2

1 point 200 128 73 34
2 points 52 34 20 10
3 points 24 16 10 6
4 points 15 10 7 5
5 points 10 8 6 4
6 points 8 6 5 4
7 points 7 5 4 3
8 points 6 5 4 3
9 points 5 4 4 3

10 points 4 4 3 3

Required sample sizes when planning a study to assess differences
in total histological score values with two joints operated per animal
(bilateral study design) are based on 80% statistical power using the
two-sample Student t-test and display the numbers of joints needed
to treat to detect the respective mean difference in the total
histological score value according to Sellers et al.10 Mean differences
are also applicable to any other scoring system, animal and defect
model when two joints from the same animal are used (one operated
or treated and the contralateral as the control) to evaluate mean
differences in score values between left and right sides.

FIG. 2. Relation between the number of treated animals
and the detectable differences in total point values. The
number of animals needed to treat to detect specific differ-
ences in the total score value (effect size) is dependent on the
study design: If only one joint per animal is treated (unilat-
eral design), not only the double number of animals is re-
quired compared with a bilateral design (both joint
operated), but also the animal sample size may have to be
increased up to 3.9-fold (1-point difference). Here, a standard
deviation of 3 is assumed, applying a histological score.10

Color images available online at www.liebertpub.com/tec
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requirements for the unilateral or bilateral study design may
be applied to any scoring system and animal model.

Apart from sample size, increasing the reliability of out-
come measures can also enhance the statistical power.20 Yet,
it is more important for an outcome measure to be of prac-
tical importance21 and predictive for clinical applications22

than of the statistical difference. For example, evaluating
exclusively the histological tidemark formation results in
increased statistical power due to decreased variability of the
data compared with the total score values. However, the
resulting informative value would be limited. Besides, before
any investigation, a realistic assessment of the minimum
difference that would be worthwhile to detect13,23 is essential
for the adaptability of the here-presented sample sizes. An-
other caveat to keep in mind when using these results is that
sample size requirements were calculated assuming a= 0.05
and b= 0.20 (i.e., power of 80%). If more stringent statistical
requirements were needed, then either the sample size or the
effect size would have to be increased.23

Due to its simultaneous affection of both limbs, the bilateral
study design is of limited suitability whenever postoperative
unloading of the treated joint is necessary or when gait ana-
lyses are to be performed. Also, the animals employed here
were in their late-juvenile stage, a factor that may possibly
lead to improved cartilage repair in this population compared
with older animals that may be more preferable for tissue
engineering studies. Another limitation is that results obtained
from the limbs of bilaterally operated animals cannot be
compared conclusively with the limbs of unilaterally operated
animals: although no differences in postoperative infection
rates were reported after unilateral or bilateral tibial plateau
leveling osteotomies in dogs,24 the altered metabolic,25 neu-
rological,26 pain-related,27,28 or biomechanical24,29 conditions
rule out any valid comparability between these study designs.
In the present study, particularly differences in the mechanical
loading of the defects may have caused different osteochon-
dral repair. Our data support this concept as the total score
values differed significantly between unilaterally and bilater-
ally created defects. However, homogeneity rather than the
magnitude of the score values was the focus here to determine
sample size requirements.

In good agreement, significantly different outcomes have
also been reported for bilateral versus unilateral procedures
in clinical orthopedics. For example, bilateral total knee ar-
throplasty carries an increased risk of perioperative com-
plications such as pulmonary fat embolism,30 cardiac
arrhythmia,31 and death14 compared to the unilateral proce-
dures.32 These adverse effects outweigh the potential advan-
tages of bilateral surgery such as significantly reduced overall
costs of care, length of hospital stay, use of pain medication,
and recovery time.33–35 Nevertheless, Bjorgul et al.36 found
that bilateral and unilateral cases of hip arthroplasty can be
merged in heterogeneous sample groups of clinical trials
without altering the findings compared with the homogenous
study groups, justifying the analysis of bilateral procedures in
the animal models for cartilage tissue engineering.

Conclusion

The data underline the benefit of bilateral research designs
for certain studies on articular cartilage repair, demanding
lower sample sizes than the unilateral design. Given the

premise that the different treatments do not reciprocally af-
fect the opposite limbs in a bilateral experimental setup,
these findings may be applied not only to cartilage repair
analyses in tissue engineering, but also to other investiga-
tions on pairs of organs, possibly resulting in earlier com-
pletion of experiments and reduced study costs.
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