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Abstract

Objective: To determine if gonadectomy in dogs is associated with the risk of
cranial cruciate ligament disease (CrCLD) and to quantify the magnitude of
the association.

Study design: Systematic review and meta-analysis.

Sample population: Comparative studies with gonadectomized and entire
dogs, with CrCLD as an outcome measure.

Methods: A systematic search of the primary and gray literature was performed.
The effect size of the outcome measure was defined as the OR and 95%
CIL. Subgroup analysis was performed with sex, breed, and age at gonadectomy. A
pooled OR (95% CI) was generated from meta-analysis of relevant studies.
Certainty in the body of evidence was rated with the Grading of Recommenda-
tions Assessment, Development and Evaluation (GRADE) framework.

Results: The literature search yielded 1398 results and 24 relevant studies
were included for synthesis. Gonadectomized female (pooled OR = 2.293, 95%
CI = 1.768-2.945) and male (pooled OR = 2.117, 95% CI = 1.665-2.691) dogs
were both at increased odds of developing CrCLD in comparison with entire
female and male dogs, respectively. Subgroup analysis showed that gonadec-
tomy at 1 year or less was consistently associated with an increase in odds of
developing CrCLD in both sexes. Overall certainty in the evidence was rated as
moderate. All included studies were observational and no controlled trials

were available.

Abbreviations: CrCLD, cranial cruciate ligament disease; GRADE, Grading of Recommendations Assessment, Development and Evaluation; LH,

luteinizing hormone; NOS, Newcastle-Ottawa scale; LOO, leave-one-out; OIS, optimal information size.
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1 | INTRODUCTION

Cranial cruciate ligament disease (CrCLD) is a leading
cause of pelvic limb lameness in the dog, with a reported
prevalence of 0.56% to 12%.' This disease is considered
nontraumatic in nature,*® with age, breed, body weight,
sex, tibial plateau angle, proximal tibial morphology, and
gonadectomy status having been previously reported to
be associated with CrCLD risk."*** Gonadectomy has
been associated with an increased risk of CrCLD in some
studies'>%7*1%13720 byt other studies reported no associ-
ation between gonadectomy and risk of unilateral or
bilateral CrCLD.*"*?! The impact of timing of gonadec-
tomy is also unclear, with some studies reporting an
increased risk of CrCLD with early gonadectomy'®**"2°
whereas other studies do not.*

A direct causal association between gonadectomy and
CrCLD has yet to be demonstrated. Several mechanisms
have been suggested. These include an increased risk of
obesity, a greater tibial plateau angle,”’ luteinizing hormone
(LH) mediated pathways,”* a longer lifespan and thus a
lifetime risk of CrCLD,* and a higher chance of being
insured and therefore diagnosed with CrCLD.**' Gonadec-
tomy practices vary globally, with routine gonadectomy
being more culturally acceptable and routinely performed
in English-speaking countries, whereas routine gonadec-
tomy is illegal in Germany and Norway.*>** The majority of
veterinarians in the United States recommend routine
gonadectomy and believe that the benefits of this procedure
outweigh its harms,”* with the majority of dogs in the
United States having been castrated.’ Similarly, the
United Kingdom public are generally supportive of
routine gonadectomy,*® with thousands of gonadectomy
procedures being performed in the United Kingdom
annually.®?*” Currently, there is no consensus on when
gonadectomy should be performed in dogs; however,
studies have demonstrated increased risks associated with
gonadectomy at an early age, including an increased risk
of nonorthopedic conditions.?® Unfortunately, there is no
consensus definition of early gonadectomy in the litera-
ture, with varying definitions amongst studies, which
therefore makes clinical decision making on the timing of
gonadectomy more difficult for veterinarians.

Conclusion: In data with moderate certainty, gonadectomy is associated with
increased odds of developing CrCLD in both sexes, particularly in dogs gonad-
ectomized at 1 year of age or less.

Clinical significance: This study provides an estimate of the true effect size of
gonadectomy on the odds of developing CrCLD, which may be useful for clinical
decision making surrounding gonadectomy and the timing of gonadectomy.

Gonadectomy, and the timing of gonadectomy, thus rep-
resent potential modifiable risk factors in the development of
CrCLD. Recommendations to clients vary greatly amongst
veterinarians in the United Kingdom, possibly reflecting the
heterogeneity of studies in the literature. Narrative reviews on
this topic dominate in the literature®™*' but no systematic
meta-analyses are available, preventing high-quality evidence-
based decisions from being made in clinical practice.

The objective of this study was to conduct a systematic
review and meta-analysis of the impact of gonadectomy
on the risk of developing CrCLD amongst all dogs and
their various subgroups. The null hypotheses were that
dogs undergoing gonadectomy do not have a different risk
of CrCLD from entire dogs, and that dogs undergoing
early gonadectomy do not have a different risk of CrCLD
from dogs undergoing late gonadectomy.

2 | MATERIALS AND METHODS

This meta-analysis was conducted and reported in accor-
dance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA 2020) statement
Supporting Information (File S1), and was preregistered
on the Open Science Framework on May 26, 2024,
including the study rationale, hypotheses, inclusion cri-
teria, data extraction processes, and planned analyses.**

21 |
criteria

Study inclusion and exclusion

Gonadectomy was defined as orchiectomy in males and
ovariectomy or ovariohysterectomy in females. Criteria for
inclusion were (1) being a clinical study with dogs, (2)
having the diagnosis of CrCLD as an outcome measure,
although not necessarily a primary outcome measure, and
(3) being a comparative study comparing entire and gonad-
ectomized groups of dogs. Exclusion criteria were (1) sec-
ondary analyses of primary studies, (2) reporting of CrCLD
as a composite outcome, (3) not being a comparative study,
(4) studies of gonad-sparing surgical procedures or nonsur-
gical methods of gonadectomy, and (5) review articles.
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Studies with overlapping data were excluded if reporting
was insufficient to allow identification and removal of over-
lapping data, to prevent double counting, and to maintain
data independence. Eligible studies were further excluded if
relevant data were not reported or retrievable from the
study, or if the authors were uncontactable for such data.
Both prospectively and retrospectively conducted studies
were eligible. There were no date or language restrictions.
For synthesis, pooled gonadectomy data were analyzed sep-
arately for males and females. Breed-specific subgroup anal-
ysis was performed if there were more than three studies
evaluating a breed. Age at gonadectomy subgroup analysis
was performed if there were more than three studies evalu-
ating age at gonadectomy and risk of CrCLD.

2.2 | Literature search

A literature search was performed on PubMed, CAB
Abstracts, and Scopus on May 30, 2024. A gray literature
search was performed on Proquest Dissertation and The-
ses Global and Web of Science on the same day. The liter-
ature search was repeated on July 7, 2024. Finally, an
ancestral search of reference lists of eligible studies and
review articles was conducted to identify relevant studies
not found through prior literature searching.

The search strategy was developed through modifica-
tion of a previously peer-reviewed knowledge summary
of a similar clinical question.**** The search was con-
ducted with variations of the keywords “dog” and
“gonadectomy,” and the keyword “cruciate.” The full
line-by-line search strategy is found in Supporting Infor-
mation (File S2). The literature search process was then
depicted graphically in a PRISMA flow diagram.**

2.3 | Data extraction

Manual screening of relevant articles by title and abstract
was performed by all authors working independently, with
a shortlist of articles achieved by consensus. Full texts
were retrieved by the lead author. All authors performed
semiquantitative risk of bias assessment independently.
Data extraction was performed by the lead author.

The outcome measure of interest in this study was
the diagnosis of CrCLD. The method of CrCLD diagno-
sis was also recorded for risk of bias analysis. If odds
ratios (ORs) or arm-level data were not available from
the study, the corresponding authors were contacted
with a data request. If multiple studies were published
using overlapping data from the same database or popu-
lation, raw data were reviewed, if available, and the
overlapping populations excluded. If not, the largest or

most recent study was retained. In studies with overlap-
ping data, the smaller study was excluded for meta-
analysis but retained for relevant subgroup analyses.

Exposure and outcome data were collected binarily.
Other data were extracted for descriptive statistics and for
meta-regression, and included first author surnames, year
of publication, country or region of study, study design,
total eligible sample size, breeds studied (in breed-specific
studies), early gonadectomy definition, follow-up dura-
tion, and receipt of external funding.

2.4 | Risk of bias assessment

Study risk of bias was assessed with the semiquantitative
Newecastle-Ottawa scale (NOS) for nonrandomized
studies,” modified for this research question Supporting
Information (File S3). Points were awarded for study design
features that minimized risk of bias, with a maximum possi-
ble score of nine points. Interoperator agreement was
assessed with Fleiss's kappa statistic. The final score was
reported as a mean of the six independent assessments.

2.5 | Statistical analysis
Odds ratios and 95% confidence intervals (CI) were
retrieved or calculated with formulae in Supporting Infor-
mation (File S4) and they indicated the effect sizes. Data
were converted to the In(OR) and corresponding standard
error (SEjnor)) for statistical analysis. Covariate-adjusted
ORs were preferred over crude ORs. Odds ratios were
defined as OddSgonadectomy/ OddSgntire Unless specified other-
wise. For groups with zero events, a Haldane-Anscombe
correction was applied.*®

Heterogeneity between studies was assessed and quanti-
fied with the Cochran's Q test and the I® statistic respec-
tively. A p value of less than .05 was considered evidence of
significant heterogeneity and I* values below 25%, between
25% and 75%, and above 75% considered evidence of low,
moderate, and high levels of heterogeneity respectively. In
the event of a Cochran's Q test of p < .05 or an I* more than
25%, a random effects model using a restricted maximum
likelihood estimator was used instead of a fixed effects
model. Meta-regression was performed to explore the influ-
ence of covariates on the effect measure. An all subsets
regression was performed to select the best model, with the
Bayesian information criterion as the guiding metric. Fun-
nel plots and Egger's test were used to assess risk of publica-
tion bias of studies. Sensitivity analyses were performed
with the leave-one-out (LOO) method to assess the robust-
ness of the pooled effect size to the removal of individual
studies. The fail-safe N was used to assess robustness of
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FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram outlining the literature

search, screening, and inclusion process (https://www.eshackathon.org/software/PRISMA2020.html).

results arising from possible undetected publication or
reporting biases. Finally, the certainty in the body of evi-
dence was rated with the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) frame-
work, and achieved by consensus from all authors. Precision
was assessed through evaluation of confidence interval mag-
nitudes and the presence of overlap with the null effect, and
through calculation of the optimal information size (OIS).
All statistical analyses and data visualization were
performed with meta,”” metafor,”® and ggplot2*® in
R version 4.4 and pandas,’® numpy,”* matplotlib,”* and
seaborn®® in Python version 3.10.

3 | RESULTS

3.1 | Study selection

The initial literature search yielded 1398 articles from
1929 to 2024. Repeated literature searches yielded no
new articles. After removal of duplicates, 651 articles
were screened manually. From these, 46 articles met
the inclusion criteria and were retrieved for full-text
screening. Five additional articles were identified and
retrieved through citation searching. Of the 51 total
articles undergoing full-text screening for eligibility,
one article was in Portuguese and the remaining
50 were in English. All 51 articles were reviewed by

native speakers and 27 were excluded, leaving 24 studies
for meta-analysis (Figure 1).

Studies were excluded because of a lack of compara-
tor group,®'>* ! having complete overlap with another
study,?%*%%7%5 because the authors did not respond to a
data request,'”**"% having CrCLD reported as a compos-
ite outcome,”**>’° and not having CrCLD as a measured
outcome.”'””* Toth and Siegel (2021)"° did not report
arm-level data in the publication but were able to provide
these data on request and therefore the study was eligible
for inclusion. Of the three studies reporting CrCLD as a
composite outcome, two authors did not respond to a
data request, and the remaining study was ineligible due
to lack of a comparator group.”” Overall, 2/9 authors
(22.2%) responded to a data request. Hart et al., 2014** and
Hart et al., 2016 completely overlapped with Hart et al.,
2020 (1)”* but both studies were retained as they each
provided data on CrCLD risk stratified by age at gonad-
ectomy and for specific breeds, and therefore were useful
for subgroup analysis. Zink et al., 2023”> was retained after
exclusion of the gonad-sparing surgery subgroup.

3.2 | Study characteristics

Study characteristics of the 24 included studies are
presented in Table 1. Six studies were cohort
studies'>?*?*»7*7%77 and the remaining 18 were
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case—control Studies.1’3’6’7’9’10’13’16’18’19’21’75’78_83 The

studies were conducted in North America (n = 19), Europe
(n=5), or Asia (n = 1); one study was conducted across
both North America and Europe. Eight studies reported
breed-specific data, of which five studies analyzed the Lab-
rador retriever breed. Six studies studied CrCLD risk strati-
fied by age at gonadectomy with Ekenstedt et al. (2017)"
defining early gonadectomy as gonadectomy performed at
1 year or younger, and the Hart series of studies®>*>”*7%77
stratifying age at gonadectomy into five nonuniform catego-
ries, <6 months, 6-11 months, 12-24 months, 2-8 years,
and >9 years. Some studies applied inclusion criteria to
their control groups, requiring controls to be at least 5 years
of age,” 7 years of age,'® or 8 years of age.”” Some studies
applied exclusion criteria to their sample populations and
excluded dogs less than 2 months of age,” more than 2 years
of age,’® more than 9years of age,”>** or more than
11 years of age.”’

3.3 | Risk of bias assessment

The mean NOS score, which was used to assess the meth-
odological quality of the included studies, ranged from
2.83 to 5.83 Supporting Information (File S5) against a
maximum score of 9. This indicated a moderate to high
risk of bias across studies. Interobserver agreement was
moderate (x = 0.427).

3.4 | Results of individual studies

Summary statistics of the studies that were included are pre-
sented in Supporting Information (File S6), showing arm-
level data, ORs, 95% CI, In(OR), and SEj,or, for each study,
reported separately for females and males. Hart et al,
(2014)* and Hart et al., (2016)* were excluded from analy-
sis of aggregated data, due to complete data overlap with
Hart et al., (2020) (2)’°. Furthermore, Hart et al., (2020)
(1), Hart et al., (2020) (2)”° and Hart et al., (2024)"” par-
tially overlapped with Belanger et al., (2017)."> Each study
had raw data available as supporting information, which
was reviewed manually, allowing overlapping data to be
excluded prior to analysis of aggregated data. A total of
1 854 6385 dogs were available for aggregate analysis, which
included 36 972 incident CrCLD cases and 773 128 gonadec-
tomy procedures.

3.5 | Results of meta-analyses and
subgroup analyses

For the aggregated female group, Cochran's Q (Q = 94.53,
p < .001) and the I* statistic (86%) both showed evidence

of heterogeneity. Twelve studies showed a significant
increase in risk of CrCLD associated with gonadectomy,
seven studies showed a nonsignificant increase in risk of
CrCLD associated with gonadectomy, and three studies
showed a nonsignificant decrease in risk of CrCLD associ-
ated with gonadectomy. Meta-analysis with a random-
effects model returned a pooled effect size of 2.293 (95%
CL: 1.768-2.945; Figure 2), indicating an increase in
CrCLD risk associated with gonadectomy in female dogs.

For the aggregated male group, Cochran's Q (Q = 104.6,
p < .001) and the I? statistic (87%), both showed evidence of
significant heterogeneity. Eleven studies showed a significant
increase in risk of CrCLD associated with gonadectomy,
10 studies showed a nonsignificant increase in risk of CrCLD
associated with gonadectomy, and one study showed a non-
significant decrease in risk of CrCLD associated with gonad-
ectomy. Meta-analysis with a random-effects model returned
a pooled effect size of 2.117 (95% CI: 1.665-2.691; Figure 3),
indicating an increase in CrCLD risk associated with gonad-
ectomy in male dogs.

Subgroup analysis was performed for females and
males separately, by age at gonadectomy. Risk of CrCLD
in dogs gonadectomized at 1 year of age or less was
compared against dogs gonadectomized after 1 year
(Comparison 1), and in dogs gonadectomized at 1 year of
age against entire dogs (Comparison 2), and in dogs
gonadectomized at more than 1 year of age against entire
dogs (Comparison 3). Subgroup analysis by breed was
only possible for the Labrador retriever, with four studies
qualifying. Hart et al., (2014)** and Hart et al., (2020)
(1)"* both reported a dataset from a completely overlap-
ping sample of Labrador retrievers, therefore Hart et al.,
(2014)** was retained as the dataset for subgroup analy-
sis. Risk of CrCLD in gonadectomized female Labrador
retrievers was compared with entire female Labrador
retrievers and the same pairwise comparison was per-
formed for male Labrador retrievers (Table 2 and
Figure 4).

In the final meta-regression model for female dogs,
NOS score, funding, and study region were included as
covariates. The NOS score was negatively associated with
the effect measure, with an estimate of —0.8298 (95% CI:
—1.552 to —0.107) and a p value of .03. In the final meta-
regression model for male dogs, sample size, funding, and
a study across multiple regions were included as covari-
ates. None of the covariates were associated with the effect
measure.

Funnel plots for aggregated analysis of female and male
dogs were examined and there was no visual evidence of
publication bias Supporting Information (File S7). This was
further supported by Egger's tests (p = .857 and p = .231
respectively).

Iterative removal of individual studies with the LOO
method did not reveal any deviation in the pooled effect
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]
]
Adams, 2011 4 —to— 1.28 (0.84, 1.95) 6.75%
]
]
Baird, 2014 4 —e— 1.49 (0.99, 2.26) 6.78%
Belanger, 2017 | ————— 3.18 (1.32, 7.68) 7.51%
}
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FIGURE 2 Forest plot showing OR (95% CI) of CrCLD for gonadectomized females versus entire females for each study, and the pooled

OR (95% CI). OR, odds ratio; CI, confidence intervals. CrCLD, cranial cruciate ligament disease.
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FIGURE 3 Forest plot showing OR (95% CI) of CrCLD for gonadectomized males versus entire males for each study, and the pooled OR

(95% CI). OR, odds ratio; CI, confidence intervals; CrCLD, cranial cruciate ligament disease.
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size for both the aggregated female and male groups Sup-
porting Information (File S8). In other words, no individual
studies were found to influence the pooled effect size dis-
proportionately. The fail-safe N values for the aggregated

TABLE 2
showing synthesized odds ratios and 95% confidence intervals.

Subgroup analysis by age at gonadectomy and breed,

Females Males

Comparison 3.387 (2.363-4.855) 3.127 (2.096-4.665)

1 (ORganadcctomy < ly)

gonadectomy > 1y

Comparison 2.415 (1.727-3.379) 2.138 (1.6-2.886)

ORgonadectomy <1
2 gona y<ly
S )

Comparison 0.7335 (0.4819-1.116)  0.7047 (0.4727-1.051)

ORgonadectomy> 1y
3T R OReniire )

Labrador
retriever

1.185 (0.5379-2.638)*  2.133 (1.526-2.981)

Note: Significant differences in odds ratios in bold.
“Denotes meta-analysis with a random effects model’ all other comparisons
analyzed with a fixed effects model.
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|
Hart, 2024 - ! e 4.13(1.77,9.66) - 17.86%
|
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i
|
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1
1
Hart, 2024 4 ! ——@——  4.58(2.09,10.07) 18.18%
|
|
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01 05 1 2 5 10 ]
0Odds Ratio (95% Cl) OR (95% CI)  Weight
0Odds - Females Gonadectomized >1y versus Entire Females
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Hart, 2020 (1) —.— 0.78 (0.43, 1.40) - 50.36%
i
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1
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Hart, 2024 . 1.11(0.43,2.86)  19.42%
1
1
Pooled —>— 0.73 (0.48, 1.12) - 100.00%
0.1 0.5 1 2 5

0dds Ratio (95% CI) OR (95% CI)  Weight

Odds - Gonadectomized Female Labradors versus Entire Female Labradors

Baird, 2014 —@0— 1.49 (0.99, 2.26)  36.65%
|
|

Cook, 2020 - — 0.48 (0.13,1.80)  19.09%
i
i

Ekenstedt, 2017 - O ¢ 0.44 (0.09,2.20) 15.36%
|
|
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i
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0.1 0.5 1 2 5
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female and male groups were 4989 (p < .001) and 4112
(p < .001) respectively.

3.6 | Certainty of evidence

The risk of bias, imprecision, inconsistency, indirectness,
and publication bias were assessed using the GRADE
framework. Risk of bias was judged to be moderate to
high across studies and thus overall certainty was down-
rated accordingly. In conjunction with the moderately
narrow confidence intervals and lack of overlap with the
null effect in the aggregated synthesis for females and
males, overall certainty was not downrated for impreci-
sion. Consistency was judged to be low through the
Cochran's Q and I” statistic values obtained herein, and
the varying point estimates of individual studies, and
thus overall certainty was downrated for inconsistency.
Direct applicability of all studies to the general popula-
tion of dogs was low, as a referral population bias and
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1
Hart, 2024 5—.— 3.50(1.03,11.88) 10.76%
1
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10
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i
Hart, 2020 (1) —’4— 0.71(0.42,1.19)  60.81%
i
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1
1
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FIGURE 4 Forest plots showing OR (95% CI) of CrCLD of individual studies and a pooled OR (95% CI), by subgroup analysis. OR, odds
ratio; CI, confidence intervals; CrCLD, cranial cruciate ligament disease.
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regional bias were present through most studies, and thus
certainty was downrated for indirectness. Publication
bias was low to negligible, as assessed through funnel
plot analysis; thus overall certainty was not downrated
for publication bias. Based on these assessments, we
rated the overall certainty in the evidence via the GRADE
framework as moderate.

4 | DISCUSSION

In this systematic review and meta-analysis, we synthe-
sized the existing literature quantitatively and demon-
strated that gonadectomy is associated with increased
odds of developing CrCLD in both female and male dogs.
This association was also upheld when considering early
gonadectomy, defined as that performed at 1 year of age
or less; thus the null hypotheses were rejected. Notably,
all qualifying studies were observational studies and pro-
vided level III and IV evidence only.** All studies had
moderate to high risk of bias, which should be considered
when interpreting the pooled effect sizes.

This study synthesized aggregated data from over 1.8
million dogs and provided the most comprehensive esti-
mate of CrCLD risk following gonadectomy. Point
estimates of odds ratios reported in the literature vary
greatly, which makes it challenging for veterinarians to
counsel clients appropriately on the risks of gonadectomy,
specifically in the context of CrCLD. This study provides
evidence that gonadectomy increases the risk of CrCLD
across all dogs, and that the practice of routine gonadec-
tomy should be re-evaluated, where CrCLD risk is
concerned.’> In the context of policy making, breed-
specific legislation commonly requires gonadectomy to be
performed as a condition of ownership.**®’ In other legis-
latures, prepubertal gonadectomy may be encouraged®’ or
even made mandatory.*® These policies may have been
implemented to promote public health but they can
impose unintended consequences and costs on individual
dogs and their owners.

Subgroup analysis by age at gonadectomy showed that
odds of developing CrCLD are influenced by the age at
which gonadectomy is performed, and that the pooled effect
size only provides an estimate of average risk for the gonad-
ectomized canine population as a whole. Notably, both
female and male dogs gonadectomized at 1 year of age or
less had similar odds of developing CrCLD compared to the
general population of gonadectomized dogs when both
groups were compared with entire dogs. This contrasts with
previous studies that reported that early gonadectomy
increased the risk of CrCLD.'®?***?>¢ This discrepancy
may be explained by our findings that gonadectomy at
>1 year of age may result in reduced odds of developing

CrCLD in both female and male dogs, although these differ-
ences were not statistically significant. These findings high-
light that gonadectomy may have bidirectional effects on
odds of developing CrCLD, depending on timing. In clinical
practice, risk-benefit analysis of gonadectomy must there-
fore consider the patient's age and the intended age of
gonadectomy. Future research should avoid dichotomous
binning of dogs by gonadectomy status;* instead, subgroup
analysis by age of gonadectomy or considering cumulative
exposure to gonadal hormones” may be more methodologi-
cally sound.

It is well established that CrCLD is moderately heritable®*
and the pooled effect size may have limited generalizability
to certain breeds at very high or very low risk of CrCLD.
Subgroup analysis in this study demonstrated that the asso-
ciation between gonadectomy and increased odds of CrCLD
did not hold for gonadectomized female Labrador retrievers,
who as a group, did not have increased odds of CrCLD com-
pared to entire female Labrador retrievers. Breed differences
have been previously explored’*”” and it is likely that differ-
ent breeds of dogs will be affected differently by removal of
gonadal hormones, which may be an area for future study.

The association between gonadectomy and increased
odds of developing CrCLD is likely complex and multi-
factorial. Gonadectomy has been shown to directly
reduce resting energy requirement and thus increase the
risk of obesity,”°* which is a known risk factor for devel-
opment of CrCLD. Gonadectomized dogs have persis-
tently elevated levels of LH, as a result of loss of feedback
on the hypothalamic—pituitary-gonadal axis, which has
been suggested to have direct effects on nonreproductive
LH-receptor bearing tissues such as the cranial cruciate
ligament.*®** Physeal development has been shown to be
under the influence of gonadal hormones.”> A greater
tibial plateau angle is a known risk factor for the develop-
ment of CrCLD, and gonadectomized dogs have been
shown to have a greater tibial plateau angle than entire
controls.>”>* Gonadectomized dogs may also represent a
different socio-economic subset of the canine population,
and may have a longer lifespan or may be more likely to
have pet insurance. Gonadectomized dogs may therefore
have a greater lifetime risk of CrCLD or may be more
likely to be diagnosed with CrCLD due to additional
available funds or an increased likelihood of undergoing
diagnostics.

The decision to perform gonadectomy in an individ-
ual animal should not be based solely on risk manage-
ment of CrCLD as gonadectomy has been associated with
increased risk of developing other orthopedic conditions,
as well as nonorthopedic conditions including neoplasia,
urinary tract disease, and behavioral issues.”* Conversely,
gonadectomy may reduce the risk of mammary neoplasia
in female dogs,”**> and effectively eliminates the risk of
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pyometra and testicular neoplasia in female and male
dogs, respectively. Prepubertal gonadectomy also plays
an important role in population control, in certain locali-
ties, and is associated with fewer surgical complications
compared to gonadectomy performed in older dogs.”®

This meta-analysis was reported according to the
PRISMA 2020 statement®’ and preregistered to maxi-
mize transparency in reporting and to reduce the risk
of bias.”® We included no language restrictions as this
improves precision of meta-analytical results over
English-language-only meta-analyses.”” We included
comparative studies even when CrCLD and gonadec-
tomy status were not being primarily investigated to
minimize the risk of publication bias and selective
reporting. There were eight studies that may have been
included in the synthesis; however, data from these
studies were unreported in the publication or unavail-
able from the authors. A 22.2% response rate to data
requests was recorded in this meta-analysis, below the
39.4% average across other scientific disciplines.'®
Data availability is essential for ensuring reproducibil-
ity and for minimizing duplication of resources, and
there is room for improvement in veterinary medicine.
Risk of bias across studies was moderate to high, which
is consistent with the fact that all studies were observa-
tional and most were retrospective in nature. Sources of
heterogeneity were explored and likely to have arisen
through differences in study populations across regions, as
well as the analysis of different subgroups, as discussed
earlier. Studies with a lower risk of bias were also associated
with reporting a smaller effect size, and the varying study
methodologies would have been another source of hetero-
geneity. Sensitivity analyses via the LOO method supported
the robustness of the results herein, in that there were no
studies that disproportionately skewed the pooled effect
size. The NOS and GRADE framework were used to assess
the risk of bias and certainty in the body of evidence respec-
tively, and although these tools are recommended by the
evidence-based medicine community, they remain imper-
fect and subjective frameworks.'"'%> Nonetheless, the mod-
erate interrater reliability that was obtained was within the
range previously reported for cohort and case-control study
assessment.'*?

As mentioned above, all studies included were obser-
vational, with methodological limitations, and provide
levels III or IV evidence only. Some studies relied on
owner or referring veterinarian reporting as a means of
enrolling cases and controls. This may have led to mis-
classification bias whereby cases were incorrectly classi-
fied as controls, and vice versa. Across all studies,
exposure data on gonadectomy status and age at gonad-
ectomy was also collected secondarily based on owner

reporting and, less frequently, referring veterinarian
reporting. Again, these methods risk misclassification
bias in that self-reporting in epidemiological studies has
not been shown to be a reliable means of collecting
data.’® High heterogeneity between studies and varying
inclusion and exclusion criteria limited the direct compa-
rability of individual studies. Nonstandardized definitions
of early gonadectomy also limited comparability between
studies, and therefore, the strength of the meta-analysis
results from the timing of gonadectomy subgroup. The
results of this meta-analysis also reflect a regional and
referral hospital bias, with the majority of studies con-
ducted in North America and in referral hospitals, which
may limit the applicability of results to the rest of the
world and to the general canine population. Nonetheless,
although the limitations of observational studies are rec-
ognized, it is unlikely that an adequately powered inter-
ventional study can be conducted for pragmatic reasons.
Based on the OIS and the magnitude of the effect size
determined herein, the sample size required to conduct a
randomized controlled trial with a = 0.05 and p = 0.2
would be a minimum of 585 dogs in each intervention
arm. Not only would it be logistically challenging to fol-
low such a large number of dogs for years, but it is also
ethically challenging to randomize client-owned dogs to
such an intervention.

In conclusion, this study systematically reviewed the
literature on gonadectomy and CrCLD risk and showed
that gonadectomy, in particular gonadectomy at 1 year of
age or less, is associated with an increased risk of CrCLD
in both female and male dogs. This study provides an
estimate of the true effect size of gonadectomy on the
odds of developing CrCLD, which may be useful for clini-
cal decision-making surrounding gonadectomy and tim-
ing of gonadectomy.
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