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Abstract

Cranial cruciate ligament rupture (CCLR) is one of the most common orthopaedic disorders
diagnosed in dogs yet the factors which influence postoperative clinical outcomes are poorly
understood. Low vitamin D status has been linked to poorer clinical outcomes in human patients
undergoing elective orthopaedic surgery. The aim of this study was to examine the relationship
between pre-operative vitamin D status, as defined by serum 25 hydroxyvitamin D (25(OH)D)
concentrations, and initial disease severity and clinical outcomes in dogs undergoing surgical

treatment for a CCLR .

Serum 25(OH)D concentrations were measured in 44 dogs with a CCLR on the day before surgery. C-
reactive protein concentrations were measured at a median time of 1 day post-surgery and the
patient’s clinical and radiographic response to CCLR surgical treatment was assessed at a median
timepoint of 60 days post-surgery. Serum 25(OH)D concentrations in dogs with a CCLR was not
significantly different to a population of healthy dogs (median 74.1 nmol/L and 88.40 nmol/L,
respectively). There was no significant correlation between pre-operative serum 25(0OH)D
concentrations and length of pre-diagnosis clinical signs, pre-operative lameness scores or day 1
post-operative CRP concentrations. Thirty nine of the 44 dogs were re-examined at a median 60 days
post-surgery. There was no relationship between the day 60 lameness scores and pre-operative

serum 25(0OH)D concentrations.

In summary, we discovered that the vitamin D status of dogs with a CCLR was not significantly lower
than healthy dogs and pre-operative serum 25(OH)D concentrations were not correlated to either

pre-surgical disease severity or post-operative clinical outcomes.



Introduction

Cranial cruciate ligament rupture (CCLR) is a one of the most common causes of hind limb lameness
and osteoarthritis in dogs (Taylor-Brown et al., 2015). Female, neutered large breed dogs have been
reported to be predisposed and the underlying aetiology of the disease remains poorly understood
(Comerford et al., 2011; Taylor-Brown et al., 2015). Cranial cruciate ligament rupture is typically
managed by surgical treatments with a wide range of approaches reported including extracapsular,
intracapsular and osteotomy techniques (Molsa et al., 2014). Whilst the response to treatment is
typically good, the factors involved in suboptimal clinical outcomes post-surgery include high body
weight (Casale and McCarthy, 2009; Coletti et al., 2014), German Shepherd breed (Coletti et al.,
2014), a tibial plaeau angle greater than 30° (Coletti et al., 2014) and young age at time of surgery
(Casale and McCarthy, 2009). A better understanding of the factors involved in suboptimal clinical
outcomes such as mobility, exercise tolerance and surgical healing following surgery in dogs with a

CCLR would help guide the development of novel approaches to improve treatment outcomes.

Vitamin D has historically being linked to the development and maintenance of skeletal health and
the regulation of calcium homeostasis (Mellanby, 2016). However, low vitamin D status is
increasingly linked to non-skeletal canine disorders driven, in part, by a growing appreciation that
the vitamin D receptor is widely expressed on canine tissues (Cartwright et al., 2018). For example,
hypovitaminosis D has been reported in dogs with infectious (Dvir et al., 2019; Rosa et al., 2013),
neoplastic (Wakshlag et al., 2011) and inflammatory conditions (Gow et al., 2011). Furthermore, low
serum concentrations of 25 hydroxyvitamin D, the vitamin D metabolite which is most widely used
to assess vitamin D status, have been linked to a pro-inflammatory immune response in dogs and
cats (Titmarsh et al., 2016; Titmarsh et al., 2015c) and increased mortality rates in companion
animals (Allenspach et al., 2017; Titmarsh et al., 2015a; Titmarsh et al., 2015b). There is a growing
evidence base that vitamin D can influence the evolution of an immune response both in

experimental models of disease and in ex-vivo studies of canine leukocytes fuelling interest in the



wider health benefits of vitamin D in dogs (Besusso et al., 2015; Jaffey et al., 20183, b; Saul et al.,

2019).

Despite the growing interest in the role vitamin D may play in skeletal and non-skeletal health in
companion animals, little work has been undertaken to explore the relationship between vitamin D
status and orthopaedic disease severity and response to treatment. This contrasts to the situation in
human orthopaedics where the relationship between circulating 25(0OH)D concentrations and
orthopaedic disorders have been extensively explored (Iglar and Hogan, 2015; Zhang et al., 2018).
Human patients undergoing elective knee arthroplasty are often vitamin D insufficient or deficient
(Reid et al., 2011; Waldron et al., 2013) and lower 25(0OH)D concentrations have been associated
with more severe pre-operative clinical signs (Maniar et al., 2016). In addition, low pre-operative
vitamin D status has been linked to poorer clinical outcomes in patients undergoing elective knee
surgery (Shin et al., 2017). The relationship between vitamin D status and orthopaedic disorders was
emphasised in a recent meta-analysis of 12 studies which examined the relationship between pre-
operative 25(0OH)D concentrations and clinical presentation and outcomes in patients undergoing
knee or hip surgery. This meta-analysis found that pre-operative Harris Hip Scores and Knee Society
Score, which assess hip and knee pain and function respectively, revealed greater disease burden in
patients with low vitamin D status compared to patients with a normal vitamin D status (Zhang et al.,
2018). In addition, post-operative Harris Hip Score was significantly lower in the patients which were
hypovitaminosis D pre-operative than in the euvitaminosis D group (Zhang et al., 2018). In light of
the evidence that vitamin D status is linked to presentation and outcome in human elective knee
surgery and the paucity of research in this area in veterinary patients, the aim of this study was to
investigate the relationship between pre-operative serum 25(OH)D concentrations and presenting
clinical signs and subsequent post-operative clinical outcomes.

Methods



All dogs diagnosed with a CCLR at the Hospital for Small Animals, University of Edinburgh between
June 2015 and December 2017 were considered eligible for inclusion in the study. Entry criteria
included a diagnosis of CCLR as confirmed by direct visual inspection of the ruptured ligament during
exploratory arthrotomy, a pre-operative measurement of serum 25(0OH)D, a one day post-surgery
CRP measurement and a pre-operative lameness assessment. The onset of lameness and use of
non-steroidal anti-inflammatory drugs (NSAID) were ascertained from the clinical history at
presentation. The lameness of each dog was visually assessed preoperative and ascribed a lameness
score using a numerical rating scale (Impellizeri et al., 2000). A radiographic osteophytosis score was
ascribed from the pre-operative radiographs from all cases using a subjective grading scheme
(Rayward et al., 2004). All cases were invited to be re-evaluated 60 days following surgery, for re-
assessment of lameness and radiographic follow up. The requirement for continued (>2 week) NSAID
analgesia was also recorded. The healing of the osteotomy was graded radiographically at re-
evaluation on day 60 using an osteotomy healing classification (Conkling et al., 2010). All
radiographic assessments were undertaken by a single European diplomat in small animal surgery
(DC), and all lameness assessments were undertaken by a European diplomat in small animal
surgery. The surgical treatment method undertaken was decided upon by the attending clinician and

was either a tibial plateau levelling osteotomy (TPLO) or cranial closing wedge osteotomy (CCWO).

Blood samples collected pre-operative and at one day post-surgery were placed into plain blood
collection tubes which were refrigerated immediately after collection. The samples were then
centrifuged and serum frozen at -80°C until analysis within 3 hours of collection. C reactive protein
concentrations were measured using an Au480 Chemistry Analyser (Beckman Coulter (UK) Ltd, High
Wycombe, UK) using a species-specific immunoturbidimetric assay. Serum concentrations of total
25(OH)D; and 25(0OH)D3; were measured by liquid chromatography tandem mass spectrometry (LC-
MS/MS) by the Vitamin D Animal Laboratory (VitDAL) which has been certified as proficient by the

international Vitamin D Quality Assurance Scheme (DEQAS) as previously described (Hurst et al.,



2020b). The results are presented as total 25(OH)D which is defined as the sum of 25(0OH)D; and

25(0H)Ds.

A power calculation revealed 40 patients were required in the healthy and CCLR arms to have an
80% chance of detecting, as significant at p<0.05, a 20nmol/I change in 25(OH)D concentrations
between the healthy group (mean 25(0OH)D conc 89.1 nmol/|, standard deviation 32.0) and the CCLR
group (Hurst et al., 2020a). The serum 25(0OH)D concentrations between healthy dogs and dogs with
CCLR were compared using a Mann Whitney U test. A control population of healthy control dogs was
used from a previously reported study which includes details of their signalment (Hurst et al.,
2020a). This population of dogs were recruited in the same hospital over a similar timeframe as the
CCLR dogs and had 25(0OH)D measured in the same laboratory using the same LC-MS/MS equipment.
The presence of a correlation between pre-operative vitamin D concentrations and clinical variable
was assessed using a Spearman rank correlation test. Differences in serum 25(OH)D concentrations
between dogs with various defined pre- or post-operative clinical assessment scores were compared

using either a Mann-Whitney U test or a Kruskall Wallis test. Significance was set at p<0.05.

The study was approved by the University of Edinburgh Veterinary Ethics Research Committee and
the University of Edinburgh Animal Welfare and Ethics Review Board (project license number

7007937, date approved 30" December 2016).



Results

Forty four dogs were enrolled on the study. The median age of the dogs was 7.1 years and ranged
from 2.1 years to 12.9 years. There were 20 neutered females, 18 neutered males, three entire
females and three entire males. The cohort consisted of sixteen Labradors, ten Crossbreed dogs,
four Cocker spaniels, four golden retrievers, two Staffordshire Bull terriers, one Border terrier, one
border collie, one Bulldog, one Beagle, one Boxer, one English springer spaniel, one chow and one
Dogue de Bordeaux. The median weight of the dogs was 29.3kg (range 14.0kg to 64.4kg). Twenty
four dogs had a rupture of the right and twenty dogs had a rupture of the left cranial cruciate
ligament. The median duration of clinical signs was 8 weeks (range 2 weeks to 52 weeks). A TPLO

surgical procedure was undertaken in 31 dogs and a CCWO was performed in 13 dogs.

The median serum 25(0OH)D concentration the day before surgery was 74.1 nmol/L (range 43.5 —
149.8 nmol/L) which was not significantly different from the median serum 25(0OH)D concentration
we previously reported in 117 healthy control dogs (88.4 nmol/L, p=0.10) (figure 1) (Hurst et al.,
2020a). None of the dogs with a CCLR had a pre-operative serum 25(OH)D concentration outside the
reference range of 39.5 — 172.7 nmol/L. There was no correlation between pre-operative 25(0OH)D
concentration and duration of pre-diagnosis clinical signs (r=0.08, p=0.61) or pre-operative lameness
scores (r=-0.13, p=0.42). Nine dogs were not receiving NSAID treatment at time of presentation.
There was no significant difference in 25(0H)D concentrations between dogs which were receiving
NSAID treatment at time of diagnosis compared to dogs which were not administered NSAIDs
(p=0.23). There was no significant difference between 25(0OH)D concentrations and pre-operative

osteophytosis scores (p=0.94).

There was no correlation between pre-operative serum 25(0OH)D concentration and median 1 day
post-operative CRP concentrations (r=0.14, p=0.37). Thirty nine of the 44 dogs were re-examined at

a median 60 days after surgery. The radiographic healing was assessed to be 1 in 6 dogs, 2 in 7 dogs,



3in 14 dogs and 4 in 12 dogs. There was no difference in the pre-operative 25(0OH)D concentrations
in the 4 radiographic healing score subgroups (p=0.55). There was no difference in pre-operative
25(OH)D concentrations in dogs which were administered NSAIDs at day 60 (n=10) compared to
dogs which did not require NSAIDs treatment (n=39) (p=0.86). The lameness scores declined in 36 of
the 39 dogs by day 60 post-surgery with one dog’s lameness score remaining unchanged and the
lameness scores of two dogs slightly increased. There was no relationship between the day 60 post-
surgery lameness scores and pre-operative 25(0OH)D concentrations (p=0.85). Finally, there was no
relationship between 25(0OH)D concentrations and the extent of change in lameness scores from

pre-operative to day 60 assessments (p=0.97).



Discussion

This study has revealed that dogs with a CCLR did not have a significantly lower vitamin D status than
healthy dogs, with no dogs diagnosed with a CCLR having a pre-operative serum 25(0OH)D
concentration outside the reference range. In addition, pre-operative vitamin D status was not
correlated to immediate post-operative inflammation, as assessed by CRP concentrations, or to
longer term post-operative clinical outcomes. Whilst we cannot discount the clear possibility that
our study was under powered to detect relatively modest impacts on vitamin D status and CCLR
surgical outcomes, our study provides no evidence that pre-operative vitamin D status has a

dramatic impact on shaping the clinical outcomes in dogs undergoing surgical treatment of CCLR.

In contrast, several human studies of elective knee surgery have shown that patients often are pre-
operatively vitamin D deplete (Bogunovic et al., 2010; Reid et al., 2011; Waldron et al., 2013; Zhang
et al., 2018). This may relate to the differential importance of the source of vitamin D in dogs
compared to humans as dogs are entirely reliant on oral sources of vitamin D whereas vitamin D can
be obtained from the diet or be cutaneously produced in humans (Hurst et al., 2020b; Mellanby,
2016). Since the appetite of dogs with a CCLR is often normal, the amount of vitamin D consumed in
their diet is unlikely to be different from healthy dogs. Humans with chronic knee disease and
reduced ambulatory capacity may not be able to access outside areas as readily as healthy
individuals, thereby reducing UVB exposure, leading to lower vitamin D production in the skin (Elder
and Bishop, 2014). As dogs do not produce vitamin D cutaneously, variation in UVB exposure

following a CCLR injury will not influence their vitamin D status.

Another potential reason why the serum 25(0OH)D were not significantly different from healthy dogs
is the lack of systemic inflammation which is typically present pre-operatively in dogs with a chronic
CCLR injury (Lofqvist et al., 2018). Systemic inflammation is frequently negatively correlated to

vitamin D status in both veterinary and human patients (Mellanby, 2016). For example, in dogs with



a protein losing enteropathy serum 25(0OH)D concentrations negatively correlated with neutrophil,
monocyte and plasma cytokines (Titmarsh et al., 2015c). Further support for the role inflammation
plays in lowering vitamin D status comes from human orthopaedic studies were serum 25(0H)D
concentrations often decline following elective surgery following the induction of a strong systemic
inflammatory response (Reid et al., 2011; Waldron et al., 2013). In dogs with a CCLR, pre-operative
C-reactive protein concentrations, a widely used measure of systemic inflammation, are typically low
which indicates that systemic inflammation, which is present in many diseases where
hypovitaminosis D has been reported (Dvir et al., 2019; Gow et al., 2011; Rosa et al., 2013), is

unlikely to be present or manipulating vitamin D status in dogs with a CCLR (Lofqvist et al., 2018).

We found no evidence that pre-operative vitamin D status was linked to the extent of post-operative
inflammatory response as assessed by CRP concentrations. There is growing interest in the concept
that a low vitamin D status may predispose to the development of inflammation based mainly on the
findings of negative associations between pro-inflammatory biomarkers and circulating 25(0OH)D
concentrations in cross-sectional human studies (de Oliveira et al., 2017; Peterson and Heffernan,
2008). However, these observations could be explained by reverse causation and no relationship
between vitamin D status and inflammation has been reported in human orthopaedic studies. In
addition, studies in humans following knee arthroplasty found the extent of changes in 25(0OH)D
concentrations immediately after surgery did not correlate to post-operative CRP concentrations
(Reid et al., 2011; Waldron et al., 2013). These observations suggest that vitamin D status may only
have a limited impact on modifying post-operative inflammation which is consistent with systematic
reviews reporting that vitamin D supplementation has a modest impact on circulating biomarkers of

inflammation (Mazidi, 2018).

We found no evidence that vitamin D status is associated with any of the pre-operative disease

severity scores or post-operative clinical outcomes that we measured. As we used a wide range of



measures including clinical and radiographic assessment of disease severity and clinical
improvement, we can be confident that in our cohort there was no association between low vitamin
D status and increased pre-operative disease severity or adverse clinical outcomes. However, clinical
assessments were subjective, and so may lack the sensitivity to detect subtleties in outcome which
would be verbally communicated by human patients, resulting in a more crude outcome grading
system in dogs with a CCLR. A limitation of this study was that we only included 44 dogs with CCLR
but the failure to detect any relationship between 25(0OH)D concentration and any clinical outcome
measures suggests that vitamin D status is unlikely to play an important part in shaping clinical
disease severity or outcomes in dogs with a CCLR. This contrasts with human patients undergoing
elective orthopaedic surgery where low vitamin D status has been linked to lower pre-operative
functional performance (Maniar et al., 2016), longer post-operative hospitalisation stays (Maier et
al., 2016), adverse post-operative functional outcomes (Shin et al., 2017) and reduced post-surgery
muscle strength recovery (Barker, 2011). The difference may be related to the relative greater
importance vitamin D plays in ameliorating clinical signs in orthopaedic diseases and supporting
recovery in humans compared to dogs. It may also reflect that all the dogs with a CCLR in our study
had a serum 25(OH)D concentration within the reference range with no dogs having a 25(0H)D
serum concentration below 40nmol/l and only 4 out of 44 dogs (9%) having a serum 25(OH)D
concentration below 50nmol/I. This is much lower proportion than is widely reported in human
patients with chronic orthopaedic disorders (Zhang et al., 2018). This observation may be important
since clinical trials of vitamin D supplementation in other human conditions have shown that the
patients which benefit the most are the individuals with vitamin D deficiency at point of
randomisation (Jolliffe et al., 2017; Martineau et al., 2017). As hypovitaminosis D is more commonly
observed in humans with orthopaedic disorders compared to dogs, it may be more feasible to probe

the relationship between vitamin D status and clinical outcomes in humans than in dogs.

Conclusion



In summary, our study has indicated that dogs with a CCLR do not have significantly lower vitamin D
status than healthy dogs. In addition, serum 25(OH)D concentrations did not correlate to pre-
operative clinical signs or post-operative clinical outcomes. Further studies are required to explore

the factors behind suboptimal post-surgery CCLR clinical outcomes.
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Figure legends

Figure 1 : Serum 25(OH)D concentrations in healthy dogs (Hurst et al., 2020a) and dogs diagnosed

with a CCLR (CCLR).
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