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Editorial on the Research Topic
 Women in veterinary neurology and neurosurgery: 2021




This Frontiers in Veterinary Science Women in Veterinary Neurology and Neurosurgery collection of scientific articles presents the innovative work of female neurologists working in the UK, Europe, and North America. The series comprises 13 articles showcasing original research and case reports in various fields of Veterinary Neurology and Neurosurgery, including advances in diagnostic imaging techniques and novel neurosurgical procedures.

Diffusion MRI is a specific sequence that detects and quantifies water diffusivity, which is the molecular motion (Brownian movement) of water and represents an intrinsic feature of tissues. Diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) are MRI sequences routinely used in the diagnostic investigation of suspected cerebrovascular accidents (CVA) in people (1). There is limited information on diffusion-weighted characteristics of naturally occurring CVA in dogs. Extrapolation from other species has limitations due to differences in how CVA appears on DWI over time (i.e., from the onset of CVA to the time of MRI) (2). The retrospective study by Boudreau et al. describes DWI MRI findings of spontaneous canine CVA in relation to the time of clinical onset, the DWI type (EPI vs. non-EPI), and the presence or absence of a haemorrhagic component of the lesion. The results of this study help to inform the appropriate clinical interpretation of these sequences by veterinary neurologists and neuroradiologists.

Steroid-responsive meningitis-arteritis (SRMA) is an inflammatory disorder of probable immune mediated origin, commonly recognized in dogs (3). It typically affects young, medium to large breed dogs and can present as an acute or chronic condition (3). The acute form of SRMA is characterized by cervical hyperalgesia, pyrexia, and cerebrospinal fluid (CSF) neutrophilic pleocytosis (4). Some biomarkers have been used to understand the pathogenesis of SRMA and support its diagnosis (5, 6). Clinical and laboratory findings in dogs with a chronic form of SRMA are less specific than those observed in the acute form, making the diagnosis more challenging. The MRI finding of SRMA in dogs include enhancement of the meninges in the cervical region on T1-weighted (T1W) images after intravenous injection of gadolinium, and signal changes of the cervical muscle such as hyperintensity on T2-weighted (T2W) and short tau inversion recovery (STIR) (7), as well as contrast enhancement. The study by Remelli et al. highlights the usefulness of low and high-field MRI in complementing clinical and laboratory findings in the diagnosis of SRMA. In this retrospective study, including 70 dogs with SRMA, the MRI showed abnormalities in 98.6% of dogs, with the majority (87.1%) being MRI features suggestive of meningeal inflammation. T1W FAT-SAT sequences were particularly useful in detecting meningeal enhancement. In addition, the contrast enhancement of the synovium of the cervical articular facets and the epaxial muscles was detected in 48.6% of dogs.

Spinal epidural empyema (SEE) is characterized by the “accumulation of purulent material in the epidural space of the vertebral canal” (8). It can result in neurological deficits and even death if untreated or unresponsive to treatment (9). There is limited information on canine SEE in veterinary literature. A study by Laws et al. describes the clinical and diagnostic findings, treatment (conservative or surgical), and outcomes of dogs with SEE that were presented to five referral hospitals in the UK. This study provides detailed information on the presenting clinical signs, MRI findings, laboratory investigation results, treatment, and long-term outcomes. The results of this study inform client communication and clinical decisions on canine SSE management.

Various neurological conditions such as vertebral fractures and luxations, malformations, neoplasia, and intervertebral disc degenerative and infectious disorders can result in instability of the vertebral column. Different surgical techniques have been described to stabilize the vertebral column of dogs and cats. These procedures require specialistic equipment combined with advanced neurosurgical skills and expertise. One of the main risks of spinal stabilization is the violation of neurovascular structures during implant placement resulting in serious and potentially irreversible neurologic deficits for the patient. Reliable intra and post-operative evaluation of the accuracy of implant placement is necessary for the safe and successful treatment of patients undergoing stabilization of the vertebral column (10). A canine cadaveric imaging and anatomic study by Goffart et al. shows that end-on fluoroscopy, with or without inversion, is a highly accurate technique for the intraoperative evaluation of bicortically placed Steinmann pins' position in the canine thoracolumbar vertebral column. Three-dimensionally printed patient-specific drill guides have been used to improve the accuracy of implant placement in the canine spine (11).

Three-dimensionally printed patient-specific drill guides have recently been proposed to assist with another challenging neurosurgical procedure that involves a steep learning curve. The study by Escauriaza et al. investigated the accuracy of a 3-dimensional dog-specific printed surgical guide to support the surgeon performing transsphenoidal hypophysectomy, which is performed as surgical treatment of pituitary-dependent hyperadrenocorticism. Pituitary-dependent hyperadrenocorticism is a chronic and progressive disorder (12) that can be treated medically or surgically with or without radiation therapy. Surgical treatment to remove the pituitary neoplasm is increasingly used in dogs. However, this surgical procedure is challenging and requires prolonged training and advanced expertise. The methods described in the study by Escauriaza et al. support the identification of the area to drill in the basisphenoid bone to access the salle turcica and the pituitary mass.

This collection of articles promotes the work of female neurology and neurosurgery researchers and contributes to the advancement of diagnosis and treatment of different neurologic conditions (i.e., infectious, inflammatory, neoplastic) of the central and peripheral nervous system.
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There is limited information on canine spinal epidural empyema (SEE). The aim of this multicenter retrospective study is to describe the clinical presentation and outcome of dogs undergoing spinal surgery or conservative management for SEE. Forty-one dogs met the inclusion criteria; the SEE was treated surgically in 17 dogs and conservatively in 24 dogs. Two dogs underwent spinal surgery after failure of conservative management, meaning that 19 dogs in total had spinal surgery. Long-term (i.e., >6 months) follow-up was available in 35 dogs (19 conservatively treated and 16 surgically treated dogs). Recovery to a functional pet status was achieved in 15/19 (78.9%) conservatively treated and 12/16 (75%) surgically treated dogs. There was no significant difference (p = 1.000) in long-term outcome between conservatively and surgically treated dogs (78.9 and 75%, respectively). However, significantly more surgically treated dogs were non-ambulatory at presentation (9/17 vs. 5/24, p = 0.048) compared with conservatively treated dogs. This study suggests that conservative treatment may be appropriate for dogs with SEE that are ambulatory at presentation and that surgically treated dogs generally have good outcomes. Age may be a negative prognostic indicator as dogs with poor long-term outcomes were significantly older than dogs with a good long-term outcome (p = 0.048). A larger prospective randomized study may provide further insight on treatment and outcome of SEE in dogs.

Keywords: empyema, infection, dog, spinal epidural empyema, spinal epidural abscess, epidural


INTRODUCTION

Spinal epidural empyema (SEE) is defined as the accumulation of purulent material in the epidural space of the vertebral canal (1). It can affect humans (2), dogs (3–7), and other species (8–13) leading to neurological disability and mortality (5).

Microorganisms enter the epidural space via hematogenous spread (2, 4, 14, 15), direct extension (2, 3, 5–7, 15–24), iatrogenic inoculation (2, 25), or trauma (2, 6, 15). Suggested pathophysiological mechanisms to explain neuronal damage include ischemia from compression or disruption of vascular supply secondary to septic thrombophlebitis and secondary inflammation of neuroparenchyma itself, in particular in cases where the LS region is affected (e.g., secondary inflammation of the cauda equina) (26). Neurological symptoms and signs reported in human and canine SEE include spinal pain and progressive neurological dysfunction, including paresis, plegia, and incontinence (2, 5).

SEE can be treated surgically or conservatively (15, 27). Surgical treatment involves epidural pus drainage and appropriate antimicrobial therapy, while conservative treatment consists of adequate antibiotherapy (15, 27). In the human literature, it is unclear whether patients undergoing surgical drainage of paraspinal abscesses without direct spinal cord and/or cauda equina decompression are considered to be conservatively or surgically treated.

The choice between conservative and surgical management in humans remains controversial (28–31). Most human studies recommend that if surgery is performed, it is done within 24 h of diagnosis (28, 30, 32–35). However, conservative management can be successful (27, 28, 30, 33, 36–38), particularly in patients without neurological deficits (30, 35, 39, 40). In canine SEE, it is unknown whether superior clinical outcomes are achieved with conservative or surgical treatment. Most veterinary reports of SEE are single cases, with the largest case series comprising seven dogs (5). Of the 39 previously published canine SEE cases, 12 were managed conservatively (4, 15, 25, 41–43), 24 surgically (5–7, 14, 16–23), and 3 were not treated (3, 4, 24). Of the 12 conservatively treated dogs, only 2 had a poor outcome and were euthanized following respiratory arrest (4) and neurological deterioration (43). One of these two dogs also had intracranial involvement (4). Of the 24 surgically managed dogs, 4 had a poor outcome (5–7); however, one was euthanized without further investigations after relapse of severe spinal pain 1 week post-surgery (6), and one was euthanized due to an unrelated cervical intervertebral disc extrusion 1 month postoperatively (5). For the remaining two dogs, one was euthanized due to worsening neurological signs and pneumonia (5), and one died after cardiac arrest in the immediate postoperative period (7).

The aim of this study is to describe the clinical presentation and outcomes of conservatively and surgically treated dogs with SEE that presented to five referral hospitals. We hypothesized that dogs that presented as non-ambulatory were more likely to be treated surgically and that conservative treatment may be appropriate for dogs without neurological deficits.



MATERIALS AND METHODS


Study Sites

The clinical database of five UK veterinary referral centers was searched for dogs diagnosed with SEE. The time period searched varied depending on the availability of a neurology service and high-field MRI in each included institution: January 1, 2000–December 31, 2020 at the first institution; January 1, 2000–December 31, 2019 at the second institution; January 1, 2009–December 31, 2020 at the third institution; January 1, 2015–December 31, 2020 at both the fourth and fifth institutions.



Inclusion Criteria

The inclusion criteria were a diagnosis of SEE based on clinical presentations, MRI findings consistent with previously reported MRI features of SEE (6, 20, 23), and/or surgically confirmed SEE. Previously reported MRI features of SEE that were used included T2W high/mixed signal and T1W low signal epidural mass lesion with concurrent T2W hyperintensity within spinal cord gray matter (6, 20, 23). Only dogs that had undergone 1.5 T MRI were included. Each MRI study was reviewed by the same board-certified radiologist (ED) at the time of the study to further validate the diagnosis of SEE and to carefully evaluate all the MRI findings detailed in the MRI section that follows. Dogs with concomitant intracranial involvement were excluded.



Data Collection

The following data were obtained from the medical records and recorded in an Excel document: signalment, clinical signs observed by the dog owners, pre-referral treatment, general physical and neurological examination findings (at the referral centers), concurrent conditions, time from the onset of clinical signs to SEE diagnosis, laboratory and MRI findings, and details of treatment and outcome.

Data on laboratory investigations included hematology, serum biochemistry, urine and blood cultures, cerebrospinal fluid (CSF) analysis and culture, and histopathological examination and culture of epidural material (in surgically treated dogs). Anemia was classified as either mild [hematocrit (HCT): 0.30–0.36], moderate (HCT: 0.18–0.29), or severe (HCT: <0.18).

Data on high-field (1.5 T) MRI images of the vertebral column were collected for all enrolled dogs, which were reviewed by a board-certified diagnostic imaging specialist (ED). The regions of the vertebral column undergoing MRI were determined based on the neuro-anatomic localization following neurologic examination by a board-certified veterinary neurologist. MRI scanners at the different referral institutions were Signa EchoSpeed (GE Healthcare, Milwaukee, Wisconsin, USA), Intera (Philips Healthcare, Eindhoven, The Netherlands), Vantage ELAN (Canon Medical Systems, Tustin, California, USA), and Magnetom Essenza Dot (Siemens Healthcare, Munich, Germany).

T2-weighted (TR range 2,541–13,681 ms; TE range 81–120 ms) images in the transverse, sagittal, and/or dorsal planes were obtained for all dogs. T1-weighted (400–660 ms; 8–16 ms) (T1W), T1W fat saturated (8–620 ms; 4–15 ms) after intravenous gadolinium (0.1 mmol/kg gadobutrol, Gadovist; Bayer) administration, T2* gradient echo (300–440 ms; 9–15 ms), short tau inversion recovery (3,420–4,270 ms; 13–80 ms), and fluid-attenuated inversion recovery (6,000–8,002 ms; 98–120 ms) images were obtained at the discretion of the attending diagnostic imaging specialist and neurologist. The slice thickness was 1–10 mm. The following MRI features were recorded: SEE location (cervical, i.e., C1–C7 vertebral bodies; thoracic, i.e., T1–T13 vertebral bodies; and/or lumbosacral, i.e., L1–S3 vertebral bodies and cauda equina), the presence/absence of abnormal intramedullary signal, the pattern of epidural material contrast enhancement, the presence of changes compatible with discospondylitis, and the presence of extra-spinal foci of suspected inflammation or infection.

The pre- and post-treatment neurological status was scored using a six-point grading scale [adapted from Scott (44)] based on the information detailed in the neurologic examination form of each dog (at the referral hospital): grade 0 (neurologically normal), 1 (pain without neurological deficits), 2 (ambulatory paresis), 3 (non-ambulatory paresis), 4 (plegia with nociception), or 5 (plegia without nociception). Dogs exhibiting a stiff gait and/or lameness without any further neurological deficits were classified as grade 1. Urinary and fecal continence were assessed separately.

The decision to treat SEE conservatively or surgically was at the discretion of the attending neurologist and dog's owner. Dogs were divided into two groups: dogs treated with spinal cord decompression plus antibiotic therapy (referred in this article as spinal surgical treatment group or surgically treated dogs), and dogs treated with antibiotics alone or combined with abdominal surgery to debride a paraspinal abscess (referred in this article as conservative treatment group or conservatively treated dogs). All dogs received anti-inflammatories [non-steroidal anti-inflammatory drugs (NSAIDs) or glucocorticoids] and analgesia (opioids, lidocaine, gabapentin, paracetamol, or ketamine).

Information regarding complications during hospitalization and duration of hospitalization was retrieved from the medical records. Neurological grade was determined at the time of discharge and at re-examination at the referral hospital 4–8 weeks post-discharge. Long-term follow-up was defined as a follow-up period of at least 6 months and was obtained via the referral centers' or referring practices' medical records and/or postal questionnaires sent to the dogs' owners. The outcome was considered successful if the dog was a functional pet (independently ambulatory, urinary and fecally continent, and considered by their owner to be pain-free with a good quality of life). The outcome was considered poor if the dog was euthanized or died due to SEE, was euthanized or died due to systemic disease potentially associated with SEE, or if it had not become a functional pet by ≥6 months post-discharge.



Statistical Analysis

Descriptive statistics were used to compare clinical presentation and outcome variables between the treatment groups. Fisher's exact test was used to compare categorical data, Mann–Whitney test to compare ordinal data, and two-sample t-test for continuous data (after checking for normality using the Shapiro–Wilk test). For all analyses, a two-sided p-value of < 0.05 was considered significant, and all analyses were performed by a biostatistician using STATA (version 14.2; StataCorp, College Station, Texas, USA).




RESULTS

Forty-one dogs met the inclusion criteria: 24 were initially treated conservatively (including 3 who underwent surgical debridement of a paraspinal abscess without entering the vertebral canal) and 17 underwent decompressive spinal surgery (e.g., minihemilaminectomy, hemilaminectomy, or dorsal laminectomy and debridement of the empyema) shortly after MRI. Two dogs underwent spinal decompressive surgery after failure of conservative management; therefore, the total number of dogs undergoing spinal surgery was 19. These two dogs are included in the conservatively treated group for signalment and clinical presentation, location, and MRI findings, while in the surgical group for neurological status at discharge and outcome.


Signalment and Clinical Presentation

Median age at presentation was 6 years (range, 0.3–13.3years) for all 41 dogs included in the study, 7 years (range, 0.3–13.3 years) in the 24 dogs who underwent conservative treatment, and 4 years (range, 3–11 years) in the 17 dogs that underwent spinal surgery for SEE. There was no significant difference (p = 0.298) in age at presentation between the conservatively and surgically managed groups. Twenty-six dogs were male (17 conservatively treated and 9 surgically treated) and 15 dogs were female (7 conservatively treated and 8 surgically treated). Twenty-one dogs (51%) were entire [16/26 male dogs (61.5%) and 5/19 (26.3%) female dogs]. The most commonly represented breeds included springer spaniels (n = 7), rottweilers (n = 4), German shepherds (n = 4), border collies (n = 3), boxers (n = 3), crossbreeds (n = 2), bull terriers (n = 2), English bulldogs (n = 2), and French bulldogs (n = 2).

In 40/41 (97.5%) dogs, pain, lameness, and a stiff gait were the first neurological signs observed by the dog owners. Other owners reported clinical signs (in the 24 conservatively treated and 17 dogs who underwent spinal surgery, respectively) included lethargy (13/24 and 10/17 dogs), hyporexia (7/24 and 6/17 dogs), paresis (8/24 and 4/17 dogs), diarrhea (3/24 and 1/17 dogs), respiratory distress (2/24 and 1/17 dogs), and weight loss (2/24 and 1/17 dogs). In addition, 1 dog exhibited vomiting.

Information on pre-referral medications was available in 38 dogs (21 conservatively treated and 17 surgically treated dogs). Pre-referral antibiotics were prescribed to 8/21 conservatively treated and 7/17 surgically treated dogs. Pre-referral analgesia was prescribed to all 38 dogs with information available. Corticosteroids at varying doses had been administered to four dogs for non–SEE-related conditions. Three of these dogs had courses >12 months in duration, and one dog had a course for 1 month prior to referral. Clinical signs detected at the time of initial examination at the referral hospital are summarized in Table 1. The only significant finding was that more dogs in the conservatively treated group were ambulatory compared with the surgically treated group (p = 0.048). Other than the ambulatory status, there were no other significant differences in clinical presentation parameters between the two groups.


Table 1. Clinical signs detected at the time of presentation to the referral hospital of 41 dogs with SEE.

[image: Table 1]

Table 1 Clinical signs detected at the time of presentation to the referral hospital of 41 dogs with SEE.

Concurrent conditions detected on presentation to the referral hospitals included (in the 24 conservatively treated and 17 dogs who underwent spinal surgery, respectively) bilateral otitis externa (1/24 and 1/17 dogs), a heart murmur (2/24 and 1/17 dogs), tense abdomen (2/24 and 2/17 dogs), orthopedic signs (5/24 and 3/17 dogs), respiratory distress (0/24 and 1/17), and anal sac abscessation (0/24 and 1/17).

Two dogs in the surgical treatment group had undergone spinal surgery for intervertebral disc herniation prior to development of SEE; one dog developed lumbosacral SEE 749 days following cervical surgery and the other developed SEE at the thoracolumbar surgical site 15 days postoperatively.

The median time from the onset of clinical signs to SEE diagnosis was 12.5 days for all dogs (range 1–76 days), 16 days in conservatively treated dogs, and 11 days in surgically treated dogs.

Of the 41 dogs, only 2 dogs were tetraparetic (grades 2 and 3), 29 dogs were paraparetic (grade 2 in 19 dogs and grade 3 in 10 dogs), 3 dogs were paraplegic (grade 4), and 7 dogs had pain only (grade 1).



Laboratory Findings

Anemia was present in 9/34 (26.5%) dogs that underwent hematology, characterized as mild in 8 dogs and moderate in one other dog. The mean leukocyte count was 17.3 × 109/L (median 17.7 × 109/L, range: 4.5–31.8 × 109/L), reference interval 6.0–18.0 × 109, for all dogs with SEE. Neutrophilia was observed in 19/32 (59.4%) dogs with SEE. A left shift was present in 4/32 dogs. Serum biochemistry panels revealed no significant abnormalities in any dog.

Urine culture was performed in 16/41 dogs and was positive in 2/16 (12.5%) dogs. Pre-referral antibiotic therapy had been administered in 5/16 dogs. The urine culture results were positive for Pasteurella spp. in one dog and both Streptococcus canis and Staphylococcus pseudointermedius in the other dog. Neither dog had received pre-referral antibiotic therapy. Blood cultures were performed in 11/41 dogs. The blood cultures were positive in 7/11 (63.6%) dogs with SEE; six were coagulase-positive Staphylococcus spp. and one was Pasteurella spp. One of the seven dogs with a positive blood culture had been administered antibiotics prior to referral. Of the aforementioned dogs, eight dogs had both urine and blood cultures performed; both cultures were negative in 3/8 dogs (37.5%).

CSF was collected in 10/41 dogs (four lumbar collection, two cisternal, one both lumbar and cisternal, and three undocumented). Analysis revealed neutrophilic pleocytosis in 4/11 samples, proteinosis in 4/11 CSF samples, and/or the presence of bacteria in 2/11 dogs (both a mixture of bacilli and cocci). CSF culture was positive in 2/6 (33.3%) dogs with SEE, with Pasteurella spp. found in one dog (with Pasteurella spp. also grown in the urine and blood) and non-hemolytic Streptococcus spp. found in another dog (urine culture was not performed, blood culture was negative). Neither of these dogs had received pre-referral antibiotic treatment.

Histopathological analysis of abnormal epidural material was performed in 15/19 (78.9%) surgically treated cases and confirmed SEE. Cytological examination of epidural material was performed in 12/19 surgically treated dogs, with bacteria observed in 2/12 cases. In 13/19 dogs, purulent epidural material was cultured. Eight of these dogs had received antibiotics. Bacterial growth was observed in 4/13 (30.7%) cultures; 1/8 (12.5%) dogs that had received antibiotics and 3/5 (60.0%) dogs that had not. The following bacteria were identified (one case each): Enterobacter cloacae, coagulase-positive Staphylococcus spp., coagulase-negative Staphylococcus spp., Salmonella spp., and Pseudomonas aeruginosa. Only one dog had blood, urine, and epidural material cultures all performed, with Escherichia coli and Salmonella spp. found epidurally and negative urine and blood cultures.

No significant differences in laboratory findings were observed between the two groups (Table 2).


Table 2. Laboratory findings of dogs treated conservatively and surgically for SEE at the time of admission to the referral hospital.
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MRI Findings

The sites affected by SEE and the abnormalities detected on MRI are summarized in Table 3. Of the 7 dogs with SEE in more than one spinal region, 6/7 had SEE in the T3–L3 and L4–S3 regions and one dog, with multifocal spinal localization, had SEE at C1–T2, T3–L3, and L4–S3. Intravenous gadolinium was administered to 23/24 conservatively treated and 13/17 surgically treated dogs. Contrast enhancement of epidural material was noted in 35/36 dogs (97.2%). Of the dogs with SEE contrast enhancement, the pattern was uniform/slightly heterogeneous in 24/36 (66.7%) dogs (17/23 conservatively treated and 7/13 surgically treated dogs) and peripheral in 14/36 (39.0%) dogs (9/23 conservatively treated and 5/13 surgically treated dogs).


Table 3. Location and MRI findings of SEE.
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Treatment and Short-Term Outcome
 
Extraspinal Abscess Management

In addition to the SEE, 18 dogs presented with an extraspinal abscess, of which 15 dogs underwent surgery for abscess debridement. Of these 15 dogs having surgery for an extraspinal abscess, eight dogs had an exploratory laparotomy for a sub-lumbar abscess (3 are included in the conservatively treated group and 5 in the spinal decompressive surgery group) and the remainder had the extraspinal abscess surgically explored using the same approach as for the spinal surgery required to treat the SEE. Foreign bodies were identified in 3 dogs, all of which were a grass seed located outside the vertebral canal.



Conservatively Treated Dogs

Antibiotics were administered to all 24 conservatively managed dogs (amoxicillin–clavulanic acid, fluoroquinolones, cephalosporins, metronidazole, and/or clindamycin in 11, 10, 9, 7, and 2 dogs, respectively). Information on the duration of antibiotic therapy was available for 21/24 conservatively treated dogs with a median of 105 days (range: 9–651 days). Analgesia was administered to all 24 dogs (opioids, NSAIDs, gabapentin, lidocaine, paracetamol, and ketamine in 20, 15, 12, 5, 5, and 3 dogs, respectively). One dog presented to the referral center already on an anti-inflammatory dose of prednisolone, and this medication was tapered off over 7 days. Information on the duration of analgesia administration was available for 21/24 conservatively treated dogs with a median of 21 days (range: 0–385 days).

Of the 24 dogs that were initially allocated to the conservative treatment group, two dogs (presenting as grade 1 and grade 2) deteriorated neurologically (both to grade 3) during hospitalization and surgical intervention was deemed necessary. These two dogs were moved into the surgical treatment group with 22 dogs remaining in the conservatively managed group. Both dogs had a good short-term outcome and were ambulatory at discharge. One of these dogs was then lost to long-term follow-up, but the other dog was reported to have a good long-term outcome.

Three dogs (one grade 2 and two grade 3) deteriorated during hospitalization despite conservative treatment and were euthanized at their owner's request prior to discharge, meaning 19/22 conservatively managed dogs survived to discharge. The duration of hospitalization for these remaining 19 dogs managed conservatively ranged from 1 to 17 days (median 5 days), and the neurological status at discharge is presented in Table 4.


Table 4. Neurological status at discharge and long-term outcome of dogs treated conservatively and surgically for SEE.
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Two dogs received physiotherapy in a physiotherapy center for <1–3 months, starting within 2 weeks of SEE diagnosis. One of these dogs also received hydrotherapy.



Surgically Treated Dogs (i.e., Dogs That Underwent Spinal Surgery for SEE)

Two dogs undergoing conservative management deteriorated neurologically and surgery was performed. These dogs are therefore included in the surgical group, meaning the total number of surgically treated dogs is 19 as indicated in Table 4 and the following descriptive statistics. Surgically treated dogs underwent minihemilaminectomy/hemilaminectomy (9/19) or dorsal laminectomy (10/19). Five of these dogs had a concurrent exploratory laparotomy to address an extraspinal abscess. No dog required vertebral column stabilization. A grass seed foreign body, external to the vertebral canal, was identified intraoperatively in 3/19 dogs. Sixteen dogs underwent spinal surgery <24 h after diagnosis.

Antimicrobials were administered to all 19 dogs (amoxicillin–clavulanic acid, metronidazole, cephalosporins, fluoroquinolones, clindamycin, and/or doxycycline in 11, 9, 9, 7, 3, and 1 dog, respectively) with a mean duration of 72 days (range: 11–270 days). Antimicrobial treatment was based on culture and sensitivity in 7 dogs (based on blood cultures in 5 dogs, urinary culture in 1 dog, and both urinary/blood culture in 1 dog).

Analgesia was administered to all 19 dogs (opioids, NSAIDs, gabapentin, ketamine, lidocaine, glucocorticoids, paracetamol, and/or diazepam in 19, 15, 9, 7, 5, 4, 1, and 1 dog, respectively) for a median of 42 days (range: 6–79 days).

One dog, which presented non-ambulatory paraparetic (grade 3), did not improve and was euthanized during hospitalization. The duration of hospitalization for the remaining 18 dogs ranged from 4 to 23 days (median 8 days). The neurological status at discharge was available for all 18 dogs that survived to discharge (Table 4). Urinary incontinence had resolved in the dog that presented with this.



Comparison Between Conservatively and Surgically Treated Dogs

There were no significant differences between the treatment groups with respect to the survival to discharge, neurological grade at discharge, or presence of urinary/fecal incontinence. The hospitalization period for surgically treated dogs was longer than for those conservatively treated and more surgically treated dogs were non-ambulatory on presentation than the conservatively managed group.




Long-Term Outcome

Three dogs were lost to long-term follow-up in each group (six dogs in total) meaning that long-term outcome information was available for 19/22 dogs in the conservatively treated group and 16/19 dogs in the surgically treated group. The long-term follow-up ranged from 12 to 90 months (median 40 months) for conservatively treated dogs and 6–110 months (median 56 months) for surgically treated dogs.

There was no significant difference (p = 1.000) in long-term outcome between the conservatively and surgically treated dogs with a good long-term outcome in 15/19 (78.9%) conservatively treated and 12/16 (75%) surgically treated dogs. There was also no significant difference (p = 1.000) in time from onset of clinical signs to SEE diagnosis between dogs with a poor long-term outcome (onset to diagnosis mean time of 20.1 days) and dogs with a good long-term outcome (onset to diagnosis mean time of 19.4 days). Of the 7 dogs that had multiple regions affected by SEE (5 surgically treated and 2 conservatively treated), one was lost to follow-up and the other six dogs had a good long-term outcome. Mean leukocyte count, age, and ambulation status at presentation were compared between the good and poor long-term outcome groups to see if there were any significant differences. Results are summarized in Table 5.


Table 5. Mean leucocyte count, age, and ambulation status in dogs with good and poor long-term outcome.
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Dogs with a poor long-term outcome were significantly older (p = 0.039) at presentation to the referral center than dogs with a good long-term outcome. Dogs with a successful long-term outcome had a mean age of 5.5 years (median 6.46, range: 0.3–11) and a mean leukocyte count of 17 × 109/L (median 17.5 × 109/L, range: 4.5–31.8 × 109/L), whereas dogs with a poor long-term outcome had a mean age of 8.19 years (median 8.25, range: 0.7–13.25) and a mean leukocyte count of 19.3 × 109/L (median 19.8 × 109/L, range: 13.3–24.5 × 109/L). Mean leukocyte count was not significantly associated with a poorer outcome and the number of dogs who had blood culture was too low to include this in the statistical analysis.




DISCUSSION

To the authors' knowledge, this study represents the largest investigation of canine SEE conducted to date.


Signalment and Clinical Presentation

In our study population, male dogs with SEE were overrepresented (63.4%), with a higher proportion of entire male dogs [16/26 (61.5%)] than entire female dogs [5/19 (26.3%)]. In previous studies on SEE in dogs, there was no apparent age, gender, or breed predisposition (5, 6).

Spinal hyperesthesia was a very common presenting finding (38/41 dogs, 92.7%), in agreement with previous reports in both animals and humans (4–6, 16, 29). Pyrexia at presentation was not common (11/41 dogs, 26.8%). The incidence of pyrexia is less common in our canine population than in the two large human studies, which reported fever in 37–66% of patients with SEE (28, 29).

Surgically treated dogs were significantly more likely to present non-ambulatory (p = 0.048), suggesting that the attending clinicians may have been more inclined to treat surgically non-ambulatory than ambulatory dogs. The extent of the empyema and financial considerations may also have influenced the decision to treat surgically or conservatively.



Laboratory Findings

Positive identification with culture and sensitivity is preferable for antibiotic stewardship and for optimizing outcomes in bacterial infections. In this study 15/41 dogs had received pre-referral antibiotic treatment. There was a higher percentage of positive blood cultures (7/11, 63.6%) than urine cultures (2/16, 12.5%); however, a higher percentage of dogs in the urine culture group had already received pre-culture antibiotics (5/16, 31%) compared with the blood culture group (1/11, 9%). This difference in pre-referral antibiotic treatment may explain the difference in positive culture rates. Over half (4/7) of the dogs with positive blood cultures had a concurrent urine culture and 3/4 of these urine cultures were negative. One dog had the same bacteria identified in both urine and blood cultures. Of the two dogs with positive urine cultures, one dog had the same bacteria (Pasteurella spp.) identified on blood culture and the other did not have a blood culture performed. The sensitivity of blood and urine cultures for identification of causal organisms in SEE requires further investigation, but our findings suggest that blood culture may be beneficial despite a negative urine culture.



MRI Findings

SEE was more common in the lumbosacral (32/41 dogs, 78%) and thoracic vertebral column (22/41 dogs, 53.7%) than the cervical vertebral column (2/41, 4.9%). A possible explanation for the skew toward the lumbosacral vertebral column may be the proximity of the genitourinary tract, mobility within the L7/S1 disc space, and the lumbar region being a common place for sublumbar abscesses and foreign bodies. The L7–S1 intervertebral disc space seems to be the most common individual disc site affected by discospondylitis in a study of 513 dogs with discospondylitis (45).

Concurrent discospondylitis was common in our study population (53.7% of all dogs). This is similar to previous studies of SEE in dogs (5, 6). Discospondylitis is present in 95% of human patients with SEE (46). Discospondylitis was identified significantly (p = 0.012) more frequently in conservatively managed (17/24 dogs, 70.8%) than surgically managed cases (5/17, 29.4%). It is possible that the presence of discospondylitis was a negative factor in the decision-making process for surgery. The clinician may feel that discospondylitis could lead to more chance of instability following spinal surgery. This could lead them to pursue conservative management preferentially in these cases as the use of implants with an active bacterial infection is more prone to complications.

Contrast enhancement of the epidural material was very common in the 36/41 SEE cases that received contrast (35/36 dogs, 97.2%), which would be expected with the pathophysiology of the disease process and is consistent with findings in a previous study on MRI findings in SEE in dogs (6). The contrast enhancement pattern in our study was uniform/slightly heterogeneous in 24/36 (66.7%) dogs and peripheral in 14/36 (39.0%) dogs. The presence of two distinct contrast patterns (both diffuse and peripheral) in our study is similar to that described previously in a paper on MRI findings in five dogs with SEE (6).



Outcome

Despite greater clinical severity at presentation in surgically treated dogs, there was no significant difference in long-term outcome between conservatively and surgically treated dogs (78.9 and 75.0%, respectively). Our study suggests that conservative treatment may be appropriate for dogs with SEE that are ambulatory, provided there is no clinical progression during conservative management. These findings are clinically important because not every animal is a suitable surgical/anesthetic candidate and not every owner is prepared or financially able to pursue surgical treatment.

Most SEE studies in people also fail to demonstrate a significant difference in outcome between conservatively and surgically treated patients (1, 27, 33, 37, 47–51). However, some studies do not comment on the patients' pre-treatment neurological status (47–50), and in most studies, as in ours, surgically treated patients exhibit more severe pre-treatment neurological signs compared with conservatively treated patients (27, 33, 37, 51). Only Curry et al. (30) demonstrated a significant difference in outcome between conservatively and surgically managed patients, with the latter exhibiting a better outcome (13 vs. 60%) (30). Failure of conservative treatment and the subsequent need for surgery has been reported in 9.5–47.8% of human cases (27, 30, 33, 37, 47).

Risk factors for failure of conservative management in humans include diabetes mellitus, a C-reactive protein (CRP) >115 mg/L, a leukocyte count >12 × 109/L, positive blood cultures, age >65 years, the presence of methicillin-resistant Staphylococcus aureus, and advanced neurological deficits (33, 39, 52). No such information exists in the veterinary literature.

As we only had two dogs in this study that failed conservative management, we looked for differences between the good and poor long-term outcome groups with respect to leukocyte count, positive blood culture, age, and neurological status at presentation. Positive blood cultures could not be evaluated statistically due to the small number of dogs (n = 8) having blood culture performed. There were no significant differences between the long-term outcome groups for leukocyte count or neurological status at presentation; however, dogs with a poor long-term outcome were significantly older. Only eight dogs had a poor outcome in our study, which meant that the statistical power in the outcome analysis was low. The percentage of dogs with a poor long-term outcome that presented non-ambulatory or ambulatory is quite different between the groups, and although we did not achieve statistical significance (p = 0.116), this may be a factor that does show significance with a larger sample size. A prospective study with larger case numbers looking at risk factors for poor outcome including CRP, leukocyte count, blood culture, age, and severity of neurological deficits would be indicated in the future to further help in the decision-making process of which dogs should be managed surgically compared with conservatively.

Of the dogs that survived to discharge, most were ambulatory (31/37) at the time of discharge. For the dogs (6/37) that were non-ambulatory at discharge, the exact time to regain ambulation is known in three dogs with a median of 7 days and a mean of 15.75 days (range 7–28 days). All but two dogs with a successful long-term outcome were neurologically normal at the time of data collection. Thus, our study suggests that most dogs that become neurologically normal with a successful long-term outcome are functional pets within a month of treatment initiation.



Limitations

The retrospective design of the study limited the investigation, with biases for data collection and variability in the evaluation of objective clinical outcome measures. A direct comparison of outcomes between the treatment groups must be interpreted cautiously due to the differences in presentation. A more severe neurological grading increased the likelihood of surgical treatment; therefore, the outcome in non-ambulatory dogs receiving conservative treatment is unknown. A prospective study would help to test this aspect more reliably; however, it can be argued that it would be unethical not to provide spinal decompression to dogs with severe neurologic dysfunction when their owners are willing to pursue surgery. Furthermore, the study population was composed of five referral hospital caseloads, potentially introducing bias toward more severe clinical phenotypes and/or owners with fewer financial constraints than the general population. Although larger studies, permitting multivariate analyses, would be very valuable, SEE is a relatively rare condition and obtaining sufficient case numbers is problematic.

Not all clinical presentation, diagnostic, therapeutic, and outcome variables were available for all dogs. As these missing data may have affected the results obtained, this was also a study limitation.

Two dogs failed conservative management (becoming non-ambulatory after initially presenting with neurological grades 1 and 3) and were subsequently treated surgically. Unfortunately, case numbers in this study were insufficient to create a third group, namely, failed conservative management requiring surgery.

Larger prospective studies are required to identify prognostic factors associated with recurrence, treatment failure, and poor outcome in each treatment group.



Conclusions

Our data revealed no significant difference (p = 1.00) in long-term success rates between conservatively and surgically managed dogs; however, significantly more cases within the surgically treated group were non-ambulatory on presentation. This study suggests that conservative treatment may be appropriate for dogs with SEE that are ambulatory at presentation, although a further study evaluating whether dogs that fail conservative management and subsequently undergo spinal surgery also have good long-term outcomes would be indicated.

Despite the limitations of our study, it remains the largest study on spinal epidural empyema to date and the results can help in clinical decision-making and inform discussion with owners of dogs diagnosed with SEE. Further studies are needed to compare conservative and surgical treatment of SEE in a population of dogs with similar clinical presentations to determine prognostic indicators of treatment response and indicators of disease recurrence.
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Case Report: Ventriculoperitoneal Shunting and Radiation Therapy Treatment in a Cat With a Suspected Choroid Plexus Tumor and Hypertensive Hydrocephalus
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A 14-year-old male neutered domestic short-hair cat was presented for a history of behavioral changes and episodes of urinary retention. Neurological examination was consistent with a multifocal intracranial neuroanatomical localization, with suspected right sided lateralisation and suspected raised intracranial pressure (ICP). Brain magnetic resonance imaging (MRI) revealed an intraventricular multilobulated well-defined T2W-hyperintense and T1W-isointense, markedly contrast enhancing mass lesion within the dorsal aspect of the III ventricle extending into the left lateral ventricle, causing hypertensive obstructive hydrocephalus. A ventriculoperitoneal shunt (VPS) was placed within the left lateral ventricle, followed by a radiation therapy (RT) course of 45 Gy total dose in 18 daily fractions. Six-months post-RT, computed tomography revealed mild reduction in mass size and resolution of the hydrocephalus. The patient was neurologically normal with no medical treatment. Raised ICP causes severe clinical signs, can lead to brain ischaemia and herniation, and significantly increases anesthetic risk during RT. Placement of a VPS in cats with hypertensive obstructive hydrocephalus may allow improvement of neurological signs due to raised ICP, and therefore making the patient a more stable candidate for anesthesia and radiation therapy.

Keywords: ventriculoperitoneal shunt, hydrocephalus, choroid plexus tumor, radiation therapy, cat


INTRODUCTION

Radiation therapy (RT) is an established treatment choice for inoperable intracranial tumors in cats (1). Ventriculoperitoneal shunt (VPS) placement has been described for the treatment of obstructive hypertensive hydrocephalus secondary to intraventricular tumors (2–4). To the best of the authors' knowledge, this is the first report of successful VPS placement and subsequent RT treatment in a cat with III ventricle tumor causing hypertensive obstructive hydrocephalus.



CASE PRESENTATION

A 14-year-old, male neutered, domestic short hair cat presented after a 2-month history of episodes of urinary retention and behavioral changes. Before referral, the cat had been catheterised by the referring veterinary surgeon on several occasions after presenting with a distended, not easily expressible bladder. In between these episodes, it was reported that the cat would urinate once every 24 h and no periuria, stranguria or pollakiuria was noticed. There had been a gradual change in behavior, being more affectionate and disorientated at times. The disorientation increased and progressed to colliding into stationary objects the day before referral following sedation for abdominal imaging. Pre-referral, the following medications had been trialed: meloxicam (0.05 mg/kg q24 h PO) given for several days consecutively at various times in the two-month period when clinical signs began, prazosin (0.17 mg/kg q8–12 h PO) given for 7 weeks, two courses of amoxicillin-clavulanic (12.5 mg/kg q12 h PO) for a week each time and dantrolene (0.5 mg/kg q12 h PO). None of these had resulted in resolution of his urinary signs or altered behavior

On clinical exam, vital parameters were within normal limits. The body condition score was 5/9. On cardiac auscultation there was a grade 4/6 left apical systolic heart murmur. No abnormalities were detected on abdominal palpation. Neurological exam revealed mild obtundation and compulsive pacing with a tendency to circle to the right. There were inconsistent proprioceptive deficits mainly on the left side of the body. The menace response and oculocephalic reflexes were reduced bilaterally, and the pupillary light reflexes absent bilaterally. The neurological examination was consistent with multifocal intracranial neuroanatomical localization, with suspected right sided lateralisation. The main differential diagnoses at this stage were neoplasia or inflammatory granuloma.

Systolic blood pressure measurement was 130 mmHg. Serum biochemistry revealed raised creatinine kinase (2,241 U/L, reference range 50–200 U/L), alanine transaminase (111 IU/L, reference range 0–40 IU/L) and alkaline phosphatase (33 U/L, reference range 0–25 U/L). Hematology was unremarkable. Abdominal ultrasonography did not reveal any abnormalities and retrograde urethrocystogram did not show any obvious filling defects of the urethral lumen or urinary bladder. Urinalysis of a sample obtained by cystocentesis revealed a urine specific gravity of 1.042 (reference >1.035), a urine protein: creatine ratio of 2 (reference 0–0.2) and on dipstick evaluation a pH of 6, protein 3+ and hemoglobin-RBC 4+. The urine sample was grossly haematuric. Urine sediment analysis showed the presence of >100 red blood cells (reference <5/hpf) but was otherwise unremarkable. There was no growth on urine bacterial culture. Although glomerular disease could not be completely excluded, given the presence of gross haematuria, together with the absence of hypoalbuminemia, hypercholesterolemia or azotaemia, the increased urine protein:creatine ratio was considered most likely secondary to blood contamination due to the cystocentesis technique (5, 6).

Three-view, thoracic radiographs showed mild cardiomegaly with no radiographic evidence of congestive heart failure. Echocardiography was declined by the owner. Magnetic resonance imaging (MRI) was acquired from a 1.5-Tesla Philips Achieva Magnetic Resonance Imaging Scanner (Phillips Medical System, Eindhoven, Netherlands). Dorsal, transverse and sagittal T2-weighted images, dorsal, transverse and sagittal T1-weighted images plus T1-weighted images with Gadolinium contrast media, fluid-attenuated inversion recovery transverse images and T2*-weighted transverse images of the brain were obtained. MRI revealed a multilobulated, well defined T2-weighted hyperintense and T1 weighted isointense mass measuring 1.7 × 1.3 × 1.5 cm within the dorsal aspect of the III ventricle. There was marked heterogenous contrast enhancement. The mass extended within the left lateral ventricle and compressed the rostral aspect of the cerebellum caudally, the inter-thalamic adhesion rostro-ventrally and the pons ventrally. The lateral ventricles and olfactory recess were severely distended with normal signal intensity and sulcal effacement was noticed through the forebrain (Supplementary Figure 1). The MRI was consistent with an extra-axial mass within the III ventricle causing obstructive hypertensive hydrocephalus. The main differentials were a choroid plexus carcinoma/papilloma, ependymoma, subependymoma, meningioma, neurocytoma, pilocytic astrocytoma and oligodendroglioma. The collection of a cerebrospinal fluid (CSF) sample was not performed as it is contraindicated in cases of raised intracranial pressure as it increases the risk of brain herniation (7).

Treatment with 0.1 mg/kg of dexamethasone intravenously and 1 g/kg of mannitol intravenously was commenced followed 24 h later by 1.1 mg/kg of prednisolone PO q24 h and prazosin at 0.17 mg/kg PO q8 h which was continued until surgery 5 days later. At admission for surgery, the demeanor was slightly brighter, but the neurological exam was similar to presentation. No more episodes of urinary retention were observed. Under general anesthesia, a lateral approach to the parietal bone was performed. The temporal muscle was retracted, and a small, circular craniotomy was performed. The shunt was placed within the left lateral ventricle to the abdominal peritoneum (miniNAV® SHUNTSYSTEM with pediatric burrhole reservoir and differential pressure unit of 10 cm H20). The craniotomy was sutured routinely without complications. Under the same anesthesia, a computerized tomography (CT) (Siemens Somatom Spirit) at 2 mm slice thickness and 1 mm collimation confirmed successful placement of the VPS and radiation therapy planning was performed. Intraoperatively, 20 mg/kg IV cefuroxime was given every 90 mins. After the procedure and overnight, treatment included 2 ml/kg/h of Hartmann's solution, 1 mcg/kg/ medetomidine as a constant rate infusion and 0.1 mg/kg methadone according to pain score using the Glasgow Feline Composite Measure Pain Scale.

The day after VPS placement, neurological exam had improved. There was still a tendency to circle to the right. The menace response and proprioception were normal and there were bilaterally reduced pupillary light reflexes. Twenty-four hours after surgery an episode of opisthotonos and ear twitching was observed. Seizure activity was suspected and 22 mg/kg of levetiracetam q8 h PO was therefore started. Twelve days after VPS placement, RT began. The gross tumor volume (GTV) was contoured to include all contrast enhancing tissue (Eclipse version 15). The clinical target volume (CTV) was agreed by two boarded radiation oncologists and was contoured to include the VPS and the lateral ventricles. A planning target volume of 3 mm was applied in all dimensions (see Supplementary Table 1). A bespoke dental mold bite block was made and fixed to a rigid Perspex positioning bridge. Prescription isocentre was to the midpoint of the PTV. No shielding was used. No bolus was used. Port intervals were performed at regular intervals during treatment. 45 Gy total dose was delivered using 6 MV photons in 18 daily fractions (total length over 23 days). The plan comprised of three wedged beams at G0G90G20.

Post VPS placement, 1.1 mg/kg prednisolone q24 h PO was continued for 2 months before tapering over 10 days and discontinuing. Levetiracetam was continued for 6 months. Six months after RT, no more seizure activity or urinary issues were reported. The behavioral changes had gradually returned to normal. On clinical and neurological examination no abnormalities were detected. Follow-up CT of the head at this time revealed a stable disease (1.7 × 1.3 × 1.3 cm compared with 1.7 × 1.3 × 1.5 cm previously) (Supplementary Figure 2) (8). The cerebellar shape was rounded in sagittal reformat and there was no trans tentorial herniation identified. The lateral ventricles were only slightly distended. The CT confirmed resolution of the hypertensive hydrocephalus.

At the time of writing, 10 months after VPS placement, the cat was on no medication and still according to the owner, free of clinical signs.



DISCUSSION

Choroid plexus tumors are rare tumors in cats, and the reported clinical signs are variable including seizures, blindness and altered mental status (1, 9). Although not mentioned if the cats in these studies had increased ICP, in people and dogs choroid plexus tumors are widely associated with raised ICP (2, 10). Ventricular shunt placement has been shown to significantly improve clinical symptoms of human patients with increased ICP secondary to brain tumors (11). A retrospective case series describing four dogs with brain tumors affecting the III ventricle reported that clinical signs such as abnormal mental status, unlocalizable pain, decreased menace response and impaired vision improved after VPS placement, demonstrating that these clinical signs were likely due to the raised ICP rather than the brain tumors themselves (2). Furthermore, a retrospective study reporting 45 dogs treated with VPS due to hypertensive hydrocephalus found that decreases in ventricular volume and increases in brain parenchyma after VPS placement have been associated with improvement in one or more pre-operative clinical signs in dogs (12). The cat in this case report had an improvement in neurological examination and clinical signs post VPS placement, demonstrating that the raised ICP was likely causing the presenting clinical signs.

There have been no previous reports of urinary retention in cats associated with brain tumors and/or hypertensive hydrocephalus. The micturition process involves the storage and emptying phases of the bladder and is controlled by both the autonomic and somatic nervous system (13). Urinary retention can be caused by both neurogenic and non-neurogenic disease, with the latter due to anatomic urethral outflow obstruction (14). The thorough investigations into bladder function, including urine analysis and culture, abdominal ultrasound and retrograde urethrocystogram, did not reveal a non-neurogenic cause. In the absence of consistent clinical signs or response to appropriate therapy, feline lower urinary tract disease was considered unlikely. Therefore, neurological disease was presumed to be influencing the cat's urine retention, particularly as there was resolution of clinical signs post treatment of raised ICP.

The voiding of urine is coordinated by the micturition center and involves detrusor muscle contraction and urethral sphincter relaxation. Afferent impulses are transmitted to the sacral spinal cord when stretch receptors in the bladder wall are stimulated. These impulses ascend to the pontine reticular formation (the micturition center) and the cerebral cortex. Voluntary control of urination is the response of inhibitory influence from the cerebral cortex, basal nuclei, thalamus, hypothalamus and cerebellum on the micturition center (13, 15). In people, urinary tract retention has been described secondary to structural disorders in the frontal lobe, posterior fossa, hypothalamus, basal nuclei, paraventricular white matter, internal capsule, cerebellum, brainstem and thalamus (16–19). In cats, severe cluster seizures have also been associated with neurogenic urinary retention (20). In our case, the urinary signs resolved when the raised ICP was treated. It is thought that the urinary retention was caused by increased pressure on the intracranial structures involved in micturition, potentially the thalamus due to the location of the tumor. Lesions in the thalamus in people have been associated with urinary retention, but to the best of the authors knowledge, this has never been reported in veterinary medicine (18, 19).

Increased ICP can be caused by trauma, ischaemia or space occupying lesions such as neoplasia, cysts or inflammation. As ICP increases, cerebrovascular autoregulation is impaired causing a decrease in the cerebral perfusion and ischaemic damage. Additionally, there may be herniation of brain tissue and this ultimately can be life threatening (21, 22). The use of anesthetic agents can affect cerebral blood flow and further increase ICP, therefore increasing the chance of fatality (23). Multiple anesthetics are required for RT and so it is vital that increases in ICP are treated before commencing the course.

Medical management of increased ICP involves reducing CSF production through glucocorticoid and diuretics but this often only results in short-term improvement of signs. Electrolytes must be carefully monitored with the use of diuretics, particularly in combination with glucocorticoids, as electrolyte depletion is a common sequalae (21, 24). Frusemide, acetazolamide, mannitol and hypertonic saline have been described, with mannitol and hypertonic saline used in cases where it is required to rapidly reduce ICP (21, 25). Omeprazole has also been proposed as a possible treatment to decrease CSF production. It has been demonstrated in dogs and rabbits that CSF production decreases when treated with omeprazole by ventriculocisternal or intravenous administration (26, 27). However, a pilot study with 15 healthy beagles given oral omeprazole for 14 days suggested that CSF production was not affected by this medication (28). Further studies are therefore required to assess its effectiveness in reducing CSF production in cases of hydrocephalus, thus it was not used in this case. This cat received glucocorticoids and a dose of mannitol (1 g/kg IV) during general anesthesia when the images from the MRI demonstrated obstructive hypertensive hydrocephalus. This was sufficient to stop further deterioration before VPS placement.

Placement of a VPS is often the preferred option for hydrocephalus treatment, although this too comes with various complications such as mechanical shunt failure, infection, hemorrhage and over drainage (2, 21). In human medicine, rarely metastatic spread of neoplastic cells in the CSF through the VPS from the brain to the abdomen have been reported (29). Literature on VPS placement success and complication rate in cats is lacking. One study in human medicine suggested a complication rate of 23.8% in patients treated with a VPS secondary to both communicating and non-communicating hydrocephalus (30). A comparison between dogs with congenital hydrocephalus treated with VPS or medical management showed similar outcomes, although the median follow up time was only 9 months for medical and 15 months for surgical management (31). However, a case series with dogs with hydrocephalus secondary to tumors of the third ventricle found that the ICP measured considerably higher (28 mmHg and 31 mmHg) than the intracranial pressures found in dogs with communicating internal hydrocephalus (mean 8.8 mmHg, range from 3 to 18 mmHg) (2, 32). In these dogs with hydrocephalus secondary to III ventricle tumors, their clinical signs were not improved by medical management but significantly improved after being treated with VPS placement (2). This supports the use of VPS placement in obstructive hypertensive hydrocephalus patients particularly if not responding to initial medical management. In this case, the intracranial pressure of the cat was not measured, but the limited response to medical management in the interim between diagnosis and VPS placement was another indicator to proceed with the VPS placement.

Successful surgical removal of intracranial tumors has been well described in cats (1, 33). Nonetheless, for tumors in less accessible areas, radiation therapy is a viable alternative with one study finding that 95% of cats had an improvement in clinical signs after treatment (1). However, the lack of histological diagnosis for the tumor in this case and therefore the potential response to RT is a limitation of the case report. For tumors in the III ventricle, surgical resection has been successfully attempted in veterinary medicine (34, 35). However, due to the very challenging location, it carries a high rate of complications and post-operative mortality, hence was not attempted in this case (4, 36, 37). There has been one case report of successful surgical removal of a tumor from the III ventricle in a cat which was later diagnosed histologically as an ependymoma. In this particular case, RT was not available and so a left rostral tentorial craniotomy was performed and the III ventricle approached via the dilated left lateral ventricle (35).

Palliative VPS placement has been described in a cat with a later histopathological diagnosed ependymomas causing hypertensive obstructive hydrocephalus. However, the cat presented 6 months later with reoccurrence of neurological signs and was euthanised 10 months after VPS placement due to rapid deterioration (4). In dogs, both RT and VPS placement have been described for the treatment of ventricular tumors, but direct comparison of survival times is difficult due to variations in detailed reports of tumor location and clinical condition (2, 38). Our case presented a rapid improvement and 10 months after diagnosis, the cat was still neurologically normal and free of clinical signs.

This case report describes successful VPS placement in a cat with obstructive hypertensive hydrocephalus due to a mass lesion within the III ventricle. The cat's clinical signs improved after VPS placement and was therefore a more stable candidate for multiple general anesthetics for RT.



CONCLUSION

VPS placement should be considered for cases of obstructive hypertensive hydrocephalus to improve clinical signs and the safety of multiple general anesthetics for RT. The combined treatment of VPS placement and RT makes for good long-term outcomes.
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Background: The usefulness of routine follow-up Magnetic Resonance Imaging (MRI-2) in asymptomatic dogs treated for discospondylitis is unknown.

Methods: This cross-sectional retrospective study investigated the features of MRI-2 in a heterogeneous group of dogs treated for discospondylitis, and if these were associated with the presence or absence of clinical signs. After comparing initial MRI (MRI-1) and MRI-2, an observer, blinded to the dog's clinical signs, described the MRI-2 findings. The study population was then divided into symptomatic or asymptomatic at the time of MRI-2. Two separate observers subjectively classified the discospondylitis as active or inactive. Repeatability and interobserver agreement were evaluated.

Results: A total of 25 dogs were included. At the time of MRI-2 16 (64%) dogs were asymptomatic and 9 (36%) were symptomatic. Based on MRI-2, 20 (80%) and 18 (72%) out of 25 dogs were considered to have active discospondylitis by the first and second observers, respectively. Interobserver agreement was moderate. No MRI-2 features were associated with the clinical status. The subjective classification of inactive discospondylitis was significantly associated with asymptomatic clinical status, but the classification of active discospondylitis was evenly distributed between groups.

Conclusion: This study did not identify a meaningful association between the clinical status of dogs treated for presumptive discospondylitis and MRI-2 results. There were no specific MRI-2 features which were associated with the clinical status.

Keywords: discospondylitis, MRI, vertebral endplate, dog, spine, intervertebral disc


INTRODUCTION

Discospondylitis is an infection of one, or more, intervertebral disc (IVD) spaces and adjacent vertebral endplates (1). The infection may also affect the vertebral bodies and surrounding soft tissues or extend into the vertebral canal and cause epidural empyema (2). Diagnosis of discospondylitis may be challenging as clinical signs are often unspecific (1). Magnetic resonance imaging (MRI) is the most sensitive and specific modality for the detection of infections of the vertebral column in human patients (3, 4) and its use in dogs with discospondylitis has been well documented (5–8).

Treatment for discospondylitis generally consists of administration of antibiotic(s), but surgical intervention may be necessary in some dogs (2, 9, 10). While various antibiotic protocols have been proposed, the appropriate length of the treatment is unknown (1, 11, 12). Relapse of the condition is likely to occur if antibiotics are discontinued prematurely (13). Furthermore, clinical signs and diagnostic imaging findings are often incongruent during disease progression, complicating the decision regarding when to interrupt treatment. Radiographic deterioration of discospondylitis was reported despite improvement of clinical signs in dogs (14).

While MRI is more sensitive than radiography for diagnosing discospondylitis (5, 15, 16), the value of routine follow-up MRI (MRI-2) to assist clinical decision making regarding the appropriate time point of antibiotic therapy discontinuation in asymptomatic dogs has not been evaluated. In human medicine, the usefulness of routine MRI-2 in asymptomatic patients is questionable with multiple studies reporting progressive imaging deterioration despite successful clinical response to the treatment (17–19). In fact, the clinical practice guidelines of the Infectious Disease Society of America do not recommend follow-up MRI in patients with a favorable clinical response to therapy in vertebral osteomyelitis (20).

The aim of our study is to describe MRI-2 features in a heterogeneous group of dogs presumptively diagnosed with discospondylitis and to investigate if there is an association between the MRI-2 features and the clinical status. We hypothesize that MRI-2 findings will be unspecific and not associated with the clinical status.



MATERIALS AND METHODS

The medical records of dogs diagnosed with and treated for discospondylitis by an ECVN board-certified neurologist, or ECVN resident, at Dick White Referrals from 2010 to 2019 were retrieved from the electronic database. Signed owner consent for the use of clinical information was obtained at the time of the animal admission to the hospital. No ethical approval was obtained due to the retrospective nature of this cross-sectional study, and prior acquisition of written owner consent for patient data to be included in scientific studies.

Cases were immediately excluded if: (1) clinical records were not complete up to the time of MRI-2; (2) antibiotics were not administered as part of the treatment; (3) MRI-2 of the affected vertebral column region was not performed at least 28 days from diagnosis.

Of the remaining cases, the MRI study obtained on initial presentation (MRI-1) was reviewed by an ECVDI-certified veterinary radiologist (AC) unaware of the dog's clinical signs. Only cases that fulfilled the criteria for presumptive diagnosis of discospondylitis were included in the study. Specifically, involvement of the intervertebral disc and adjacent vertebral endplates, a short-tau inversion recovery (STIR) hyperintense signal and/or contrast enhancement of the paravertebral soft-tissues and at least one of the following features: presence of a STIR hyperintense signal and/or contrast enhancement of the IVD, STIR hyperintense signal or T2-Weighted (T2w) hypointense or hyperintense signal of the adjacent endplate(s) (6, 7, 21).

Of the final population of dogs included in the study, signalment and clinical information (Table 1), culture results from urine, blood, or affected IVD samples were recorded. The IVD samples were collected by ultrasound-guided percutaneous fine-needle-aspiration or intraoperatively. Treatment following diagnosis was recorded as medical, if only antibiotic therapy and analgesic drugs were administered; or surgical, if surgery preceded the antibiotic therapy. The type of medical treatment following MRI-1, including antibiotic and/or analgesic therapy was recorded, as well as whether antibiotic therapy was continued following MRI-2. The time elapsed between MRI-1 and MRI-2 was also recorded.


Table 1. Demographic information and clinical data of 25 dogs with discospondylitis included in this study.
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The cases were divided into two groups based on the clinical status at the time of MRI-2. Dogs were assigned to the “asymptomatic” group if clinical signs had resolved and MRI-2 was performed only as part of a re-examination, or to the “symptomatic” group if response to the treatment was unsatisfactory due to either clinical deterioration or failure to clinically improve.

Both MRI-1 and MRI-2 were performed under general anesthesia using a low-field, 0.4 T, permanent, open magnet (Aperto Lucent, Hitachi Medical Corporation, Tokyo, Japan) to include the portion of the spinal cord indicated by the clinical neuro-localization on MRI-1, and to include the previously diagnosed discospondylitis site on MRI-2. Dogs were positioned in dorsal recumbency with the pelvic limbs in a neutral position. The first observer (AC), blinded to the dog's clinical status, reviewed the acquired images and documented the location of affected disc space and presence or absence of specific features, all of which are summarized in Table 2.


Table 2. Type of treatment between MRI-1 (magnetic resonance imaging at initial presentation) and MRI-2 (follow-up), defined subjectively as active or inactive discospondylitis after MRI-2 in symptomatic and asymptomatic dogs.
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Two observers (AC and ES), unaware of the dog's clinical status, compared MRI-1 and MRI-2 and subjectively classified each case as active or inactive discospondylitis, based on the overall interpretation of the MRI-2 findings. To assess intra-observer repeatability of this subjective assessment, the images were re-assessed 2 months later by the first observer (AC), and the scores repeated.

Whilst no single feature independently led to a case being assigned “active” or “inactive”, the lack of regional lymphadenomegaly; the lack of STIR hyperintense signal and/or contrast enhancement of the perilesional soft tissues, beyond the tissues dissected during the previous surgical approach; well defined endplates with no-to-mild STIR hyperintensity; lack of STIR hyperintense epidural material; no-to-mild only enhancement of the affected vertebrae; T2-W and STIR hypointense intravertebral discs compared to spinal cord were findings considered to be suggestive of inactive disease. In contrast, regional lymphadenomegaly; STIR hyperintensity and/or contrast enhancement of the perilesional soft tissues, beyond the tissues dissected during the previous surgical approach; ill-defined and effaced endplates with strong STIR hyperintensity; STIR hyperintense epidural material; strong contrast enhancement of the endplates and bodies of the affected vertebrae were features which were considered to be suggestive of active disease (6–8, 21). In cases where the features suggestive of active and inactive overlapped, the classification was awarded based on observer's subjective assessment.


Statistical Analysis

The distribution of continuous variables was assessed using D'Agostino and Pearson test and results are reported as mean ± standard deviation or median [95% confidence intervals (CI)], accordingly. Mann-Whitney U test was used to compare the time between MRI-1 and MRI-2 between symptomatic and asymptomatic groups.

McNemar test was used to analyze paired ordinal variables and to assess the presence of systematic difference between: (1) specific features detected on MRI-1 and MRI-2; (2) presence of active discospondylitis or inactive discospondylitis on MRI-2 between symptomatic and asymptomatic groups; (3) repeatability of identifying active discospondylitis or inactive discospondylitis on MRI-2.

The Cohen's Kappa (k) coefficient was calculated to measure inter-observer agreement.

Fisher's exact test was used to analyze unpaired ordinal variables: (1) type of treatment (medical or surgical) between symptomatic and asymptomatic groups; (2) type of treatment and active or inactive discospondylitis on MRI-2.

A p < 0.05 was considered statistically significant. Odd ratio (OR) and 95% CI, sensitivity and specificity are reported when appropriate.

To study if any of the MRI-2 features were associated with the presence of clinical signs a backward stepwise regression was performed. Variables with variance inflation factor (VIF) > 5 were excluded because of multicollinearity. Hosmer-Lemshow test and Likelyhood ratio test were used to confirm the good fitness of the model used.




RESULTS

A total of 168 dogs presumptively diagnosed with discospondylitis were initially identified, but only 25 fulfilled the inclusion criteria (Figure 1).


[image: Figure 1]
FIGURE 1. Flow diagram illustrating the inclusion and distribution of dogs in this study. MRI, magnetic resonance imaging; MRI-2, follow-up MRI; STIR, short-tau inversion recovery; n, number of dogs.


Demographic and clinical data of the population of dogs included in this study are summarized in Table 1. Spinal hyperesthesia and paresis were reported in 96 and 40% of the dogs, respectively. Clinical signs were present for a median of 30 days before hospital admission. Discospondylitis was naturally occurring in 20/25 (80%) cases and developed after spinal surgery to address spinal cord compression secondary to intervertebral disc disease in 5/25 (20%) cases: 2 dogs following lumbosacral (LS) dorsal laminectomy, annulectomy (1/2) and IVD fenestration (1/2); 2 dogs following IVD fenestration performed at the time of thoracolumbar hemilaminectomy; and 1 dog following a cervical ventral slot. Time between surgery and development of discospondylitis was 9, 30, 75, 93, and 102 days. Dogs who underwent L7-S1 dorsal laminectomy (2/25) were diagnosed with discospondylitis based on clinical deterioration despite lack of neural tissue compression, presence of STIR hyperintense and/or enhancing soft tissues surrounding to the affected IVD, as well as abnormal IVD space and adjacent vertebral bodies (Figure 2). Dogs diagnosed with discospondylitis following thoracolumbar IVD fenestration (2/25) were diagnosed with discospondylitis based on marked IVD and endplate changes, and absence of similar changes in the remainder of the fenestrated discs (Figure 3). The dog that underwent ventral slot was subsequently diagnosed with discospondylitis based on severe endplate changes, characterized by strong STIR hyperintense signal which extended within the vertebral body and heterogenous, ill-defined endplate margins, as well as presence of STIR hyperintense epidural material and lack of neural tissue compression to explain the clinical deterioration (Figure 4).


[image: Figure 2]
FIGURE 2. Midline (A) and 4 mm from midline (B) MRI-1 short-tau inversion recovery (STIR) sagittal images of a dog that developed discospondylitis post-operatively, 4 months following dorsal laminectomy and IVD annulectomy. The diagnosis was based on the combination of severe and progressive clinical signs, lack of significant persistent IVD protrusion causing neural tissue compression and changes affecting the epidural space (arrow-head) and the vertebral body (arrow), and erosion of the end plates.



[image: Figure 3]
FIGURE 3. MRI-1 (A) 2 months post-surgery, and MRI-2 (B) 10 months post-surgery of a dog that underwent L1-L2 left hemilaminectomy and T12-L3 IVD fenestrations. The dog developed marked spinal pain and on MRI-1 (A) there was no evidence of neural tissue compression at the previous IVD extrusion site (L1-L2), and evidence of T12-T13 discospondylitis (large arrowhead) corresponding to a previously fenestrated disc site. Note the lack of STIR abnormalities in the other fenestrated discs (small arrowhead).
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FIGURE 4. MRI-1 (A) and MRI-2 (B) midline sagittal short-tau inversion recovery (STIR) images of the case diagnosed with C6-C7 discospondylitis following ventral slot. One month separates MRI-1 and MRI-2. Note the extensive soft tissue changes (arrowhead) which my be associated with surgical exposure. The degree of effacement and STIR hyperintensity affecting the endplates, as well as the STIR hyperintense material in the epidural space were considered beyond what is expected following surgery. The dog had cervical spinal pain despite lack of obvious neural tissue compression. The dog was “symptomatic” at the time of MRI-2 and both observers classified the case as “active.”


In 56% of the dogs, discospondylitis affected the LS intervertebral disc. Treatment between MRI-1 and MRI-2 was medical in 13 (52%) dogs and surgical in 12 (48%) dogs. Surgical treatment was pursued at the clinician's discretion to address spinal cord compression secondary to disc extrusion or empyema (10/12), and/or curettage and acquisition of samples for culture (10/12). Surgical treatment consisted of: C6-C7 ventral slot revision for curettage and sample collection in 1/12 dogs; T12-T13 hemilaminectomy, spinal cord decompression and IVD fenestration in 1/12 dogs; L2-L3 IVD fenestration and curettage in 1/12 dogs; L3-L4 hemilaminectomy, spinal cord decompression and IVD fenestration in 1/12 dogs; L6-L7 mini-hemilaminectomy, spinal cord decompression and IVD fenestration in 1/12 dogs; exploratory laparotomy to treat a sublumbar abscess secondary to migrating foreign body in 1/12 dogs; lumbosacral dorsal laminectomy, IVD fenestration and curettage in 5/12 dogs; revision of the previous lumbosacral dorsal laminectomy in 1/12 dogs.

Samples for culture of different tissues were taken in 22/25 (88%) dogs. Urine culture was performed in 14/25 (56%) dogs and was positive in 3 dogs: Proteus mirabilis (n = 2) and Escherichia coli (n = 1). A total of 13/25 (52%) dogs had blood culture performed, which was positive in 5 dogs: Staphylococcus species (n = 4) and Acinetobacter species (n = 1). Culture of ultrasound guided fine needle aspirates of the affected intervertebral disc was performed in 2/25 (8%) dogs and resulted negative. A total of 10/25 (40%) dogs underwent surgical sampling of the affected disc and culture was positive in 5/10 dogs: Staphylococcus species. (n = 3), Sphingomonas paucimobilis (n = 1) and Corynebacterium efficiens (n = 1).

Dogs who had a negative tissue culture, or in which no samples were taken, were presumptively diagnosed with discospondylitis based on a combination of history, clinical presentation, neurological examination findings and diagnostic imaging findings.

The median (95% CI) time between MRI-1 and MRI-2 was 123 (28–860) days. In all dogs, STIR and T2-W sequences were performed during both MRI-1 and MRI-2. However, T1-W sequences were not performed in 8 dogs and 4 dogs during MRI-1 and MRI-2, respectively. Contrast (Gadobutrol 1 mmol/ml, Gadovist, BayerⓇ, Germany) at a dose of 0.1 ml/kg was not administered to 10 out 25 (40%) dogs during MRI-1 and 5 out of 25 (20%) dogs during MRI-2. The presence or absence of specific MRI features detected on MRI-1 and MRI-2 are summarized in Table 2.

At the time of MRI-2, 16 dogs were asymptomatic and 9 were symptomatic. The time between MRI-1 and MRI-2 did not differ (p = 0.813) between symptomatic [123(34–620) days] and asymptomatic dogs [136 (28–860) days]. Furthermore, the type of treatment (medical or surgical) following MRI-1 was not different between symptomatic and asymptomatic dogs (Table 3).


Table 3. Magnetic resonance imaging (MRI) features detected on initial presentation (MRI-1) and follow-up (MRI-2) in 25 dogs with discospondylitis.
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At the time of MRI-2 22/25 dogs were receiving treatment, which consisted of antibiotic-therapy in 10/22 dogs, analgesic therapy in 2/22 dogs and a combination of the two in 10/22. All except three symptomatic cases (7/10) were receiving antibiotics and pain relief at the time or MRI-2, and 1/15 cases was receiving analgesic medication alone. Two (2/15) symptomatic cases were not receiving medication. Thirteen (13/15) asymptomatic dogs were receiving antibiotics, which was combined with analgesic therapy in 4/15 cases. One (1/15) asymptomatic case was not receiving any treatment, and one case was receiving analgesic medication alone (1/15).

Based on MRI-2, 20 out of 25 (80%) and 18 out of 25 (72%) dogs were considered to have presumptive active discospondylitis at the first and second assessment by observer 1, respectively (p = 0.62). Observer 2 classified 7/25 (72%) cases as active discospondylitis. The Cohen's kappa (k) coefficient was 0.6 and 0.4 indicating a moderate agreement between the observers on first and second assessment, respectively.

After first assessment of MRI-2 by observer 1, 10/13 medically treated and 10/12 dogs surgically treated dogs were considered to have active discospondylitis (p > 0.99). After the second assessment of MRI-2 by observer 1, 8/13 medically treated and 10/12 dogs surgically treated were considered to have active discospondylitis (p = 0.38). Following attribution of the classification of active and inactive, it was noted that all dogs with lymphadenomegaly (7/25) on MRI-2 had been attributed an active classification. All dogs with soft tissue STIR hyperintensity on MRI-2 (16/25) and 13/14 dogs with STIR epidural hyperintensity had also been classified as active. A total of 17/20 with STIR hyperintense endplates were also classified as active.

A systematic difference between MRI evaluation of active and inactive discospondylitis in symptomatic and asymptomatic dogs was found on MRI-2 after both assessments by observer 1 (Table 3). At first assessment, the sensitivity and specificity of the association between active and inactive scores and symptomatic or asymptomatic clinical status were 40% (21.88–61.34) and 80% (37.55–98.97), respectively. On the second assessment, the sensitivity was 38.9% (20.31–61.38) and the specificity was 71.4% (35.89–94.92).

The antibiotic therapy was continued in 8/15 asymptomatic dogs, 7 of which were considered to have active disease on MRI-2; antibiotic therapy was not continued in 6/15 asymptomatic dogs, 3 of which were classified as active. One asymptomatic case was euthanised due to unrelated disease. The antibiotic therapy was continued in 8/10 symptomatic dogs, 5 of which were considered to have active disease on MRI-2. One (1/10) symptomatic case was euthanised due to disease progression and one (1/10) was not continued on antibiotic-therapy: both cases had MRI-2 classified as active disease.

A total of 4/25 dogs underwent urine (2/4), intervertebral disc (1/4) and blood cultures (1/4): 2/4 of the cases were symptomatic and 0/4 of the cultures were positive.

From the logistic regression, MRI-2 epidural contrast enhancement (p = 0.997), epidural STIR hyperintensity (p = 0.997), endplate T2-W hyperintensity (p = 0.281), endplate STIR hyperintensity (p = 0.998), medical treatment (p = 0.392) were included in the final model and were not associated with the clinical status. Hosmer-Lemshow test (p = 0.78) and Likelyhood ratio test (p = 0.016) confirmed the good fitness of the model used.



DISCUSSION

This study assessed the MRI-2 findings in a group of dogs presumptively diagnosed with, and treated for, discospondylitis. According to our results, no systematic difference was found between MRI-1 and MRI-2 features. There was a systematic difference between the subjective classification of active and inactive disease on MRI-2 and the presence of clinical signs with a sensitivity and specificity of 38.9–40 and 71.4–80% respectively. Whilst a systematic difference was found, these findings illustrate that “inactive disease” on MRI is associated with asymptomatic cases. However, the low sensitivity illustrates the subjective and likely inaccurate imaging classification of “active disease” which was evenly distributed between the symptomatic and asymptomatic groups. Therefore, routine MRI-2 might not provide useful information in asymptomatic dogs treated for discospondylitis in the clinical setting, as no specific features were associated with the presence or absence of clinical resolution.

Despite the low number of dogs included in this study, the population reflected previous findings (1, 12, 22): discospondylitis affected mainly the lumbosacral IVD of intact male dogs; presenting clinical signs were unspecific but spinal pain was the most frequent; Staphylococcus species were the most frequent infectious agents isolated on available tissue samples.

Both MRI-1 and MRI-2 were available to the observers for comparison, as they would be in the clinical setting. Active or inactive discospondylitis scores were attributed based on the presence or absence of a regional inflammatory process, that is commonly used to distinguish a degenerative from an infectious process during the diagnosis of discospondylitis (7, 21–23). However, the authors recognize that the presence of an active infection cannot be discarded purely based on the absence of paravertebral soft tissue changes and regional inflammatory changes (ex: lymphadenomegaly), as resolution of soft tissue infection may precede that of the avascular IVD (24, 25). In the present study, the classification of “inactive” discospondylitis score was mostly attributed to asymptomatic cases. However, this study revealed that while a dog without signs of active disease on MRI-2 is probably asymptomatic, the opposite might not be true: a dog with features interpreted as active discospondylitis on MRI-2 may be symptomatic or asymptomatic, suggesting that presumptive inflammatory changes may be present in the absence of an active infectious process. In addition, asymptomatic dogs were not more likely to have presumptive inactive disease on MRI-2. Especially in clinically improved cases, routine follow up MRI will likely prove challenging to be interpreted and may lead to additional testing or unnecessary interventions. These findings are consistent with previous studies in human medicine in which routine follow-up MRIs in asymptomatic patients were of questionable value (18–20).

While this study was retrospective, interpretation of symptomatic and asymptomatic cases was straight forward in all instances as the clinician clearly specified the clinical status during the request for MRI-2. However, we cannot categorically exclude that some dogs with neural tissue compression secondary to degenerative disease, such as intervertebral disc protrusion, may have been included in the symptomatic group based on the presence of neuropathic pain. Given that neural tissue compression was evenly distributed through the symptomatic and asymptomatic groups, and that the majority of our cases was asymptomatic, it is unlikely that this would have significantly affected the findings of our study. The even distribution of dogs with neural tissue impingement between groups supports the previously reported low association between presence of neural tissue compression and clinical signs in dogs with degenerative spinal disease (26–29).

In the present study, discospondylitis was presumptively diagnosed after 9 to 102 days from spinal surgery in 20% of dogs. To the authors' knowledge, post-operative MRI soft tissue changes have not been described in dogs, and interpretation between the expected normal post-operative inflammation or presence of infection is challenging. In theory, the soft tissue damage and inflammation caused by the surgical approach is foreseeable to cause short- and long-term MRI changes associated with inflammation and fibrosis of the paravertebral tissues, respectively. It is therefore possible that we may have included false-positive cases where the MRI changes were associated with normal post-surgical inflammation and not with an infectious process. However, the presumptive diagnosis of discospondylitis in each case was a combination of history, clinical signs, laboratory data and MRI findings. A study reporting post-operative MRI changes in dogs following lumbosacral dorsal laminectomy described a high frequency of contrast enhancing epidural tissue which suppressed fully on fat saturation sequences (29). In our study, the included post-operative cases were presumptively diagnosed with discospondylitis based on presence of clinical signs indicating neurological deterioration despite previous successful decompressive surgery, absence of neural tissue compression on MRI-1, and changes involving the vertebral endplates and vertebral body beyond the expected following surgery (29). In our study, two dogs developed discospondylitis following L7-S1 dorsal laminectomy, two dogs following thoraco-lumbar hemilaminectomy and one dog following a cervical ventral slot. The soft tissue changes detected on MRI-1 were considered significantly more extensive than expected for a normal post-operative MRI study and, for this reason, they were considered representative of an infectious process (29). Similarly, the dogs treated surgically after MRI-1 could have been a source of bias as the post-surgical soft tissue changes could have been considered a sign of an active discospondylitis process on MRI-2. There was no difference in the proportion of dogs classified with active or inactive discospondylitis on MRI-2 between the treatment groups but it cannot be categorically excluded that a difference may be present with a larger sample size group.

In human medicine, suspected infectious diseases with negative tissue culture, such as spondylodiscitis, vertebral osteomyelitis, sepsis, endocarditis and periprosthetic joint infections, have been widely reported (30–34). In our study, 10 out of 12 dogs in which discospondylitis was treated surgically, had an IVD sample taken. The culture was negative in five of them. Negative culture on canine discospondylitis is not an uncommon finding (5, 9) and the following causative factors should be considered: (1) lack of sensitivity of culture medium to detect all infecting bacteria; (2) different types of infectious organisms (i.e. fungal or parasitic) for which specific cultures were not acquired, (3) prior antibiotic exposure; (4) slow-growing or fastidious bacteria, (5) intracellular bacteria that cannot be cultured with the available methods; (6) sampling error or insufficient sample (30–32). Further studies are needed to understand the driving cause for negative culture on dogs affected with discospondylitis.

Vertebral endplate contrast enhancement is frequently reported in the diagnosis of discospondylitis (7, 21, 22). In the present study, vertebral endplate enhancement was present in all dogs on MRI-2 that received intravenous contrast medium, despite the presence or absence of clinical signs. This finding suggests that vertebral endplate enhancement is likely present in the absence of active infectious disease and may therefore be an unreliable feature when analyzing MRI-2 for evidence of active infection. The underlying reason for the presence of contrast enhancement on a higher proportion of dogs on MRI-2 compared to MRI-1 is unclear. A plausible hypothesis may be the presence of greater vascular supply and increasing granulation tissue associated with healing results in this finding. These findings are in line with previous reports in human literature (18, 20).

In a previous study, a high incidence of contrast enhancement of the vertebral endplates was also reported in reactive, but not infectious, endplate disorders and highlighted that there is overlap between the signal patterns of degenerative, infectious, and neoplastic diseases (21). However, in that study, no dogs had contrast enhancement of the IVD, except if they had discospondylitis. In our study, no difference on IVD contrast enhancement was found between symptomatic and asymptomatic dogs on MRI-2. Intervertebral disc enhancement may, therefore, likely be present in inactive discospondylitis and should therefore be interpreted with caution on follow-up MRI. This finding is further supported by a previous study which reported a high frequency of intervertebral disc enhancement in follow-up MRI in dogs who underwent dorsal lumbosacral laminectomy (29). Neovascularisation of the intervertebral disc during healing is also hypothesized as a potential underlying pathophysiological mechanism for contrast enhancement in cases who have been successfully treated for discospondylitis.

The retrospective nature of this study is a limitation as well as the low number of subjects allocated to the symptomatic and asymptomatic group. This is likely a result of the low incidence of discospondylitis in the general population of dogs (1). Furthermore, as discospondylitis carries an overall good prognosis (1, 12), the ambiguous utility of follow up MRI paired with its challenging interpretation, the need for a general anesthetic, and the associated monetary and emotional implications to the owners, are likely to have been driving causes for the limited number of cases that underwent MRI-2.

The MRI protocols were not standardized and some of the cases did not receive intravenous contrast. This lack of homogeneity likely stems from the fact that once the clinicians involved in the case consider the images diagnostic, they may refrain from performing additional sequences due to monetary restraints, as well as to prevent unnecessary prolonging of anesthesia.

The two observers had a moderate interindividual agreement during the classification of active or inactive MRI-2. The lack of a perfect agreement likely stems from the ambiguity of MRI-2 findings, in part due to the frequent presence of overlapping imaging features which are suspected to represent presence and absence of infection. This finding highlights the importance of combining clinical, laboratory and imaging data during clinical decision making as MRI features alone are subject to individual interpretation. It is possible that the inclusion of a greater number of reviewers or review of serial MRI studies would have yielded different results.

Information regarding patient outcomes following MRI-2, especially in asymptomatic cases, would have been of value to understand if these cases have indeed inactive disease, or if the clinical signs relapsed further down the line indicating persistent infection. Given the retrospective nature of this study and that most dogs were continued on antibiotics despite the classification of “inactive” disease, the ability to draw any conclusions is hindered. Further studies should include a set protocol regarding the length of treatment and interval of time between MRI-1 and MRI-2 so that conclusions can be inferred regarding usefulness of MRI-2 in clinical decision making.

Lastly, considering the influence of field strength on the tissue contrast (35), the changes reported in this study may not be applicable to high field MRI.

In conclusion, this study did not identify meaningful evidence to support routine MRI-2 in dogs treated for discospondylitis and in which clinical signs have resolved. In addition, this study did not identify specific MRI characteristics which are associated with the clinical status of dogs presumptively diagnosed with discospondylitis. The utility of MRI in assessing patients that continue to have clinical signs, and specifically the role of contrast in evaluating these cases, remains unclear at this stage. Considering the small population size, the heterogenicity of the cases and MRI protocols, and the fact that not all dogs received contrast, further studies are required to evaluate the clinical relevance of intervertebral disc and vertebral endplate enhancement on follow-up MRI.
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This case report describes the diagnosis, management and outcome of three dogs with peripheral nerve sheath tumors (PNSTs) involving the brachial plexus, C7 (case 1), C8 (case 2), and C8 and T1 (case 3) spinal nerves and nerve roots with intrathoracic invasion. Surgical resection required thoracic limb amputation and removal of the first rib, facilitating a novel lateral approach to the spinal nerves and foramina in all cases. This was followed by hemilaminectomy and rhizotomy in cases 1 and 2. Adjunctive radiotherapy was then performed in all dogs. All three dogs regained a good quality of life in the short-term following surgery. Two were euthanased after 3 and 10 months, following detection of a pulmonary mass in one case and multiple thoracic and abdominal masses in the other. The third dog was alive and well at the time of writing (7 months post-surgery). This surgical approach facilitated good access and allowed gross neoplastic tissue to be resected. The ease of surgical access was dependent, to a degree, on the size of the patient. This surgical approach can be considered in cases of PNSTs involving the caudal cervical or cranial thoracic spinal nerves and nerve roots. Adjunctive radiotherapy should be considered as part of a multi-modal approach to these challenging tumors due to the difficulty of achieving clean margins, particularly proximally, even with optimal surgical access.

Keywords: peripheral nerve sheath tumor, surgery, radiotherapy, dog, brachial plexus


INTRODUCTION

Peripheral nerve sheath tumors (PNSTs) are malignant mesenchymal tumors arising from the myelin sheath or connective tissues surrounding nerves. Historically, terms such as Schwannoma and neurofibroma have been used (1, 2). Since 2013, World Health Organization guidelines have suggested the use of the term peripheral nerve sheath tumor in human medicine (3), and veterinary nomenclature has followed this lead.

In dogs, PNSTs most commonly affect the brachial plexus and its contributing spinal nerves, and less frequently the pelvic limb (4). Typical clinical signs are insidious and include progressive lameness, monoparesis, muscle atrophy, a palpable mass and pain of variable severity (4–9). A presumptive diagnosis is usually achieved via CT (7) or MRI (8), or less commonly ultrasound (10), with or without confirmation via biopsy or fine needle aspirate (11).

Common treatment options for PNSTs include surgery with or without radiotherapy, and palliative therapy. Optimal treatment for canine brachial plexus tumors is not supported by strong evidence, and is also debated in human medicine (12). Surgery as the sole treatment in dogs has been associated with a poor prognosis due to short times to recurrence and death, reported to be 7.5 and 12 months, respectively (4). With nerve root involvement, the mean disease-free interval is 1 month and survival time around 5 months (4). However, short disease-free and survival times are not universal, and cases have been reported in which surgery has conferred prolonged survival and excellent quality of life. This appears to be particularly associated with complete mass resection (6). Where complete resection is not possible, there is some evidence that the use of adjunctive radiotherapy prolongs disease-free and survival times (13). Radiotherapy as a sole treatment appears to give a similar outcome to surgery alone (9).

Surgical resection is challenging when the caudal cervical and cranial thoracic spinal nerves and nerve roots are involved due to three main factors: the presence of the scapula, vertebral canal involvement and potentially intra-thoracic extension. A lateral approach to resect PNSTs involving the C6–C7, C7–T1, and T1–T2 intervertebral foramina, with intra-thoracic extension, has not been described. Here, we provide a description of the clinical presentation, imaging findings, surgical procedures, radiotherapy and outcome in three dogs with PNSTs involving the brachial plexuses, first rib and C7, C8, and T1 spinal nerves.



CASE 1


Signalment and Clinical Presentation

A 12-year old, female neutered West Highland White Terrier weighing 9.25 kg presented with a 5-month history of progressive left thoracic limb lameness and pain that had shown no response to meloxicam and a mild, short-lived response to gabapentin. Neurological examination was limited due to the severity of the dog's pain. Left thoracic limb non-weight bearing lameness was observed. There was marked discomfort upon any attempt to touch the left thoracic limb. There was severe wastage of the left thoracic limb musculature. No other neurological deficits were present. Hematology and biochemistry profiles were unremarkable.



Imaging

A pre-referral CT scan of the thorax and thoracic limbs revealed a poorly defined, soft tissue attenuating mass extending from the left axilla dorsally as a thick cord toward the vertebral canal (Figure 1). It passed through the widened C6–C7 intervertebral foramen to form a mass that compressed and displaced the spinal cord to the right. The mass was closely associated with the first rib and invaded the entrance to the thorax. There was no evidence of pulmonary metastatic disease.


[image: Figure 1]
FIGURE 1. Left, case 1: transverse CT image at the level of the C7 vertebral body. There is a large, irregular soft tissue attenuating mass in the left axilla (outlined) which extends dorsally (arrowheads) through the enlarged C6–C7 intervertebral foramen to enter the vertebral canal. Middle, case 2: transverse CT image at the level of the C7–T1 intervertebral formamina showing a large, irregular mass (asterisk in its center) in the left axilla, extending proximally (arrowheads) through the C7–T1 intervertebral foramina to enter the vertebral canal. Right, case 3: transverse T1 weighted post-contrast image at the level of the mid T1 vertebral body. The right C8 spinal nerve (arrowheads) is enlarged and irregular and shows mild, homogenous contrast uptake. The right side of the dog is on the left side of each image.




Surgical Procedure

Thoracic limb amputation and rib resection were performed following previously described techniques (14). An incision was made over the scapula and in a circumflex manner around the left thoracic limb (Figure 2). The cephalic vein was ligated and divided where it passed deep to the cleidobrachialis muscle. The omotransversarius, trapezius, rhomboideus and serratus dorsalis muscles were incised at their insertions on the scapula. At the caudal aspect of the axillary space, the insertions of the latissimus dorsi, teres major, and cutaneous trunci muscles were transected at their insertions on the teres tubercle of the humerus. With the dorsal aspect of the scapula held in abduction, the thoracodorsal, axillary and lateral thoracic arteries, and brachial, thoracodorsal, and axillary veins were ligated and transected. The superficial and deep pectoral muscles were transected from their insertions on the humerus. With the scapula abducted, the mass could be visualized medial to it. The carotid, jugular, esophagus and vagosympathetic trunk were identified and were not invaded by the mass. The mass was encircling the first rib. The rib and mass were isolated from surrounding soft tissue and the intercostal artery ligated dorsally and ventrally. The tubercule and head of the rib were disarticulated and an osteotomy was performed distally using bone cutters. A combination of sharp and blunt dissection was performed around the mass (Figure 3). The abnormal spinal nerve was identified and transected just ventral to the vertebral body allowing removal of the distal part of the mass, the rib and the limb. The table was tilted from horizontal to around 20 degrees toward the vertical plane, improving access and visualization for the following part of the surgery. The approach to the hemilaminectomy was made by bluntly dissecting, cutting or cauterizing the serratus ventralis, deep scalenus, longissimus cervicis, intertransversarii dorsalis, and intermedius cervicis muscles. A C6–C7 hemilaminectomy was then performed. The mass could be visualized compressing and invading into the spinal cord. A rhizotomy was performed as close to the spinal cord as possible and the abnormal spinal nerve was resected. The surgical site was copiously lavaged prior to placement of a chest drain and routine closure.


[image: Figure 2]
FIGURE 2. Patient positioning prior to surgery. Both thoracic limbs are retracted caudally to allow the surgeon closer and more comfortable access. The dog is held securely to the table using tape and elasticated bandage, to prevent movement when the table is tilted. Sandbags (not visible in this image) are placed under the dog's cervical region to maintain the vertebral column in horizontal alignment. The yellow line shows how the initial incision is performed- dorsoventrally over the spine of the scapula and then in a circumflex manner around the limb.



[image: Figure 3]
FIGURE 3. Intraoperative image from case 2 showing a large ovoid axillary mass (circled) with extension (arrow) toward the C7–T1 intervertebral foramen. The star shows the medial aspect of the scapula. The forceps in the surgeon's right hand show the region of the osteotomised rib.




Recovery and Follow-Up

The dog was bright and comfortable the day following surgery, was eating well and was able to stand unaided. The dog was discharged 2 days after surgery. Two weeks later, definitive intent radiotherapy was performed (51 Gy over 18 daily fractions). The dog was reported to be bright and happy at home for a further 6 weeks, before acutely becoming painful. There were no obvious neurological deficits on re-examination, but the dog was painful on being handled. Thoracic radiographs were performed which revealed a single 2.5 cm diameter well-defined soft tissue opacity in the right middle lung lobe most consistent with a neoplastic mass. The owner declined further investigations including advanced imaging and biopsy of the mass and instead requested euthanasia, declining post-mortem.




CASE 2


Signalment and Clinical Presentation

A 7-year old, male entire, English Springer Spaniel weighing 20 kg presented with a 10 month history of progressive left thoracic limb lameness unresponsive to meloxicam and gabapentin. Examination revealed non-weight bearing lameness of the left thoracic limb. In this limb, the postural reactions were absent, the withdrawal reflex was incomplete and the muscle mass was markedly reduced. The cutaneous trunci reflex was present on the right and absent on the left. Miosis and third eyelid protrusion was seen in the left eye (partial Horner syndrome). A firm, round, painful mass was palpable in the left axilla. Hematology and biochemistry profiles were unremarkable.



Imaging

Pre-referral CT of the neck, thorax, and elbows had revealed the presence of an ovoid, 8 × 7 cm diameter soft tissue attenuating mass in the left axilla, extending to the thoracic inlet where it displaced the trachea, esophagus, common carotid, and left subclavian arteries. It surrounded the left axillary artery and circumference of the first rib, where it was causing cortical lysis and periosteal reaction. The C8 spinal nerve was thickened and was extending into the vertebral canal where it was indenting the spinal cord (Figure 1). The axillary portion of the mass showed marked contrast enhancement and the abnormal C8 nerve showed mild contrast enhancement. There was no evidence of pulmonary metastatic disease.



Surgery

Forequarter amputation and first rib removal were performed in the same manner as in case 1. The mass was followed proximally and the abnormal C8 spinal nerve identified, prior to transecting it and removing the distal part of the mass and the limb. The approach to the hemilaminectomy site was as in case 1. A left C7–T1 hemilaminectomy was then performed. The enlarged C8 nerve roots were resected ~1–2 mm distal to their attachment to the spinal cord, which appeared macroscopically normal. Lavage, chest drain placement and closure were performed as in case 1.



Recovery and Follow-Up

The dog was comfortable the day following surgery and was discharged after 5 days. At 2-week re-examination there were no neurological abnormalities present and the Horner syndrome had resolved. Definitive intent radiotherapy was then performed (49.4 Gy over 19 daily fractions). Adjunctive metronomic chemotherapy (cyclophosphamide 50 mg/m2/48 h) and meloxicam (0.1 mg/kg/24 h) was started 3 months post-surgery. The dog was reported to be well, without obvious abnormalities, for 9 months, before becoming acutely dyspnoeic. Investigations revealed multiple thoracic and abdominal masses, which were not sampled, leading to euthanasia.




CASE 3


Signalment and Clinical Presentation

A 10-year old, male neutered, Labrador weighing 39.7 kg was presented with a 3 month history of progressive right thoracic limb lameness and paresis. Examination revealed intermittent non-weight bearing lameness, severe paresis, spontaneous knuckling, absent postural reactions, reduced withdrawal reflex, and poor muscle mass in the right thoracic limb. No obvious discomfort or masses were detected on palpation. Hematology and biochemistry profiles were unremarkable. The clinical signs progressed despite 2-week courses of gabapentin (8 mg/kg/8 h) and prednisolone (0.5 mg/kg/24 h).



Imaging

Pre-referral radiographs of the thorax, cervical spine, and thoracic limbs were normal. MRI of the cervical and cranial thoracic vertebral column, spinal cord and brachial plexuses revealed that the right C8 and T1 nerve roots, spinal nerves, and brachial plexus were enlarged and irregularly marginated, were STIR hyperintense, mildly T2 hyperintense and T1 isointense compared to normal muscle, and showed mild contrast enhancement (Figure 1). The abnormal T1 spinal nerve was closely associated with the first rib. No obvious spinal cord involvement was observed. There was no evidence of pulmonary metastatic disease.



Surgery

Forequarter amputation and first rib removal were performed in the same manner as in case 1. The enlarged, hard and nodular brachial plexus and C8 and T1 spinal nerves were identified and followed proximally, then transected, allowing removal of the distal part of the mass. The approach to a planned C7–T2 hemilaminectomy was similar to that described in case 1, though the size of the patient made muscle dissection and retraction challenging. The C7–T2 vertebrae were identified and the hemilaminectomy was commenced but during drilling significant hemorrhage occurred from the vertebral venous sinus. The drilling of the hemilaminectomy window was incomplete at this stage and it was thought that the sinus was displaced due to the presence of the mass. Bleeding was controlled using bone wax and fibrillar collagen (Lyostypt). Given this complication, the decision was made to discontinue with the hemilaminectomy and transect the abnormal nerves as close as possible to their entry to their respective foramina. Lavage, chest drain placement and closure were performed as in case 1.



Recovery and Follow-Up

The dog was comfortable the morning following surgery and was discharged after 4 days. At 2-week re-examination there were no neurological abnormalities present. Definitive intent radiotherapy was performed (50 Gy over 20 daily fractions). At time of writing, 7 months after surgery, the dog was coping well on three legs without any other abnormalities.




HISTOPATHOLOGY

All three masses showed similar histopathological features. All were moderately cellular and composed of fusiform cells arranged in intersecting bundles, streams and whorls, supported by a moderate amount of fibrovascular stroma. Neoplastic cells had indistinct borders, a small to moderate amount of pale eosinophilic cytoplasm, ovoid nuclei with finely stippled chromatin and 1–2 distinct nucleoli. There was moderate anisocytosis and anisokaryosis with 4–19 mitotic figures in 10 400 × fields. There was individual cellular and regional necrosis. There were areas of myxomatous fibrovascular stroma and peripheral infiltration of lymphocytes. In cases 1 and 3 the mass was unencapsulated whereas that in case 2 was encapsulated. In cases 1 and 2 neoplastic cells were seen extending to the borders of the nerve root samples. In case 2 neoplastic cells were also seen in adipose tissue surrounding the nerve roots. In case 3, neoplastic cells were separated from the peripheral tissue borders by a rim of adipose tissue, ~1 mm in width, with no neoplastic cells at the proximal border. The histopathological diagnosis in all three cases was malignant PNST.



DISCUSSION

This report demonstrates the feasibility of a lateral approach to remove PNSTs involving the C7, C8, and T1 spinal nerve and nerve roots, with intra-thoracic invasion. Crucial to the procedure is the input of a multidisciplinary team for limb amputation, thoracotomy and rib removal. Patient positioning and tilting of the table was key as it allowed optimal, adaptable positioning throughout the procedure. The lateral approach facilitated good access, particularly in the two smaller patients, allowing gross tumor resection and in case 3, complete removal.

The objective of the surgery in all cases was to achieve resection of as much of the PNST as possible, while recognizing that complete resection would be very challenging, particularly in cases with spinal cord involvement. Hence, adjunctive radiotherapy was recommended. We sought to follow the principle of oncological surgery of reducing tumor burden as far as possible, thereby increasing the efficacy of non-surgical adjuvant therapies intended to eliminate microscopic disease, and consequently reducing the likelihood of local spread or widespread metastasis (15). In case 3, the planned hemilaminectomy part of the procedure was not completed due to hemorrhage from the vertebral venous sinus, which may have been distorted or displaced. It was considered safer to control hemorrhage and resect the tumor as close as possible to the foramina, rather than persist with the hemilaminectomy. The approach to the hemilaminectomy site was challenging in this particular case. This was because of the patient's large size and muscle mass, which limited visualization and made it difficult to adequately retract the muscles. While it is possible to perform a caudal cervical or cranial thoracic hemilaminectomy in large dogs, it is considerably more difficult and time-consuming than in smaller patients.

This surgical procedure was planned to permit optimal access for efficacious tumor removal. It did not, however, lead to complete proximal resection in cases 1 and 2. It is possible that performing a durotomy would have allowed more neoplastic tissue to be removed. Durotomy in these cases, while possible, would be challenging as the extent of the hemilaminectomies had to be relatively conservative. This was due to limitations imposed by muscle mass and vascular anatomy. The vertebral venous sinuses were likely to be displaced due to the enlarged infiltrated nerve root and had to be avoided. The vertebral artery and vein located within the transverse foramen of C6 were another impediment to ventral access (16). Durotomy may have led to iatrogenic damage to the spinal cord and, given the locally invasive nature of these tumors, durotomy is unlikely to permit complete resection in cases with intramedullary invasion.

Despite the decision not to proceed with a hemilaminectomy in case 3, this was the only tumor that was completely removed. On the basis of the MRI, nerve root involvement was thought possible and the clean histological margins were unexpected. It is possible that MRI is relatively non-specific for detection of nerve root involvement. Abnormalities on electromyography (EMG) of the epaxial muscles in dogs with PNSTs have been shown to be significantly associated with nerve root or spinal cord involvement (5). Interpreting EMG findings alongside advanced imaging may, therefore, provide superior information regarding nerve root and spinal cord involvement compared to imaging alone and should ideally be performed in cases of PNST.

In order to remove the thoracic limb to permit access and visualization for the hemilaminectomy, the affected spinal nerve had to be transected, contrary to the broad principle of oncological surgery of avoiding incision into macroscopic tumor (17) which could potentially lead to tumor cell seeding. We do not have evidence of local tumor recurrence in any of our cases. Tumor seeding was therefore not documented to have occurred, despite incision into the neoplastic nerves. However, tumor regrowth may have been delayed by radiotherapy, rather than completely inhibited, and its possibility cannot be discounted, particularly in the absence of follow-up imaging.

Due to the difficulty of clean resection, radiotherapy may be valuable in cases of PNST with involvement of the vertebral canal. Radiotherapy could be considered even in cases with clean histopathological margins, due to the typical narrow margin of resection and the possibility of “skip” lesions (18). These are foci of neoplastic cells in tissue surrounding the primary mass, that are not connected to it- essentially, they are local metastases that may not be apparent on imaging or during surgery. Inadvertent damage to local tissue, including that of the central nervous system is a rare but potentially serious complication of radiation therapy in the vicinity of the spinal cord (19). Measures taken to mitigate this risk include meticulous radiotherapy planning with precisely targeted and conformed delivery, administration of multiple, low-dose fraction, and administration of anti-inflammatories to address the inflammatory component of radiation injury. These measures were taken in all our cases.

The immediate post-operative outcome in all cases was favorable as relief of pain occurred very quickly in both painful dogs (cases 1 and 2) and case 3 has continued to enjoy an excellent quality of life. In case 1 and 2, good quality of life was achieved but this was only of relatively short duration due to the development of masses in the lungs (cases 1 and 2) and abdomen (case 2). The disease-free and survival times in these two cases fell in the range that have been previously reported for surgery (4) and radiotherapy (9) alone.

It could not be determined whether the new masses in cases 1 and 2 were related to the PNSTs, as post-mortem, and histopathology were not performed. While PNSTs are typically described as of low metastatic potential, distant metastases have occasionally been reported (20), and concurrent lung masses were found in 3/24 dogs with a histologically confirmed PNST (7). It is likely that metastatic potential exists in dogs with PNST and owners should be informed of this before embarking on invasive and expensive treatment. The signs of deterioration in case 1 (i.e., vocalizing in pain) are not typical of a lung lesion so it is possible that other undetected pathology was present, or even local recurrence of the PNST, though this remains speculative in the absence of further imaging, histopathology of the lung mass, or post-mortem.

Other possible differential diagnoses for the brachial plexus lesions in these cases included neuritis and lymphoma. Neuritis was thought unlikely as this would not typically be associated with intrathoracic involvement as seen in cases 1 and 2. In case 3, the clinical signs progressed despite corticosteroid administration, making inflammatory disease less likely. Lymphoma was also a possibility, though brachial plexus lymphoma appears to be very rare in dogs. It may occur as part of a more widespread neoplastic disease (21). In our cases, PNST was the most likely differential diagnosis for a single localized mass lesion affecting the brachial plexus region. Biopsy would ideally have been performed prior to radical surgery. Biopsy was discussed with, offered to, and declined by all owners prior to proceeding with radical surgery. In cases 1 and 2, pre-referral CT, rather than MRI, was performed. It is possible that MRI might have allowed more accurate assessment of spinal cord invasion and therefore superior pre-operative planning compared to CT. On the other hand, CT does have advantages over MRI including its speed, wider availability and capacity for detailed assessment of the thorax in the same procedure. Repeat advanced imaging would ideally comprise part of the follow up in cases of PNST; this was not performed in our cases. A topic of interest with respect to advanced imaging in cases of human PNST is the use of MRI to distinguish benign from malignant lesions (22). This has not been reported in dogs, but extrapolation to canine cases merits future investigation.

At our clinic, chemotherapy has generally not previously been employed for PNSTs, due to assertions (2, 4) that these tumors are not typically widely metastatic. Local treatment has therefore been thought to be more appropriate. In case 2, chemotherapy was instituted at a different center, chosen by the owner for follow-up care for geographical reasons, and the rationale for the decision to use chemotherapy was not available to us. Unfortunately, this case developed suspected metastatic disease despite chemotherapy. It is unknown whether the use of chemotherapy had any efficacy- it may not have been beneficial; conversely, it may have delayed the onset of the suspected metastatic disease. The metastatic potential of PNST is unknown, and a large number of cases, systematically screened for metastatic disease, would be required for clear information on this.

Very little information is available regarding chemotherapy for canine PNST. Some response has been reported in isolated cases treated with nitrosylcobalamin (23), and cyclophosphamide with piroxicam (20). Chemotherapy is used in some human PNSTs, with doxorubicin and cyclophosphamide/ifosfamide showing the greatest efficacy (12, 24–26) though the evidence supporting the use of conventional chemotherapeutic agents is mixed (27). Novel molecular-targeting agents that target growth factor and other receptors involved in oncogenesis and tumor proliferation (12, 28–32) have been described, though clinical benefit has not yet been reported. Gene-based therapies, currently under investigation in a laboratory setting, are another area of interest (12). Importantly, the efficacy of chemotherapy in human PNST is profoundly affected by the patient's neurofibromatosis type 1 (NF1) tumor predisposition syndrome status (25). It has been suggested that dogs with PNST may represent a naturally occurring model of NF1, though genetic studies to confirm this are lacking (33). This presents an intriguing topic for future research. The use of chemotherapy for PNST is a subject of debate amongst human oncologists. Information on its use in canine PNST is sparse and is an area that warrants further investigation.

In conclusion, the reported cases demonstrate the feasibility of a lateral approach for resection of PNSTs involving the C7–T1 spinal nerves. The completeness of tumor resection, as well as disease-free and survival times, was variable. Two of three cases developed presumed metastasis or secondary neoplasia, which was unexpected considering previously available data on PNST. The benefit of radiotherapy in addition to surgery remains to be confirmed. A larger study is required to determine the efficacy of this treatment regime for canine PNST.
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Objective: Hypophysectomy in dogs is a difficult surgery that requires specific learning and training. We aimed to evaluate the accuracy of a 3-dimensional printed patient-specific surgical guide to facilitate choosing the entry point in the basisphenoid bone before approaching the sella turcica during transsphenoidal hypophysectomy in dogs.

Methods: Two canine cadavers and 8 dogs undergoing transsphenoidal hypophysectomy for Cushing's disease treatment, involving design and fabrication of a 3-dimensional printed guide. The ideal entry point in the basisphenoid bone outer cortical layer was determined in each dog pre-operatively; its anatomical location was described with a set of measurements then compared to post-operative computed tomography measures describing the location of the outer cortical window created in the basisphenoid bone.

Results: Several guide designs were proposed, and a consensus reached based on surgeons' experience performing hypophysectomy. The device chosen could be applied to the size and shape of skulls encountered in this case series. The pre-planned measurements were comparable to post-operative measurement (there was also no statistical difference), with median of differences <0.1 mm, which we judged as clinically acceptable.

Clinical Significance: Hypophysectomy in dogs is a challenging procedure that has a learning curve and needs to be performed by specialist neurosurgeons. We propose that a low-profile 3-dimensional printed surgical guide can aid the specialist neurosurgeon to locate the burring site of the outer cortical layer of the basisphenoid bone at a pre-defined location and with good accuracy. It does not alleviate the need to understand the anatomy of the region and to know how to create a slot within the basisphenoid bone, which remains essential to enter the sella turcica. This device could help specialist veterinary neurosurgeons wishing to be trained to perform hypophysectomy.

Keywords: 3D printing, computed tomography, companion dogs, pituitary dependent hyperadrenocorticism, neurosurgery, hypophysectomy


INTRODUCTION

Pituitary-dependent hyperadrenocorticism is a chronic, progressive, and eventually fatal condition, present in 80–85% of dogs with naturally occurring hyperadrenocorticism (1–3). It is caused by the presence of a functional corticotroph pituitary mass secreting the adrenocorticotropic hormone (ACTH) and subsequent adrenal cortisol release (4). These tumours are usually classified histologically as adenoma, invasive adenoma, or adenocarcinoma (5). Rarely, they can secrete other hormones such as somatotropin or prolactin, or be non-functional (5, 6). Historically, pituitary masses have been classified using computed tomography (CT) or magnetic resonance imaging (MRI) by the pituitary height (mm)/brain area (mm2) ratio (P/B); a P/B ratio > 0.31 defines enlarged adenomas, whereas a P/B ratio < 0.31 defines non-enlarged adenomas. Enlarged adenomas can cause compression of adjacent brain structures and lead to a variety of neurological signs (7–9).

Treatment of pituitary-dependent hyperadrenocorticism can be medical or surgical with or without radiotherapy. Etiological treatment requires a transsphenoidal craniectomy (i.e., hypophysectomy) to remove the pituitary gland and associated neoplasm. Transsphenoidal hypophysectomy is becoming increasingly popular for dogs with pituitary-dependent hyperadrenocorticism, judging by recent publications, and is considered the treatment of choice for dogs with Cushing's disease (1, 9–17). According to Hanson et al. (12) looking at 150 dogs, a remission rate of 84% is seen after surgery and the 1, 2, 3, and 4-year survival rates are 83.5, 76.1, 71.5, and 67.8%, respectively (12). The same authors extended their data to 306 dogs and found the 1, 2, 3, 4, and 5-year survival rates after surgery to be 86, 79, 74, 72, and 64%, respectively (4). The mortality rate within 4 weeks of transsphenoidal hypophysectomy has been quoted to range from 8.8 to 19% (4, 14). Recently, a 5-point MRI-based grading system for pituitary masses has been proposed by Sato et al. (18), using the height and width of the pituitary tumour, extension cranio-caudally toward the optic chiasm and mamillary bodies, respectively, and extension dorsally toward the third ventricle or inter-thalamic adhesion (18). Sato et al. further classified these lesions as “type A” when there is no involvement of the surrounding arterial circle of Willis or cavernous sinus, and as “type B” when the vascular structures are involved (18). This classification is useful because dogs with grade 1 or 2 lesions can be cured (3 out of 3 grade 1A cases, 3 out of 3 grade 2A cases), grade 3 lesions may be removed fully macroscopically (22 out of 23 grade 3A cases and one grade 3B case) but recurrence can be observed (3 out of 22 grade 3A cases where the lesion had been macroscopically removed), grade 4 lesions can only be partially removed (two 4B cases were incompletely removed and one dog relapsed), and grade 5 were considered not suitable for transsphenoidal surgical treatment because only a partial resection could be expected without cure (18). In the largest case series so far published and capturing 306 dogs with Cushing's disease treated with hypophysectomy, 27 dogs died within 4 weeks and had a median P/B ratio of 0.54 (therefore above the accepted cut-off of >0.31 defining enlarged adenoma), whereas dogs that survived more than 4 weeks after surgery had a median P/B ratio of 0.38 (4, 19). In another large case series of 150 dogs from the same authors, dogs with a pituitary height >10 mm only had a survival rate of 50% in the year after surgery (12). Furthermore, in Mamelak et al. study, 4 dogs had a P/B ratio above 1, and 3 of these dogs died in the first 3 days after surgery, while one survived for 1,095 days (14).

Transsphenoidal hypophysectomy remains a challenging surgery regardless of the size of the mass because of the deep location of the sella turcica at the base of the skull. The surgeon needs to identify an adequate point of entry into the basisphenoid bone, while the space through the open mouth to visualise it is limited. To identify the location of the sella turcica and determine an entry point in the basisphenoid bone, veterinary surgeons have used palpation of the hamuli processes (along with other techniques discussed later), but this is challenging because of the position of the head in the surgery, usually held tilted from horizontal (9, 15, 20). The surgeon can use the inter-sphenoidal suture as an anatomical landmark, but its location varies depending on the dog's skull shape and size, or the location of the emissary vein, although, again, this vein is inconsistently present in dogs (9, 16, 21). The vascular structures (the arterial circle of Willis and cavernous venous sinus) surrounding the sella turcica limit the size of the window that the surgeon can create within the basisphenoid bone (1, 16). If the entry point is too far rostral, one risks entering the pre-sphenoid bone below the optic chiasm, and if the entry point is too caudal, one risks penetrating the promontory of the dorsum sellae and damage to the caudal communicating arteries (1, 4, 12, 14). Large lesions are intimately associated with the vasculature and surgical reports clearly establish occurrence of severe haemorrhage in surgery in dogs with large pituitary masses (4, 12, 14, 20).

The objective of this study was to create a low-profile (i.e., thin) and versatile system that would aid the surgeon to accurately locate the burring site and its size in the outer cortical layer of the basisphenoid bone, before continuing the approach through the basisphenoid bone and inner cortex and into the sella turcica. To achieve this, a 3-dimensional (3D) printed surgical guide was designed for each dog. The location and dimension of the bone window created on the outer cortex of the basisphenoid bone was compared to pre-operatively determined measures.



MATERIALS AND METHODS


Cadaver Study

Two cadavers were donated by the pathology service at the Royal Veterinary College (London, UK) in 2018. Head dissections were performed with the use of a scalpel, periosteal elevator, and Gelpi retractors to incise the soft palate, basisphenoid mucosa and periosteum and allow visualisation of the basisphenoid bone. This was performed first to aid deciding what landmarks could easily be used to hold a surgical guide in place, and secondly, to assess whether dummy guides would permit burring of the outer basisphenoid cortical layer. Given the limited space in the oral cavity, a device occupying the least possible space was a key requirement. A CT scan of both heads was performed with the mouth held open with a 16-s line multidetector CT scanner (Siemens, Somatom Scope, Erlangen, Germany), and the following parameters were applied: pitch 0.6, rotation speed 1.5 seconds, Kvp 130, mAs static 200, slice thickness and number of slices per rotation 16 × 0.75 mm. The oral cavity was held open to avoid contact between the upper and lower arcade teeth, to allow optimal surface rendering of the teeth when reconstructing the images. The 3D printed guides for each cadaver were designed (see result section) and mock transsphenoidal hypophysectomy performed in both cadavers. Another CT scan was then taken after the mock hypophysectomy to cheque the accuracy of the burring sites.



Construction of the 3D Printed Patient-Specific Guide

The burring guides were manufactured by Vet3D (Coventry, UK) using the following protocol. For each case, the CT DICOM images from a medical imaging software (Osirix, Pixmeo, SARL; Geneva, Switzerland) (Figure 1A) were exported to a computer aided design (CAD) software (Netfabb professional, Netfabb GmbH: Parsberg, Germany) and a surface rendered virtual 3D model of the skull was created, which also allowed to 3D print the skull (Figure 1B). To design a patient-specific guide, we focused on the anatomy of the upper arcade including the upper teeth, the basisphenoid bone, hamuli processes of the pterygoid bone, vomer, and pituitary fossa. The skull and the guide were 3D printed in methacrylate photopolymer resin with Form 3 printers using High Temperature and BioMed Amber resin, respectively (Formlabs, Somerville, Massachusetts, United States). The BioMed Amber resin used to print the guide is certified as autoclavable and biocompatible (EN ISO 10993-1:2018; 10993-3:2014; 10993-5:2009). Prior to surgery, the guides and skull model were sterilised in ethylene oxide for 24 h or in an autoclave (121°C for 20 min).


[image: Figure 1]
FIGURE 1. (A) 3-dimensional reconstruction of a canine head in a bone window using DICOM images generated from CT and the medical imaging software Horos; note the hamuli processes, part of the pterygoid bone (plain white arrows) and the basisphenoid bone where a window needs to be burred (dashed white arrow) in the midline between the hamuli processes; (B) 3-dimension printed skull from the DICOM images; note again the hamuli processes (plain red arrows) and the basisphenoid bone where a window has been burred (dashed red arrow) in the midline between the hamuli processes; other anatomical landmarks used for the surgical guide design were the upper teeth (black plain arrow), the hard palate (green plain arrow) and the vomer (green dashed arrow).




In vivo Study

Eight cases were recruited between 2019 and 2022 from two institutions.



Pituitary Imaging

The pituitary lesions and bony anatomy were assessed via CT in all dogs. The CT from one hospital was a 16-s line multidetector CT scanner (Siemens, Somatom Scope, Erlangen, Germany) used with the following parameters: Kvp 130, pitch 0.55, mAs modulation Care Cose 4DTM turned on quality ref 220, rotation speed 1.5 s, slice thickness and number of slices per rotation 16 × 0.75 mm (with both bone and soft tissue reconstruction) and medium sharpening kernel algorithm. Dogs received an intravenous contrast injection of 1.7 ml per kg of body weight of iohexol (Omnipaque; GE Healthcare AS, Norway). The CT scan from the other hospital was a 320-s line multidetector CT scanner (Aquilion One Genesis, Canon Medical Systems). The settings used were pitch 0.625, rotation speed 0.75 s, kVp 120, slice thickness 2 mm, slice interval 1 mm, 40 slices, mA 300. The height of the lesion contained in the sella turcica and the area of the brain taken from the same image (thus defining the P/B ratio) were measured on transverse soft-tissue window post-contrast CT image, using the P/B cut-off of 0.31 to define non-enlarged vs. enlarged pituitary tumours (19). Following pituitary imaging, dogs were recovered from general anaesthetic and returned for surgery when the guide was ready.



Surgical Technique

All dogs were positioned in sternal recumbency with their head held by hooking the canine teeth on a bar supported by a metal frame secured to the surgical table (n = 4, Figure 2) or using a commercially available surgical headframe (n = 4; BrainsightTM, Rogue Research, Canada), while avoiding pressure to the jugular veins, as previously described (1, 8, 15, 16, 20, 22). The mandible was kept hanging to allow opening of the mouth during the different steps of the surgery. The cuffed armed endotracheal tube was attached to the lower jaw and retracted to the side of the mandible out of the surgical field. Following draping, a swab with a radio-opaque marker was placed in the pharynx to prevent leakage of fluids into the airways in 4 dogs. The soft palate was incised with a n°15 blade (n = 4) or monopolar diathermy (n = 4) in the midline (taking care not to section the soft palate along its entire length) following palpation of the pterygoid hamuli processes. Mini Gelpi retractors were placed in the soft palate wound to visualise the palatine mucosa and mucoperiosteum overlying the basisphenoid bone and these were elevated with a freer. The 3D printed guide was then inserted into the oral cavity, adjusting it to the upper arcade molars and making sure that the arm of the guide extended to make contact with the basisphenoid bone (see result section below). Once in place, the air-powered drill was brought in contact with the basisphenoid bone to burr the window depicted by the arm of the surgical guide. During that step, the surgeon needs to maintain the burr hand piece relatively horizontal in order to burr the basisphenoid bone with an angle of ~45 degrees while the head is held tilted in position (Figure 2). Once the margins of the slot were created, the 3D patient specific surgical guide was removed from the oral cavity and the burring was continued through the cancellous bone toward the inner cortical layer until the dura underneath the pituitary gland was visible. Between burring, the surgical field was flushed with sterile saline NaCl 0.9% (B|Braun, Melsungen, Germany). Haemorrhage from the cancellous bone was controlled with bone wax (Ethicon, Johnson&Johnson Medical GmbH, Germany). The dura mater was incised with a n°11 surgical blade, after which the pituitary gland / mass lesion was visible through the incision. The pituitary gland and pituitary neoplasm were slowly and carefully removed as much as possible using blunt dissection and suction. Visualisation of the third ventricle, normal brain tissue or cerebrospinal fluid leak gave evidence of debulking of the mass. The slot created in the basisphenoid bone was covered by an absorbable collagen fleece (Lyostypt, B|Braun, Spain) or a corneal disc from porcine urinary bladder (Vetrix BioSIS ECM-BioSIS Plus+ 15 mm Multi-layer Ocular Discs- Vetrix, West Lafayette, IN 47906 USA) at the end of the surgery. The internal and external layers of the soft palate were closed in two planes with polyglactin suture (Vicryl 2-0 or 3-0, Johnson&Johnson, Belgium).
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FIGURE 2. (A) Photograph of a dog positioned in theatre with the head attached by the canine teeth to a metallic bar; note the head is therefore tilted from horizontal; (B) post-operative reconstructed sagittal CT image in a bone window showing the angulation required for burring with the handheld drill into the basisphenoid bone.




Pre- and Post-surgical Measurements of the Burring Site

Pre-operatively, we defined and measured (Figures 3A,B): (i) the distance between the vomer and the rostral aspect of the burring window depicted by the guide (named A1); (ii) the length (named B1) and the width (named C1) of the burring window into the basisphenoid outer cortical bone layer, as depicted by the guide in place; and (iii) the length of cortical bone removed from the second cortex forming the sella turcica (in a sagittal plane, named D1) and chosen to be the same as B1 (Figures 3C–E). All cases underwent a post-operative CT-scan [before and after intravenous injection of iohexol contrast at a dose of 1.7 ml/kg (Omnipaque, GE Healthcare, USA)] immediately after surgery to assess completeness of the hypophysectomy (Figure 3F). From the DICOM images, the following parameters were measured again (see Figures 4A,B): (i) the distance between the vomer and the rostral aspect of the achieved burred window in the basisphenoid outer cortex (named A2); (ii) the length (named B2) and width (named C2) of the achieved window in the basisphenoid outer cortex, and (iii) the length of cortical bone removed from the second cortex forming the sella turcica, named D2. Assessment of the accuracy of the burred window was evaluated by comparing the pre- and post-operative measures.


[image: Figure 3]
FIGURE 3. (A) Sagittal section of the skull visualised with the CAD software Netfabb professional (rostral is to the left in the figure); cortical surfaces appear in yellow and the 3-dimensional printed guide in place is in grey: the distance between the vomer and the rostral aspect of the burring window depicted by the guide (A1) was measured by drawing a vertical line from the tip of the vomer to basisphenoid and another line, perpendicular to the first and extending to the rostral margin of the surgical guide; (B) dorsal view of the skull and surgical guide in place, visualised with the CAD software: the length (B1) and the width (C1) of the burring window into the basisphenoid first cortical bone layer appear as the green and blue double head dashed arrows, respectively; (C) the length of bone to remove from the inner cortical layer of the basisphenoid bone (red arrows) forming the sella turcica was defined to match that of the outer cortical layer to burr; (D) light blue line chosen to be no longer than the tuberculum sellae and the dorsum sellae); (E) the length of inner and outer cortical layers to be removed where defined as equal; (F) sagittal reconstructed post-operative post-contrast CT image obtained to assess completeness of the hypophysectomy; note the signal void region suggesting presence of air.



[image: Figure 4]
FIGURE 4. post-operative measures from reconstructed sagittal CT images in a bone window; the measured obtained were: (A) the distance between the vomer and the rostral aspect of the achieved window in the basisphenoid outer cortex (A2, red dashed horizontal line); (ii) the length of bone removed from the outer cortical layer (B2, green dashed line) and the length of bone remove from the inner cortical layer (D2, light blue dashed line); (B) ventral view of the basisphenoid bone: the width (C2, blue dashed line) of the achieved window is visible, as well as the length (B2, green dashed line).


For the measurements, the median and the range are reported. Comparison of pre- and post-operative measures was done with the non-parametric Wilcoxon test for paired data with a p value of 0.05 considered significant and using GraphPad Prism version 9.0.0 for Windows (GraphPad Software, San Diego, California USA, www.graphpad.com).

We defined that a variation from baseline to post-operative measures of a magnitude of <10% would be acceptable and safe based on the distance left between the margins of the burred window and the cavernous sinuses and arterial circle of Willis measured on the post-contrast CT images.




RESULTS


Case Signalment

Eight dogs with pituitary-dependent hyperadrenocorticism underwent transsphenoidal hypophysectomy with the help of a 3D printed surgical guide. Five patients were male (4 neutered and 1 entire) and 3 were neutered females. The age at the time of surgery ranged from 5.8 to 12.4 years (median age was 8 years old). The body weight ranged from 8.65 to 34.3 kg (median body weight was 29 kg). The breeds were: Labrador retriever (n = 3), Greyhound (n = 1), Border terrier (n = 1), Boxer (n = 1), English springer spaniel (n = 1), and Bichon frise (n = 1). The two cadavers were a Boxer and a Greyhound. The median P/B ratio was 0.37 and ranged from 0.29 to 0.85 for the eight clinical cases (Table 1); therefore, two cases were classified as non-enlarged adenoma and six were classified as enlarged adenoma. There was no involvement of the arterial circle of Willis or cavernous sinus in any of the cases, except in case 4.


Table 1. Signalment, pituitary height/brain area ratio (P/B ratio), and clinical outcome in the eight dogs in which transsphenoidal hypophysectomy was performed with the use of the 3D-patient-specific surgical guide.
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Guide Design and Placement in Surgery

Following dissection of the cadavers, CT, and study of the 3D printed skulls in the CAD software (Figures 1A,B), multiple ideas were discussed between the authors in terms of what would be the most convenient design and location for the guide within the oral cavity (Figure 5). It appeared that locking the guide onto the upper arcade molars was the best option because the ventral aspect of the molars offers a well-contoured surface for purchase of the guide and is unique to each dog (Figure 6). This would ensure stability of the surgical guide and the molar teeth are easily reachable with the oral cavity open whilst doing open mouth surgery. Even if an animal was lacking one of the molars, the guide could be designed to be fitted onto a more rostral tooth. The abaxial aspects of the guide therefore comprised a contact of footprint which was an inverted representation of the maxillary molars (Figure 5B). We then designed an arm extending toward the basisphenoid bone with a shape following the anatomical contour of the hard palate, while avoiding the vomer bone and eventually reaching the region of the basisphenoid bone we wished to burr away (Figure 6C). Several designs were considered for the guide “foot” (Figure 5), including a U-shape, a round shape, a tunnel shape that could accommodate a burr or a pin and/or a rectangular shape. Eventually, the rectangular shape was retained, as it was the one restricting the least the surgeon's view once the guide was in place. The base of this foot was an inverted representation of the cortical contours of the basisphenoid bone at that point, thus providing a third point of contact to optimise guide fit and stability. The length of the rectangular window was designed to match the distance between the tuberculum sellae and the dorsum sellae (Figures 3C–E) and the width was dictated by the width of the sella turcica and need to avoid vascular structures. The angle of the rostral wall of the guide window was designed to match the necessary angle for the bone tunnel to emerge at the rostral aspect of the sella turcica and could be used as guide by the surgeon. We initially planned to use surgical glue to hold the guide in position, but this was discarded after the experience of the first surgery because it was felt to be convenient to be able to move the guide in and out of the mouth during the approach. Indeed, the guide was designed to indicate the burring site in the outer cortical layer of the basisphenoid bone and then removed to continue the approach through the basisphenoid bone. It was concluded that the guide could be held in place by a surgical assistant by applying gentle pressure toward the molars until the burring window was completed (Figure 7 and Supplementary Video 1); Gelpi retractors placed to maintain the soft palate wound open also helped to maintain the guide. The variation between A1-A2, B1-B2, C1-C2, and D1-D2 was 0.03, 0.10, 0.00, and 0.30 cm, respectively, for the first cadaver and 0.00, 0.30, 0.10, 0.30 cm, respectively, for the second cadaver.


[image: Figure 5]
FIGURE 5. Examples of the various iterations of the guide discussed by the authors: (A) the caudal aspect of the guide window left open; (B) placement of a slight slope at the rostral edge of the burring window to aid with burring trajectory; (C) use of a semi-opened channel to guide the bur; (D) guide offering solely a pilot hole position; (E) full channel to guide a pin and place a pilot hole; (F) final and preferred design.



[image: Figure 6]
FIGURE 6. photograph of the 3-dimensional printed skull showing the surface of the molar teeth on the left side in sagittal (A) and ventral (B) views; (C) the printed guide can lock on the molar teeth and contains an arm extending toward the basisphenoid bone with a shape following the anatomical contour of the hard palate, while avoiding the vomer bone and eventually reaching the outer cortex of the basisphenoid bone.



[image: Figure 7]
FIGURE 7. (A) Photograph of the head of one of the dogs before surgery with the canines hooked on a bar attached to a frame and the surgical table; (B) incomplete incision in the soft palate and palatine mucosa exposing the basisphenoid bone; (C) 3-dimensional printed surgical guide in situ held by an assistant with a surgical instrument; note the foot of the guide extending toward the planned burring window; the Gelpi retractors also help to maintain the guide in place.


Trial in more cadavers was not considered necessary, since in case the guide would fail, the surgery could still be performed as previously described (15, 20).

When used in vivo, the guide was successfully held in place by the assistant. The surgeons observed that depending on the thickness of the soft palate and pre-planned contour of the guide, further dissection of the rostral aspect of the soft palate and even the hard palate in case 4 (a Boxer where the view was restricted due the brachycephalic shape of the head), was required for a perfect fit. This also facilitated the guide's stability.



Pre- and Post-operative Measures in Operated Cases

For the pre-operative measures, we found that A1 had a median of 2.22 cm and ranged from 1.30 to 3.05 cm; B1 had a median of 1.25 cm and ranged from 0.7 to 1.45 cm, C1 had a median of 0.5 cm and ranged from 0.40 to 0.60 cm and D1 had a median of 1.25 cm and ranged from 0.70 to 1.45 cm. For the post-operative measures, we found that A2 had a median of 2.2 cm and ranged from 1.10 to 3.06 cm, B2 had a median of 1.17 cm and ranged from 0.60 to 1.60 cm, C2 had a median of 0.55 cm and ranged from 0.40 to 0.70 cm and D2 had a median of 1.17 cm and ranged 0.7 to 1.35 cm. We entered the sella turcica in all cases and did not breach into the tuberculum sellae rostrally or dorsum sellae caudally. For A2 and A1, the median of differences was −0.075 mm (ranging from 0.00 to 0.20 cm); for B2 and B1 the median of differences was −0.05 mm (ranging from 0.00 to 0.30 cm); for C2 and C1 the median of differences was −0.015 mm (ranging from 0.00 to 0.20 cm); and for D1 and D2 the median of differences was −0.1 mm (ranging from 0.00 to 0.20 cm) (Table 2). The median of differences for the 4 parameters studied were all <10% of variation from baseline. There was no significant difference between the pre- and post-operative measures: (i) A1 vs. A2: p = 0.1875, W = −16; (ii) B1 vs. B2: p = 0.2031, W = −16; (iii) C1 vs. C2: p = 0.6250, W = 6; (iv) D1 vs. D2: p = 0.2344, W = −15 (Wilcoxon test).


Table 2. Pre- (A1, B1, C1, D1) and post-operative (A2, B2, C2, D2) measures obtained from eight cases undergoing hypophysectomy with the use of a 3-dimensional printed guide.
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Clinical Outcome

For all 10 dogs, including both cadavers, entry into the sella turcica was achieved allowing removal of the pituitary gland and all (n = 6) or some of the mass lesion (n = 2).

None of the cases had intra-operative complications or died during surgery. Case 1 suffered from a cerebrovascular accident 5 days post- operatively and 5 months later was in clinical remission and has remained so since then. At 4 weeks after surgery, ACTH level was < 5pg/ml in this case, confirming the absence of hypercortisolism. Case 2 also had an ACTH measurement < 5 pg/ml 4 weeks after surgery, which confirmed absence of hypercortisolism. This case remains in remission. Case 3 developed post-operative right-sided vestibular signs which gradually improved. In this case, complete excision of the mass was not possible, therefore this patient remains with clinical signs of hyperadrenocorticism (ACTH 4 weeks after surgery was 64 pg/ml) and with a subtle head tilt to the right. Case 4 developed severe aspiration pneumonia 72 h after surgery which resolved with medical treatment. However, 7 months following surgery the patient had severe haemorrhagic diarrhoea and vomiting which led to decreased mentation and generalised weakness and the owner elected euthanasia. Case 5 showed loss of vision and pupillary light reflexes post-operatively, which was suspected to be secondary to haemorrhage and the owner elected euthanasia. Cases 6 and 7 are in clinical remission and both had ACTH levels 4 weeks after surgery <5 pg/ml and are not showing any sign of Cushing's disease. Case 8 had surgery in October 2021 and is neurologically normal 6 months later.

The follow-up in this case series ranges from 1 day to 34 months and the survival at 6 months is 75% (Table 1).

On histopathology, 5 dogs were diagnosed with a pituitary chromophobe sinusoidal adenoma, 1 dog with a pituitary acidophil adenoma and 2 dogs (cases 3 and 5) were diagnosed with pituitary neoplasia, however the sample was insufficient to adequately differentiate between benign or malignant pituitary neoplasia.




DISCUSSION

This study shows that the use of a 3D patient specific surgical guide is a possible method to localise the burring site along the outer cortical layer of the basisphenoid bone during hypophysectomy. The described technique was accurate to a tenth of a millimetre, which we consider satisfactory. This is similar to the accuracy desired for some brain surgeries in humans and reached with the use of 3D printed surgical guides, for example for implantation of deep brain stimulation electrodes (23).

A recent study from colleagues in Korea, using experimental dogs under 8.5 kg, performed coincidentally and in parallel to ours, also reports that a 3D surgical guide for transsphenoidal hypophysectomy provides an accurate reading of the entry point into the outer cortical layer of the basisphenoid bone (24). These authors have not tested their device in companion dogs affected by pituitary dependent-hyperadrenocorticism (24). They focus on the accuracy of a single pilot hole indicating the center of the sella turcica that is later extended in a rectangular shape in cranio-caudal and latero-lateral directions (24). The pre-operative planned measures were 6 mm in width and 8 mm in length, and the post-operative measures had a median of 5.17 mm width and 7.51 mm length, therefore similar to the precision we achieved (24).

It is important to recognise that the device we propose only gives the location of the burring site at the level of the outer basisphenoid cortical layer. Whilst it can provide the surgeon with a burring trajectory or angle through the basisphenoid bone to reach the inner cortical layer and therefore the sella turcica, indicated by the rostral wall of the guide window, it is a small surface that is difficult to follow and may not be reliable. In addition, the head position of the dog, tilted ~45 degrees from horizontal, renders burring in the basisphenoid bone challenging. It is possible that other intraoperative tools such as goniometers could be thought to ascertain the optimal angle of approach of the sella turcica based on preoperative CT imaging. It might be that modification of the guide, to visualise the burring angle more clearly is possible too and something we are working on. Eventually, we did enter the sella turcica in all cases with a precision of a tenth of a centimetre. This seems small, however, the space we wished to create in the inner layer of the basisphenoid bone ranged from 0.7 to 1.35 cm and therefore, in some cases, a 0.1 mm variation would be above the 10% we considered acceptable. This is an imprecision we need to resolve through further research. Other clinicians using neuronavigation systems have also reported errors in localisation both in dogs and in humans, due to the variation in size, shape and thickness of the skull conformation, making the application of surgical systems challenging (25, 26). This also serves to highlight the importance of good surgical technique and clear understanding of the skull base anatomy required to perform this procedure. The impact of the use of this device on the outcome of the dogs was not a goal in this study and should be investigated as we continue to use this system. The post-operative mortality we recorded within 4 weeks was 12.5% (case 5, with a P/B ratio = 0.7 mm−1, was euthanised 24 h after surgery). Eighty seven percent of the dogs (7 dogs) survived more than 4 weeks and of those cases, all but one (case 4), are alive at the time of writing. These survivals are similar to those previously published (4, 8, 9, 18). Further, in our cases (except case 4), there was no involvement of the arterial circle of Willis or cavernous sinus, similar to grade 2 and 3A cases presented by Sato et al. (18) and for which a good clinical outcome is expected (18).

Historically, hypophysectomy via an intracranial transtemporal route was used in experimental dogs but was later replaced by the transsphenoidal route (3). Reported transsphenoidal techniques in experimental “normal” dogs include: (i) the placement of three small self-threading screws in the basisphenoid bone used as radiographic markers and followed by cranial sinus venogram outlining the sella turcica (16); (ii) a ventral paramedian approach using CT images obtained with the tip of a radiopaque feeding tube placed in the nasopharynx near the hamuli processes (10); (iii) the use of a stereotactic neuro-navigation system (27); and (iv) the use of a 3D surgical guide using CT and MRI images for the design and planning of the device (24). In practise, the reported transsphenoidal techniques in pet dogs with pituitary dependent hyperadrenocorticism include: (i) using anatomical landmarks such as the hamuli processes and emissary vein; and (ii) placement of pilot holes in the outer cortical layer of the basisphenoid bone followed by CT imaging (4, 12, 14, 20). These procedures can be invasive, imply peri-surgical imaging and therefore the need to take the animal out of theatre to CT and back to theatre, therefore increasing surgical time. Even then, the gain in precision for the surgeon to burr the basisphenoid bone hole accurately remains unknown. For the technique used by Owen et al. (9) the neuro-navigation system involves an expensive investment that is unlikely to be acceptable for medium-sized referral hospitals and comes with the need to place a frame around the head in the dog, which requires creating skin wounds to place the fixing pins (27). In comparison, the device we are proposing has a low profile (i.e., is thin enough) that leaves the burring site visible to the surgeon, is non-invasive and is rapidly deployable in surgery. It can be placed for practise, removed, and replaced in the mouth at will. It is also individually customised to the patient taking into account anatomical variations. We believe that this technique adds a useful option for neurosurgeons performing this procedure, thanks to the advances offered by 3D printing and the direct use of CT DICOM images within CAD software. Further, this surgical guide could be designed to fit varying skull sizes and shapes—our smallest patient was 9.7 kg dog and the largest patient was 34.3 kg—and if the patient is lacking any of the molar teeth, the guide could be designed using other teeth. The present study did not compare surgery duration with other surgical techniques due to the small number of cases available. However, we feel that the device, regardless of the gain in surgical time, can offer additional comfort to the surgeon and increase accuracy in locating the entry point in the basisphenoid bone, thereby increasing the surgeon's confidence.

Another limitation of this surgical guide is the cost, which, in the UK veterinary market, adds ~10% to the total cost of the procedure. On the other hand, the use of the guide might remove the need for peri-operative CT or other neuronavigation techniques.

Hypophysectomy is typically an elective procedure to treat a chronic condition hence there is no need for a fast turn-around. The time needed to design and produce a guide can be as low as 3 days; it took on average 1 week to do in the cases presented.

It is known that pituitary surgery requires a learning curve for the surgeon to become confident in performing the approach. In 1999, Meij et al. clearly recognised this issue and reported five deaths related to the procedure in their first series of 26 cases, whereas they faced no death in their second series of 26 cases (1). Mamelak et al. also reported this in 26 operated dogs where the mortality rate was 50% in the first 10 cases and 0% in the next 16 dogs (14). Without replacing the need for training for this surgery, we propose that the extra help provided by our device in locating the entry point in the basisphenoid could improve the learning curve, although this is something we would need to study in another case series. A multicenter study would allow to collect a greater number of cases to better assess this theory. The use of 3D printing technology to train doctors to perform trans-nasal sphenoid endoscopy and hypophysectomy in people has been reported too (28). In that instance, 3D printing is used to model the hard and soft tissues of the skull region of interest and the neurosurgeon can then navigate their endoscope in the replica of the patient's head to gain familiarity with the anatomy.

Anecdotally, we have used the surgical guide for one feline acromegalic patient undergoing hypophysectomy, a treatment previously described (2, 3, 6, 22). We obtained the same precision as in the dogs of this study to locate the entry point in the basisphenoid bone. That cat has remained in clinical remission at the time of writing (16 months) with normalised insulin-like growth factor. To form a homogenous case series, we have decided to exclude this cat from the study since it would not add any meaningful data. But this suggests that the surgical device could be used in cats and is something we wish to test.

In conclusion, this surgical device provides an accurate method to localise the burring site in the outer layer of the basisphenoid bone when performing transsphenoidal hypophysectomy in dogs. It is versatile, non-invasive, and easy to apply. Whilst it does not replace the need for a thorough understanding of the surgical technique and relevant anatomy, and the need for training, it may prove useful as a teaching tool for veterinary specialist neurosurgeons wishing to learn to perform a hypophysectomy.
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Case Report: Diffuse Lumbar Hyperostosis Causing Vertebral Canal Stenosis in a Dog With Concurrent Multicentric T-Cell Lymphoma
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A 4-year-old female spayed Bullmastiff-cross presented with a 24-h history of progressive paraparesis. Neurological examination was consistent with L4–S3 myelopathy. On magnetic resonance imaging (MRI), all vertebrae showed homogenously increased short tau inversion recovery (STIR) signal with strong contrast enhancement. The vertebral canal was concentrically narrowed along the length of the L5 vertebra secondary to bony proliferation of the vertebral pedicles, dorsal lamina, and vertebral body. Cytological analysis of the peripheral lymph nodes and subsequent flow cytometry was consistent with T-cell lymphoma. The dog was euthanised due to poor prognosis. Necropsy confirmed the presence of stage V multicentric T-cell lymphoma, as well as diffuse hyperostosis of the vertebral bodies. This is the first report of presumed paraneoplastic lumbar skeletal hyperostosis.
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INTRODUCTION

Lymphoma is one of the most frequently diagnosed malignancies in the dog, with medium-sized and larger breeds being overrepresented. A familial occurrence has been reported in several breeds, including the Bullmastiff (1). The most common clinical presentation is the multicentric form affecting multiple peripheral lymph nodes, however extranodal forms exist within all other body systems. Primary osseous lymphoma is rarely reported in dogs (2). More commonly, osseous and vertebral lymphoma in dogs is diagnosed as part of a multicentric process (3–6). T-cell and stage V lymphomas carry a poorer prognosis (1) when compared to B-cell or lower stage lymphomas. T-cell lymphoma appears to be rarely associated with osseous involvement, with only one out of a 46 cases of T-cell lymphoma involving bone in one study (7). Spinal extradural T-cell lymphoma has also been reported in dogs, however there was no evidence of bony infiltration in these cases (8, 9).

Osseous lymphoma in dogs may be radiographically silent (6, 10), or may show a variety of non-specific radiological changes, most commonly osetolysis (2, 4, 10). Diffuse smooth diaphyseal periosteal reaction was seen in the long bones of one dog with polyostotic lymphoma (4), and irregular osteoproductive lesions were present associated with the vertebrae of another (5). Vertebral changes on MRI may be confined to the medullary cavity (3) or may extend into the extradural and paraspinal tissues (6).

Various paraneoplastic syndromes have been reported associated with canine lymphoma. Hypercalcaemia is most common (1, 11), however other conditions reported include neuropathy (12), polycythaemia (13), hypoglycaemia (14), monoclonal gammopathy (15), eosinophilia (8) and immune-mediated diseases (16). Hyperostosis can occur as a paraneoplastic condition most commonly secondary to both neoplastic and non-neoplastic pulmonary disease - hypertrophic osteopathy (HO) - and causes a painful periosteal reaction and associated soft tissue swelling of the distal limbs (17). Extrapulmonary neoplastic causes have been reported as well, including tumours of the bladder and kidney. (18–21). In human medicine, axial skeletal hyperostosis has been reported in a case of systemic Hodgkin's lymphoma (18).

To the authors' knowledge, a hyperostotic syndrome has not been reported in association with canine lymphoma. Therefore, this case report describes the presence of an unusual distribution of hyperostosis in a dog concurrently affected by atypical multicentric T-cell lymphoma.



CASE DESCRIPTION

A 4-year-old female spayed Bullmastiff-cross was referred with a 24-h history of progressive paraparesis. The dog was reported to have had a two-month history of intermittent vomiting and frequent diarrhoea, weight loss of 2 kilograms and more recently suspected polyuria-polydipsia - the referring veterinary surgeon had diagnosed hypocobalaminaemia and initiated supplementation. Subsequently, the dog had become progressively unable to stand on the pelvic limbs.

General physical examination documented poor body condition, generalised peripheral lymphadenomegaly affecting the mandibular, superficial cervical and popliteal lymph nodes, and instability of the right stifle. On neurological examination, the patient was ambulatory paraparetic with reduced pelvic limb, tail and anal tone, reduced patella and pelvic limb withdrawal reflexes and absent pelvic limb proprioception. Focal lumbar pain was present. Neuroanatomical localisation was consistent with L4–S3 myelopathy, with differentials for the paraparesis considered including degenerative, inflammatory, neoplastic and infectious diseases. Differential considered for the peripheral lymphadenomegaly included neoplastic, reactive, inflammatory and infectious diseases.



DIAGNOSTIC INVESTIGATIONS AND OUTCOME

Complete blood count, biochemistry and electrolyte profiles were unremarkable, however a moderate proportion of lymphocytes appeared reactive on smear examination. Total calcium was within the reference range, hence ionised calcium was not assessed. C-Reactive Protein was elevated (21 mg/L; reference range <10). Urinalysis showed the urine to be well concentrated with a specific gravity of 1.033, trace protein and evidence of a urinary tract infection, with 10–20 white blood cells/high power field (Ref. 0–2). Urine culture was positive for E. coli.

Under general anaesthesia, magnetic resonance examination of the lumbosacral vertebral column was performed (Hitachi Aperto Lucente 0.4 Tesla, Berkshire, UK). Imaging was performed in dorsal recumbency with the pelvic limbs in extension. The following multiplanar MR sequences were performed: sagittal T2-weighted (T2W; TE=120 ms; TR=3290 ms; 3 mm thick with no interslice gap), transverse T2-weighted (T2W; TE=100 ms; TR=5653 ms; 4 mm thick with no interslice gap), sagittal short-tau inversion recovery (STIR; TE=60 ms; TR=3014 ms; 3 mm thick with no interslice gap), sagittal and transverse T1-weighted (T1W; TE=13 ms; TR=745 ms; 3 mm and 4 mm thick respectively with no interslice gap). Following intravenous administration of 0.1 mmol/kg gadolinium-based contrast agent (Dotarem, Guerbet LLC, Ohio, USA), sagittal and transverse T1-weighted sequences were obtained (T1W; TE=13 ms; TR=745 ms; 3 mm and 4 mm thick respectively with no interslice gap). Sagittal sequences were acquired from L2 to Cd4, and transverse sequences acquired from L4–5 to L6. Transverse T2-weighted sequence was also acquired across L7–S1.

Diffusely abnormal bone signal was observed in all visible vertebrae, showing an increase in STIR signal and normal to increased T2 signal (Figure 1) with diffuse and homogenous contrast enhancement (Figure 2). The signal intensity changes were associated with circumferential concentric thickening of the vertebral pedicles, dorsal lamina and vertebral body, leading to marked circumferential narrowing of the vertebral canal along the length of L5 with secondary spinal cord compression. There was complete circumferential attenuation of the CSF signal surrounding the spinal cord at this level (Figure 1). There were similar but less marked changes affecting the L4 and L6 vertebrae. The normal shape of the vertebral bodies was maintained, with persistent visualisation of the external cortical bone but loss of visualisation of the inner cortex. Moderate flowing ventral ossification was also noted along the length of the lumbar spine, bridging the vertebral bodies from L3 to L7 with absence of extensive changes of degenerative disc disease. Additionally, moderate bilateral medial iliac lymphadenomegaly was noted. Differential diagnoses considered for concentric osseous thickening included generalised osteoproliferative disease (osteochondromatosis, atypical hypertrophic osteopathy), myeloproliferative disorders (myelofibrosis), osteopetrosis, hypervitaminosis D, metabolic disease (hypoparathyroidism, hypervitaminosis A) or less likely neoplastic infiltration (round cell neoplasia). The changes noted along the ventral aspect of the lumbar spine were consistent with diffuse idiopathic spinal hyperostosis (DISH).


[image: Figure 1]
FIGURE 1. (A) Sagittal STIR and (B) T2 MR images of the lumbar spine, and (C) transverse T2 MR image at the level of mid-L5. Notice the diffuse hyperintensity of the vertebral structures (asterisks), associated with circumferential concentric bone thickening, and secondary narrowing of the vertebral canal (white arrows) leading to circumferential compression of the spinal cord. The nucleus pulposus is also decreased in intensity at L7–S1, and the annulus fibrosus protrudes dorsally in the vertebral canal.



[image: Figure 2]
FIGURE 2. Sagittal T1 weighted (A) pre and (B) post contrast MR images of the lumbar spine, and (C) corresponding subtraction image. (D) Transverse T1 weighted pre and (E) post contrast MR images at the level of mid-L5 and (F) corresponding subtraction image. Notice the diffuse hyperintensity, homogeneous enhancement of the vertebral structures, associated with circumferential concentric bone thickening, and secondary narrowing of the vertebral canal (white arrows) leading to circumferential compression of the spinal cord. Similar changes are noted at L4 and L6.


Right lateral radiographs of the vertebral column from T6 to Cd2 (Figure 3) showed normal to decreased bone radiopacity of the lumbar vertebrae, and loss of visualisation of the dorsal cortex of the vertebral body from L1 to L6. Moderate new bone formation around the spinous processes of T11 and T12, and the articular facets at the level of T11–12 and T12–13, and more mildly at L1–2 and L2–3 was noted. Furthermore, the same flowing ossification along the ventral aspects of the vertebral bodies from L3–L7 was noted, as well as ventral bridging spondylosis at the levels of T9–11, T7–8 and L7–S1.


[image: Figure 3]
FIGURE 3. (A) Right lateral radiographs of the thoracolumbar and (B) lumbosacral spine. T13 has the last pair of ribs. Notice the new bone formation around the spinous process of T11 and T12 and the articular processes at T11–12 and T12–13. The lumbar vertebrae appear decreased in radiopacity, and the dorsal cortex of the vertebral bodies is not identified. There is ventral bridging spondylosis along the ventral aspect of the lumbar spine, from L3 to LS (ventrally to the endplates but extending ventrally to the vertebral body as well) causing a flowing ossicification consistent with diffuse idiopathic skeletal hyperostosis (DISH). There is further ventral bridging spondylosis at the level of T7–T8 and T9–T11.


Bone biopsy of the new bone around the vertebral articular facets at T11–13 consisted of mature cartilage and bone, which was disorganised and forming thick trabeculae. There was no evidence of inflammation or malignant neoplasia.

Fine needle aspiration of the popliteal lymph nodes showed significant expansion in the proportion of intermediate-sized lymphoid cells which were approximately 1.5 times the diameter of small lymphocytes. They had a round and slightly irregular shaped nucleus, slightly dispersed chromatin but no nucleoli, and a small to moderate amount of pale-staining cytoplasm. The cytological diagnosis was most suggestive of lymphoma although an atypical hyperplasia was not excluded. Flow cytometry was performed, using leukocyte marker CD45, B-cell markers CD21 and CD79a, T-cell markers CD3 and CD5, T-helper cell marker CD4, cytotoxic T-cell marker CD8, early precursor marker CD34 as well as MHC II. The cells assessed were CD45 positive in 99%, with 98% positive for CD3 and 21% positive for CD4. The cells were negative for CD5 and MHC II. This atypical immunophenotype (CD3+ / CD5- / variable CD4) confirmed a T-cell lymphoma and excluded hyperplasia.

The owner elected for euthanasia. On gross necropsy the lumbar vertebrae were thickened (hyperostosis), with the articular surfaces covered in smooth osseous proliferation (Figure 4). Following sectioning, narrowing of the spinal canal was seen, and the vertebral bodies of the L4–6 vertebrae were enlarged. Additionally, a multinodular proliferation was present, adhered to the left cranial dorsal lung and expanding the mediastinal space, the liver showed a diffuse lobular pattern, the spleen was diffusely enlarged, and the mesenteric and retroperitoneal lymph nodes were enlarged.


[image: Figure 4]
FIGURE 4. Post-mortem specimen; transverse section at the level of mid-L5 vertebral body. Note the concentric narrowing of the vertebral canal, as well as the hyperostosis and smooth osseous proliferation of the articular surfaces.


All major body organs were examined histopathologically. Proliferations of densely cellular, infiltrative round cells were present in the thymus, liver, spleen, lymph nodes and gastric wall. These neoplastic cells were arranged in sheets on a fine fibrovascular stroma, were approximately 1–1.5xRBC, round with distinct cell borders and scant eosinophilic cytoplasm. Nuclei were round to oval with coarsely stippled chromatin. There was mild anisocytosis and anisokaryosis and marked multifocal necrosis. Frequently neoplastic cells were seen migrating across vascular adventitial layers. The bone marrow of L5 was diffusely expanded and hypercellular and was infiltrated with the same monomorphic population of monocytic cells. Multifocally within the epidural adipose tissue was a similar mononuclear infiltrate. Smaller clusters of rounds cells appeared next to nerve roots within the intradural space (intradural, extramedullary). No neoplastic invasion of the hyperostotic cortical bone was noted. The necroscopic findings were consistent with stage V multicentric lymphoma with concurrent vertebral hyperostosis. The cell size, lack of auxiliary plasma cells and amyloid production was consistent with T-cell differentiation, as suspected from the flow cytometry.



DISCUSSION

T-cell lymphoma (TCL) represents around 30–40% of canine lymphomas, with prevalence varying among breeds (22). Most TCL are peripheral, with the nodal form being the most common (23). The case presented here had a typical multicentric distribution for a TCL, with the mediastinal involvement having also been associated with the T-cell phenotype (24). The flow cytometry performed was atypical for a TCL, as the cells were positive for the CD3 T-cell marker, but negative for CD5 T-cell marker and MCH II. The flow cytometry was repeated in this case to confirm the immunotype. Among peripheral TCLs, MHC II loss is frequent. Loss of CD5 is reported to aberrantly occur and may have a prognostic Implication (25).

The medullary cavity changes on MRI in the case reported here are consistent with those previously described (3), being T1 isointense, T2 iso to hyperintense and STIR hyperintense, and strongly contrast enhancing. These findings are compatible with replacement of the medullary bone fat with malignant cellular infiltrate. What is novel about this case is the presence of diffuse, bilateral and symmetrical periosteal new bone formation affecting the lumbar vertebrae in the absence of osteolysis or focal vertebral lesions. Most unusually, this hyperostosis caused circumferential narrowing of the vertebral canal and secondary spinal cord compression, which to the authors' knowledge has not previously been reported. The changes however appear analogous to a human case report of meningeal Hodgkins lymphoma, with adjacent calvarial hyperostosis without histological evidence of tumour cell invasion (18). It is not clear in this case whether the rapid onset of neurological signs relates to the bony compression, or otherwise due to the concurrent infiltration of the epidural and intradural spaces compounding the spinal cord compression.

Hypertrophic osteopathy is a well characterised syndrome in humans and animals that may develop in response to neoplastic and non-neoplastic pulmonary disease, as well as in extra-pulmonary neoplastic disease (17–21). Despite its frequency, the underlying pathogenesis is still not well understood. Recently, most attention has been given to the role of vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) in this condition, with over-expression and activation inducing the stromal and vascular changes seen in HO (26). Both VEGF and PDGF overexpression has been associated with non-Hodgkin's lymphoma in humans (27, 28). It is therefore possible that the case presented here represents a novel form of paraneoplastic HO, with the changes instead affecting the axial skeleton. Imaging of the distal appendicular skeleton was not performed in this case, and the long bones were not examined during necropsy. Despite there being no clinical findings to suggest it, concurrent typical changes of HO in the distal appendicular skeleton cannot be ruled out.

In addition to the diffuse enlargement and hyperostosis affecting the vertebral bones of L4–6, both MRI and radiographic imaging of the spine demonstrated changes typical of diffuse idiopathic skeletal hyperostosis (DISH). These include calcification and ossification along the ventral aspects of three contiguous vertebral bodies, absence of extensive radiographic changes of degenerative disc disease, peri-articular osteophytes around vertebral joints and calcification and ossification of soft tissue attachments in both the axial and peripheral skeleton (19). Therefore, the mature cartilage and bone proliferation found around the articular facets of the thoracic vertebrae were considered a component of DISH rather than part of the proposed paraneoplastic syndrome. DISH is a common non-inflammatory systemic disease of the spine and abaxial skeleton of dogs, which is often incidental although can rarely be associated with clinical signs (20–22). Hyperostosis of the internal vertebral cortical bone causing vertebral canal narrowing is not reported in DISH, however it is possible that all of the bony changes reported here may represent a novel presentation of DISH that is unrelated to the lymphoma.

To the authors' knowledge, this is the first reported case of suspected paraneoplastic hyperostosis in the axial skeleton of a dog with confirmed stage V T-cell lymphoma, leading to circumferential spinal cord compression.
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Blastomycosis is a systemic mycotic infection caused by dimorphic fungi. The disease is rare in cats, and reports on imaging findings with central nervous system (CNS) involvement are limited. Magnetic resonance imaging (MRI) was performed antemortem in three feline patients. Imaging findings that may allow prioritization of intracranial blastomycosis over other differential diagnoses included focal or multifocal intra-axial mass lesions with dural contact, lesion hypointensity on T2-weighted images and diffusion-weighted imaging/apparent diffusion coefficient map (DWI/ADC), strong and homogeneous contrast enhancement of the lesion(s), concurrent meningeal enhancement, marked perilesional edema and mass-effect, and ocular abnormalities. One cat was managed successfully and had a recurrence of CNS blastomycosis more than 4.5 years after the initial diagnosis. Repeat MRI at that point revealed both new and persistent (chronic) abnormalities.
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Introduction

Blastomycosis is a systemic mycotic infection caused by dimorphic fungi. Blastomyces dermatitidis and Blastomyces gilchristii have an endemic distribution in the Mississippi, Missouri, and Ohio River valleys, the mid-Atlantic states, and some Canadian provinces with sporadic cases reported in other regions (1–3). Disease transmission occurs predominantly through inhalation, resulting in infection of the respiratory system. Other organ systems that may be involved include the regional lymph nodes, the skin, the urogenital system, the eyes, and the central nervous system (CNS) (4–9).

Unlike dogs, the disease is uncommon in domestic cats (2, 3, 10, 11). Clinical signs are variable and include dyspnea, increased respiratory sounds, visual impairment, draining skin lesions, and weight loss (2). Inflammatory ocular lesions or neuro–ophthalmic abnormalities such as Horner's syndrome, anisocoria, or an absent menace are common (7, 9, 12). The involvement of the central nervous system has been reported in 30–41% of cats and results in ataxia, paresis, circling and head tilt (6, 7, 9). Even though uncommon, CNS infection may occur in isolation without active systemic disease (13).

Computed tomography (CT) and magnetic resonance imaging (MRI) findings in dogs with intracranial blastomycosis are variable and include solitary or multifocal mass lesions that can be intra- and/or extra-axial and may extend from the nasal cavity or orbit into the cranial vault, perilesional edema, mass–effect and brain herniation, meningeal thickening and contrast enhancement, and ventricular lesions characterized by ventriculomegaly, ependymal or periventricular contrast enhancement, and evidence of increased intracranial pressure (14–19). Reports of imaging findings in cats with intracranial blastomycosis are limited. The CT findings in one domestic cat included a large peripheral intra-cranial strongly contrast-enhancing mass with associated meningeal enhancement, perilesional edema, mass-effect, and associated midline shift (13). The MRI findings reported in a tiger (Panthera tigris) included asymmetric hydrocephalus with marked contrast enhancement of the ventricular lining (20).

In this case series, we report the MRI findings in three domestic cats diagnosed with CNS blastomycosis. Case 2 was included in a previous publication on ocular blastomycosis (12), but diagnostic imaging findings were not included in the prior study and are presented here.

The MRI scans were performed using a 1.0 T MRI system (MAGNETOM Harmony™, Siemens Medical Solutions, Malvern, PA) (Case 1 first scan and Case 2) or a 1.5T MRI system (MAGNETOM Espree™, Siemens Medical Solutions, Malvern, PA) (Case 1 second scan and Case 3). Intravenous contrast medium was administered in all cases (Cases 1 and 2: 0.1 mmol/kg IV gadopentetate meglumine, Magnevist®, Bayer Schering Pharma; Case 3: 0.1 mmol/kg IV gadodiamide, Omniscan®, GE Healthcare). The MRI protocols varied slightly between the cases. The sequences acquired in all patients included sagittal T2-weighted spin echo (SE); transverse T2-weighted SE, T1-weighted SE, proton-density (PD)-weighted SE, T2-FLAIR, and T2*-weighted gradient recalled echo (GRE); transverse postcontrast volume interpolated GRE images with fat saturation (FatSat); and postcontrast transverse, dorsal FatSat and sagittal T1-weighted SE images. Diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) maps were available for review for the second scan in Case 1 and Case 3.



Case descriptions


Case 1

An 11-year-old male castrated 5.7-kg domestic shorthair cat presented to the internal medicine service after experiencing two seizures (believed to be tonic–clonic). The medical record information prior to this presentation is limited. The patient was feline immunodeficiency virus (FIV) positive and had been seen at the referring veterinarian 3 months prior with a presenting complaint of fever and ataxia. Pulmonary nodules were identified on thoracic radiographs at that time. A diagnosis of systemic blastomycosis was made based on fine-needle aspiration (FNA) of an enlarged popliteal lymph node. A Blastomyces urine antigen enzyme immunoassay (Blastomyces quantitative antigen EIA; MiraVista Diagnostics; range of quantification 0.2–14.7 ng/ml) was performed and was highly positive (above the limit of quantification). The clinical signs and lung nodules had improved with treatment (itraconazole and amphotericin B; dose regimen unknown). The reported tonic–clonic seizures occurred after the most recent antifungal treatment had been administered. At presentation, no abnormalities were noted on physical and neurologic examination.

On MRI of the brain, three separate intra-axial lesions were identified (Figure 1). A round ≈0.8-cm diameter nodule was associated with the ventral aspect of the left temporal lobe. This lesion was iso-to-slightly hypointense to gray matter, with a hyperintense rim on T2-weighted and T2-FLAIR images, was slightly hypointense on T1-weighted images, did not show evidence of susceptibility artifact on T2*-weighted images, and was strongly homogeneously contrast enhancing. There was moderate indistinct perilesional T2 hyperintensity, consistent with perilesional edema. A second well-circumscribed ≈0.4-cm diameter T2 hypointense and T1 isointense lesion was associated with the right cerebellar hemisphere and exhibited moderate ring enhancement following contrast medium administration. A third ≈0.2-cm diameter ring-enhancing lesion was noted in the cerebellar vermis, not seen on precontrast images. There was no evidence of perilesional edema associated with the cerebellar lesions. There was no evidence of meningeal enhancement or any abnormalities of the ventricular system, skull, nasal cavity, paranasal sinuses, tympanic bullae, orbits, ocular structures, and soft tissues of the head and cranial neck including regional lymph nodes.
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FIGURE 1
 Brain MRI in an 11-year-old male castrated domestic shorthair cat (Case 1) 3 months after the diagnosis of systemic blastomycosis and after experiencing two seizures after the latest antifungal treatment. Transverse T2-weighted (A), (D), and (G), T1-weighted (B), (E), and (H), and postcontrast T1-weighted (C), (F), and (I) images. (A)–(C) A round ≈0.8-cm diameter nodule is associated with the ventral aspect of the left temporal lobe (arrows) which is iso-to slightly hypointense to gray matter, with a hyperintense rim on T2-weighted image (A), slightly hypointense on T1-weighted image (B), and has strong and homogeneous contrast enhancement (C). There is moderate indistinct perilesional T2 hyperintensity, consistent with perilesional edema. (D)–(E) A second well-circumscribed ≈0.4-cm diameter T2 hypointense (A) and T1 isointense (B) lesion is associated with the right cerebellar hemisphere and exhibits moderate ring enhancement (C) following contrast medium administration (arrowheads). (G)–(I) A third ≈0.2-cm diameter ring-enhancing lesion is noted in the cerebellar vermis [(I), arrowhead], not seen on the precontrast images.


A cisternal cerebrospinal fluid (CSF) tap was obtained and yielded a diagnosis of probably iatrogenic hemorrhage without other cytologic abnormalities. A Blastomyces urine antigen EIA was moderately positive (3.04 ng/ml).

Corticosteroid treatment was initiated (prednisolone 5-mg/head PO q 24 h × 3 days, 2.5-mg/head PO q 24 h × 3 days, and 1.25-mg/head PO q 24 h × 3 days) for treatment of perilesional edema and to help manage the inflammatory effects caused by fungal die-off. The patient was also started on phenobarbital (2.5-mg/kg PO BID of 20-mg/ml suspension), levetiracetam (20-mg/kg PO of 100-mg/ml suspension q 8 h), and fluconazole (50-mg/head PO q 12 h). Amphotericin B was discontinued. Phenobarbital was discontinued the following day due to the patient being very lethargic.

The cat showed improvement over the next months and was considered clinically normal aside from an occasional cough and unrelated chronic gingivitis 2 months after the MRI examination (5 months after initial diagnosis). The previously seen pulmonary abnormalities had resolved. There was no recurrence of seizures, and no other neurologic abnormalities were reported. A Blastomyces urine antigen EIA was greatly improved but still mildly positive (0.73 ng/ml).

The patient remained neurologically normal. Levetiracetam was gradually tapered from 5 to 8 months after the initial diagnosis without recurrence of seizure activity. A Blastomyces urine antigen EIA was still mildly positive after 7 and 9 months. Fluconazole was discontinued 15 months after the initial diagnosis (12 months after the first MRI examination) based on 2 consecutive negative Blastomyces urine antigen EIA tests.

The cat represented 3 years later (4 years and 7 months after initial diagnosis) to the emergency service for a 24-h history of circling to the right and behavior changes. On neurologic examination, the patient was circling to the right and had a bilaterally absent menace response. Possible hyperesthesia of the head was also noted. Neurolocalization was to the right forebrain. Thoracic radiographs did not reveal any significant abnormalities.

Magnetic resonance imaging was repeated. There was a new finding of an ≈1.2 × 1.4 cm ovoid mass in the right temporal lobe (Figure 2) which was predominantly T2 and T1 isointense to gray matter with a small centrally located T2 hyperintense and T1 hypointense focus which did not suppress on T2-FLAIR. The lesion was hypointense on both DWI and ADC maps. There was marked perilesional T2 and FLAIR hyperintensity following the white matter tracts of the right cerebral hemisphere with a moderate to marked mass effect characterized by compression of the right lateral ventricle, leftward midline shift, and caudal transtentorial and foramen magnum herniations. Following contrast medium administration, the mass displayed marked heterogeneous contrast enhancement. Mild focal pachymeningeal contrast enhancement was identified adjacent to the lesion. An ≈0.2-cm diameter well-defined T1, T2, and T2-FLAIR hypointense ovoid nodule was observed in the region of the previously seen cerebellar hemispheric lesion and was decreased in size. This lesion was associated with a susceptibility artifact on T2*-weighted images and had mild rim contrast enhancement. The lesion within the cerebellar vermis was no longer visible. An incidental small amount of fluid was noted within the bilateral tympanic bulla. The remaining structures of the head and cranial neck remained normal.
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FIGURE 2
 Repeat MRI examination of the cat in Figure 1 (Case 1), 4 years and 4 months after the initial MRI study. Transverse T2-weighted (A), T2-FLAIR (B), T1-weighted (C), diffusion-weighted imaging [DWI, (D)] and corresponding apparent diffusion coefficient (ADC) map (E), and postcontrast T1-weighted GRE with fat suppression (F) images at the level of the tympanic bullae and temporal lobes, and transverse T2-weighted (G), T2*-weighted GRE (H), and postcontrast T1-weighted (I) images at the level of the cerebellum. (A)–(F) There is a new finding of an ≈1.2 × 1.4 cm ovoid mass in the right temporal lobe (solid arrows) which is predominantly T2, T2-FLAIR, and T1 isointense to gray matter with a small centrally located T2 hyperintense and T1 hypointense focus which does not suppress on T2-FLAIR [(A)–(C)]. The lesion is hypointense both on DWI and ADC maps [(D), (E)]. There is marked perilesional T2 and FLAIR hyperintensity following the white matter tracts of the right cerebral hemisphere (*) with a moderate to marked mass effect characterized by compression of the right lateral ventricle, leftward midline shift, and compression of the mesencephalon (+). Following contrast medium administration, the mass displays marked heterogeneous contrast enhancement (F). Mild focal pachymeningeal contrast enhancement is identified adjacent to the lesion (dashed arrow). An incidental small amount of fluid is noted within the bilateral tympanic bulla. (G)–(I) An ≈0.2-cm diameter well-defined T2 hypointense ovoid nodule is observed in the region of the previously seen cerebellar hemispheric lesion and is decreased in size from previous [(G), arrowhead]. This lesion is associated with a susceptibility artifact on T2*-weighted images (H) and has mild rim contrast enhancement (I).


The patient received a tapering dosing regimen of prednisolone (5-mg/head PO q 24 h × 3 days, 2.5-mg/head PO q 24 h × 3 days, and 1.25-mg/head PO q 24 h × 3 days). Fluconazole treatment was resumed empirically (50-mg/head PO q 12 h) while awaiting urine antigen testing results. A repeat Blastomyces urine EIA test was positive (4.24 ng/ml), and fluconazole treatment was continued. The patient improved, and the client reported the cat as being back to normal 5 weeks after the second MRI examination. On neurologic examination at that time, menace response was noted in both eyes. The pupillary light responses were decreased. Additional findings during this visit included weight loss, hypoalbuminemia, anemia, a soft heart murmur, and an irregular heartbeat. The patient represented for a work-up of these new problems to the internal medicine service 2 weeks later and at that point was diagnosed with large cell gastrointestinal (GI) lymphoma. Chemotherapy was started and initially well-tolerated. The owners did not report a recurrence of neurologic abnormalities, and the physical examinations performed by the oncology service over the next weeks did not reveal any obvious neurologic abnormalities. A full neurologic exam was not performed. Urine blastomycosis antigen tests were also not repeated during that time due to the inability to acquire sufficient urine samples. The patient started declining ≈2 months after the diagnosis of GI lymphoma and was euthanized 3 months later. An autopsy was not performed. The overall survival time after the initial diagnosis of systemic blastomycosis was ≈5 years.



Case 2

A 3-year-old 4.7-kg female spayed domestic shorthair cat presented to the emergency service after a mass was noted associated with the conjunctiva of her right eye. Two weeks prior she had been seen by the ophthalmology service for uveitis and secondary glaucoma of the right eye (Oculus Dexter; OD). Physical examination findings and a complete blood count (CBC) performed at that point were normal. The infectious disease testing for feline leukemia virus (FeLV), FIV, and toxoplasmosis were negative. The patient was managed with topical medications. At the current presentation, the cat had worsened uveitis OD and blindness in both eyes (Oculus Uterque; OU) with a fixed dilated pupil of the left eye (Oculus Sinister; OS). Thoracic radiographs revealed a single ≈2.5-cm diameter ill-defined soft tissue opacity mass associated with the left caudal lung lobe. A fine-needle aspiration of the conjunctival mass was performed and yielded a diagnosis of blastomycosis. Due to concern for intracranial involvement, MRI of the brain was performed (Figure 3).
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FIGURE 3
 Brain MRI in a 3-year-old domestic shorthair cat (Case 2) following a diagnosis of ocular blastomycosis and with concern for intracranial involvement. Transverse (A), dorsal (B), and midline sagittal (C) postcontrast T1-weighted images; transverse T2-weighted images [(D) and (G)], transverse T1-weighted images before [(E) and (H)] and after [(F) and (I)] contrast medium administration. There is severe thickening, diffuse heterogeneous alteration in signal intensity, abnormal contrast enhancement of the periocular and tissues, thickening and enhancement of the wall of the globe, and retinal detachment [(A) and (B)]. There is diffuse thickening of the right optic nerve [(B), arrow] and marked enlargement of the optic chiasm [* in (B), (C), (F), and (I)]. A round 0.5-cm diameter intra-axial nodule is associated with the caudal aspect of the right frontal lobe [arrowheads, (D)–(F)] and an irregularly shaped ≈0.8 cm × 0.7 cm nodule is associated with the left parietal lobe [(G)–(I), arrowheads]. Both lesions are iso- to mildly hypointense to gray matter on both T2 and T1-weighted images [(D), (E), (G), (H)]. Bordering the lesions and extending extensively throughout the cerebral white matter bilaterally, there are parenchymal hyperintensities consistent with vasogenic edema. There is evidence of increased intracranial pressure characterized by attenuation of the CSF signal in the cerebral sulci, compression of the lateral ventricles, a mild midline shift, and caudal transtentorial and foramen magnum herniations [(C), dashed arrows].


There were marked abnormalities of the right eye including severe thickening and contrast enhancement of the periocular tissues, thickening and enhancement of the wall of the globe, retinal detachment, diffuse heterogeneous alteration in signal intensity of the ocular structures with abnormal contrast enhancement, and multifocal susceptibility artifacts, mostly in the posterior chamber, consistent with hemorrhage. There was diffuse thickening of the right optic nerve (up to 5 mm) and marked enlargement of the optic chiasm (1.3 cm). Two additional intracranial lesions were noted. A round 0.5 cm diameter intra-axial nodule was associated with the caudal aspect of the right frontal lobe. An irregularly shaped ≈0.8 × 0.7 cm nodule was associated with the left parietal lobe. This lesion was in contact with the falx and meningeal surface of the brain but formed an acute angle with both. Both lesions were iso- to mildly hypointense to gray matter on both T1- and T2-weighted images. Bordering the lesions and extending extensively throughout the cerebral white matter bilaterally, there were parenchymal hyperintensities consistent with vasogenic edema. There was evidence of increased intracranial pressure characterized by attenuation of the CSF signal in the cerebral sulci, compression of the lateral ventricles, a mild midline shift, and caudal transtentorial and foramen magnum herniations. Following contrast medium administration, the right globe, abnormal tissues within the right orbit, right optic nerve, optic chiasm, and intracranial nodules showed strong and homogeneous contrast enhancement. There was no evidence of abnormal meningeal contrast enhancement and no evidence of a dural tail sign adjacent to the brain lesions. Moderate enlargement of the right and mild enlargement of the left medial retropharyngeal lymph nodes were noted.

The patient was euthanized, and an autopsy was performed, confirming the clinical diagnosis of blastomycosis. There was marked pyogranulomatous panophthalmitis of the right eye with involvement of the optic nerve and the optic chiasm. Both cerebral nodules were intra-axial in location, and a diagnosis of a marked pyogranulomatous meningoencephalitis with intralesional yeasts was made. Additional lesions were found in the lungs (as suspected based on radiographs), the thoracic lymph nodes, and the fourth and fifth digits of the right front limb.



Case 3

An estimated 7-year-old 6.1-kg male castrated domestic shorthair cat presented to a local emergency clinic for head pressing. Complete blood count and blood chemistry panel were normal, and FeLV/FIV testing was negative. The patient was referred for progressive neurologic abnormalities. Upon presentation, the cat was bright, alert, and responsive. One hind limb had been amputated previously for unknown reasons. Neurological deficits included a lack of menace response of the left eye (OS) and intermittent loss of the right eye (OD), bilateral (OU) loss of direct and indirect pupillary light reflexes, and circling to the right. Neurolocalization was to the right forebrain and bilateral optic nerves/optic chiasm. A mild diffuse bronchointerstitial pattern was identified on thoracic radiographs.

On MRI examination of the brain, there was an ≈1-cm diameter mass associated with the periphery of the right temporal lobe, in contact with the dural surface (Figure 4). The lesion was iso-to-mildly hypointense to gray matter on both T1- and T2-weighted images, was not associated with susceptibility artifact on T2*-weighted images, and was hypointense on both DWI and ADC maps. There was marked perilesional T2 hyperintensity extending along the white matter tracts of the right cerebral hemisphere, consistent with vasogenic edema, resulting in compression of the right lateral ventricle, a midline shift toward the left, caudal transtentorial, and mild foramen magnum herniations. Following contrast medium administration, the mass showed strong and fairly homogeneous contrast enhancement. The majority of the lesion was centered on brain parenchyma, with acute angles between the ventral, rostral, and caudal aspects of the mass and the calvarium. At the dorsal aspect of the mass and best seen on thin section postcontrast T1-weighted FatSat GRE images, there was mild focal thickening and contrast enhancement of the pachymeninges. A small volume of fluid was present in the nasopharynx, considered incidental. There were no abnormalities of the skull, nasal cavity, paranasal sinuses, tympanic bullae, orbits, ocular structures, and soft tissues of the head and cranial neck including lymph nodes.
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FIGURE 4
 Brain MRI in an estimated 7-year-old cat (Case 3) with presenting complaints of head pressing and progressive neurologic deficits. Transverse T2-weighted (A), T2-FLAIR (B), T2*-weighted GRE (C), T1-weighted (D), diffusion-weighted imaging [DWI, (E)] and corresponding ADC map (F), and postcontrast T1-weighted images in the transverse (G), dorsal (H), and sagittal (I) planes. (A)–(F) There is an ≈1-cm diameter mass associated with the periphery of the right temporal lobe, in contact with the dural surface (arrows). The lesion is T2, T2-FLAIR, and T1 iso- to mildly hypointense to gray matter [(A), (B), (D)], is not associated with susceptibility artifact on T2*-weighted image (C), and is hypointense both on DWI and ADC maps [(E) and (F)]. There is marked perilesional T2 hyperintensity extending along the white matter tracts of the right cerebral hemisphere, consistent with vasogenic edema, resulting in compression of the right lateral ventricle, and a midline shift toward the left. A small volume of fluid is present in the nasopharynx, considered incidental. (G)–(I) Following contrast medium administration, the mass shows strong and fairly homogeneous contrast enhancement. The majority of the lesion is centered on brain parenchyma, with acute angles between the ventral, rostral, and caudal aspects of the mass and the calvarium. At the dorsal aspect of the mass, there is mild focal thickening and contrast enhancement of the pachymeninges [(G), dashed arrow].


A CSF tap was not performed. The patient was administered mannitol (0.5 g/kg IV) and dexamethasone sodium phosphate (0.1 mg/kg IV). Blood and urine samples were submitted for cryptococcosis and blastomycosis testing, respectively. The patient was discharged the following day on prednisolone (2-mg/head PO q 24 h) and levetiracetam (20-mg/kg PO of 100 mg/ml suspension q 8 h).

A cryptococcus antigen latex test was negative. A Blastomyces urine antigen EIA was positive (6.11 ng/ml). The patient was prescribed fluconazole (50-mg/head PO q 24 h). Two days after the start of treatment, the owner reported sudden deterioration of the patient followed by death. An autopsy was not performed.




Discussion

Inflammatory and neoplastic etiologies account for the majority of brain diseases in cats (21, 22), and an imaging diagnosis may not always be straightforward. This study aims at describing imaging features in cats with blastomycosis, an uncommon cause of meningoencephalitis in this species.

Even though the imaging findings in the three cats included in this case series differed, some commonalities were observed. All animals had focal or multifocal mass lesions associated with the forebrain. Contact with the brain surface was common, resulting in difficulty classifying a lesion as intra-axial vs. extra-axial in some instances. Ultimately, intra-axial lesion location was considered most likely in all cats based on lesion centering on brain parenchyma, infiltrative rather than expansile growth of the mass, the presence of additional intra-axial lesions in the majority of cases including cerebellar lesions in one cat, and the acute rather than the obtuse angle formed between the periphery mass and the skull (comparable to the radiographic differentiation of a pulmonary vs. an extrapleural mass based on contact with the thoracic wall on radiographs). An autopsy was only performed on one cat, confirming the intra-axial location of the lesion. Difficulty in distinguishing intra- from extra-axial lesion location was mentioned in a previous study describing CT findings in a cat with an intracranial blastomycosis granuloma (13) and has also been described in dogs and cats with CNS coccidiomycosis (23). Dural contact has been described as an MRI finding that may help increase the index of suspicion for intracranial granuloma over glioma in dogs (19).

In the acute stage, brain lesions were iso- to mildly hypointense to gray matter on T2-weighted images, variable but generally isointense on T1-weighted images, and strongly contrast-enhancing. The T2 hypointensity has previously been reported with fungal granulomas (17, 19, 23, 24). This may be an important consideration when prioritizing differential diagnoses considering the myriad possibilities for single or multifocal intra-axial mass(es). Gliomas are intra-axial tumors that are rare in cats and are reported to be T2 hyperintense and characterized by rim rather than homogeneous contrast enhancement (25). Intralesional T2 hypointensity may be seen with meningiomas if mineralization or hemorrhage is present (25, 26). These tumors are also commonly strongly and homogeneously contrast-enhancing. However, the T2 hypointensities are typically foci within an overall iso- to hyperintense mass, unlike the Blastomyces granulomas described here which were more uniformly T2 hypointense. In addition, meningiomas are extra-axial and characterized by broad-based or plaque-like contact with the skull. Intracranial melanoma metastases or hemorrhagic lesions (benign or malignant) may be T2 hypointense (27). However, those types of lesions are rare in cats and will typically exhibit marked susceptibility artifacts on T2*-weighted GRE images which were not seen in the cases described here. CNS lymphoma has a variable imaging appearance in cats, with intra- and/or extra-axial masses of varying intensity and contrast enhancement patterns. While T2 hyperintensity is a more common feature and T2 hypointensity has not been reported, T2 isointensity is possible (28). Other substances and lesions that may appear hypointense on T2-weighted images are gadolinium-based contrast agents, mucous- or protein-containing lesions, highly cellular lesions, lesions containing mineral substances such as calcium, copper, or iron, turbulent and rapid blood (or CSF) flow, and air-containing spaces or lesions (29). The T2 hypointensity seen with fungal granulomas can be explained by their high cellularity and density limiting the mobility of intralesional hydrogen protons. Other contributing factors (such as the presence of protein or mineralization) are possible but are not supported by the lesion appearance on other sequences.

Other common imaging features of acute granulomas in this case series were strong contrast enhancement of the main lesion, meningeal enhancement, perilesional edema, and mass effect. This is similar to the findings of previous reports (13, 14, 16–19). Vasogenic edema in Case 1 at first presentation was attributed to a flare-up of a granuloma following antifungal treatment. Chronic granulomas otherwise did not have evidence of perilesional edema, similar to previous reports (17), and were ring-enhancing. The extension of ocular blastomycosis into the cranial vault to affect the optic chiasm in one cat was similar to a case of intracranial extension of a retrobulbar fungal granuloma reported in a dog (14). The appearance of the fungal granulomas in two cases where DWI was performed was interesting. A restricted diffusion (characterized by hyperintensity on DWI and hypointensity on the ADC map) has been reported in some intracranial fungal infections in people (30). The hypointense appearance of the granulomas on both DWI and ADC in our cases is most likely attributable to “T2 blackout effects,” where the true diffusion signal is reduced on DWI images by the presence of a very low signal in a lesion. This has been reported in acute and early subacute intracerebral hematomas in people (31). Interestingly, neither of our cases exhibiting this imaging feature had evidence of susceptibility artifact in the lesion indicative of hemorrhage. It appears that the T2 hypointense nature of the granuloma was accentuated by surrounding vasogenic edema which was most evident on DWI/ADC.

Although there are a variety of imaging descriptions of intracranial blastomycosis in dogs, it is worth mentioning one particular manifestation centered on the ventricular system and resulting in periventricular edema, periventricular and meningeal contrast enhancement, and ventriculomegaly (15). Although this appearance has not been described in domestic cats with CNS blastomycosis, similar MR abnormalities have been reported in a tiger (20). It warrants particular discussion in regards to feline patients, as this imaging manifestation would be similar to and possibly indistinguishable from feline infectious peritonitis (FIP) (32). The presence and type of concurrent systemic disease, FNA and cytology of lesions, CSF abnormalities, and fungal antigen testing would all be useful in differentiating between systemic fungal disease and FIP in a given feline patient.

The presence or absence of additional lesions outside the CNS is an important consideration when ranking differential diagnoses for intracranial lesions and prognostication. Most animals with CNS blastomycosis have systemic disease. Two of the cats in this study had evidence of single or multiple pulmonary masses. It is unclear if the mild bronchointerstitial pattern seen in the third patient was related or unrelated to fungal disease. Even though the prognosis for dogs and cats with blastomycosis is generally good, the two prognostic factors for survival are the severity of lung disease and CNS involvement (2). The long-term treatment and survival of one immunocompromised cat with both pulmonary and CNS blastomycosis is somewhat surprising but supports the suggestion that prolonged duration of treatment is indicated in patients with fungal encephalitis (33).

There were several limitations to this study. The case number is small, which is likely due to the relative rarity of blastomycosis in cats. In addition, it is likely that many animals with systemic disease present with other clinical signs and may not undergo brain MRI even if neurologic abnormalities are present. The diagnosis of blastomycosis in two cats was based on cytology, and additional testing (mycological isolation or polymerase chain reaction) was not performed. This is representative of clinical veterinary practice, where organism identification through cytologic or histopathologic evaluation is preferred over serology due to the associated cost for the client (2). The identification of medium-sized, spherical, 8–20 μm in diameter, deeply basophilic organisms with a refractile double wall and occasional broad-based budding suggests blastomycosis (2, 34). Fungal serology is typically recommended when direct visualization of the organism is not possible (24). Most cases of blastomycosis in humans, dogs, and cats are thought to be caused by B. dermatitidis; however, in 2013, B. gilchristii, which is genetically distinct, was reported to also be a possible cause (35, 36). Because of morphological and clinical similarities between B. dermatitidis and B. gilchristii, there is no clinical need for genetic sequencing to differentiate the two species (12). In people, atypical blastomycosis is occasionally caused by Blastomyces helicus in western parts of North America and Blastomyces percursus in Africa (36). Neither of these organisms has been reported in small animals in the Southeastern United States to date. For these reasons, and considering the geographic distribution of various species of Blastomyces, B. dermatitidis was considered the most likely infectious agent seen in our case population. The diagnosis in one case was based on a positive result for a Blastomyces urine antigen EIA. This assay is only labeled for use in dogs, and it is known to cross-react with Histoplasma capsulatum antigen as well as possibly other infectious agents (Paracoccidioidomyces, Penicillium, less frequently in Coccidiooidomyces, rarely Aspergillus, and possibly Sporotrichium) (37, 38). However, most of these are not endemic in Tennessee, many have not been reported in cats, and CNS involvement in cats has to our knowledge not been reported in any of them (39, 40). Intracranial blastomycosis, therefore, remains the most likely diagnosis in our patient. Finally, the MRI protocols were not standardized, and DWI/ADC images were only available for review in two scans. Despite these limitations, this study provides important information on MRI findings in cats with CNS blastomycosis.

In summary, the imaging features that may suggest blastomycosis over other intracranial diseases in cats include focal or multifocal intra-axial mass lesions with dural contact, hypointensity on T2-weighted images and DWI/ADC, strong and homogeneous contrast enhancement of the lesion(s), concurrent meningeal enhancement, marked perilesional edema and mass-effect, and ocular abnormalities. Future studies with larger case numbers are warranted to confirm these findings and identify possible other imaging manifestations of CNS blastomycosis in feline patients.
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The prevalence of idiopathic epilepsy and structural epilepsy in Boxer dogs is unknown. The aim of this retrospective study was to evaluate the prevalence of structural and idiopathic epilepsy in the Boxer population. A total of 74 Boxer dogs were included in the study from the database of one referral hospital and the following were recorded: signalment, history, clinical findings and results of advanced diagnostic imaging. Five dogs (6.8%) were diagnosed with idiopathic epilepsy, of which one was in the <6 months age group, three were in the 6–72 months age group and one was in the >72 months age group. Sixty-nine dogs (93.2%) were diagnosed with structural epilepsy. Sixty-six had a suspected intracranial neoplasia: Eight were in the 6–72 months age group and represent 66.7% of the dogs in that age group. The other fifty-eight were in the >72 months age group and represent 96.7% of the dogs in that age group. In our Boxer population, 81.8% of the patients had a suspected intra-axial tumor and 22.7% of dogs with an intracranial pathology nevertheless had a normal neurological examination. In conclusion, in the majority of boxer patients the cause of epilepsy is a suspected intracranial neoplasia regardless of the age at presentation. Considering the finding in this study of a low prevalence of presumed idiopathic epilepsy in the Boxer breed, it is recommended that patients who satisfy Tier I confidence level of the “International Veterinary Epilepsy Task Force” (IVETF) also undergo an MRI study of the brain.

KEYWORDS
  Boxer, etiology, seizure, dog, structural epilepsy, idiopathic epilepsy


Introduction

Epilepsy is a common disorder in veterinary medicine and is defined as the predisposition to develop epileptic seizures (1). According to the International Veterinary Epilepsy Task Force (IVETF), epilepsy can be classified based on the underlying etiology into two categories: idiopathic or structural. Idiopathic epilepsy (IE) is diagnosed when a genetic background is identified or suspected, or an underlying cause has not been found (1). Numerous epidemiologic and genetic studies have been conducted to date, revealing a predisposition for genetic or suspected genetic epilepsy in Vizlas, Finnish Spitz, English Springer Spaniels, Belgian Tervurens, Belgian Sheepdogs, Bernese Mountain dogs, Labrador Retrievers, Lagotto Romagnolo, Border Collies and Irish Wolfhounds, among other breeds (2–13). Structural epilepsy (SE) is characterized by the presence of epileptic seizures caused by an intracranial pathology (vascular, inflammatory/infectious, traumatic, congenital, neoplastic or degenerative anomaly), confirmed through an MRI study of the brain, examination of the cerebrospinal fluid, genetic tests or necropsy (1).

One recent study evaluated the prevalence of IE and SE in a large general population of dogs undergoing MRI for epileptic seizures; it found that 53.8% of dogs had IE and 45.1% had SE (14). 75.5% of the patients aged between 7 and 72 months were diagnosed with IE and 3% were diagnosed with intracranial neoplasia. In the >72 months age group, 34.1% of dogs were diagnosed with IE and 63,9% with SE, of which 43.2% had intracranial neoplasia (14). Another study conducted in a referral center found that 52.1% of dogs were affected by SE, 31.2% of them due to a neoplastic condition (15).

Two recent studies identified the Boxer as the breed with the highest prevalence of seizures (16, 17). In addition, a predisposition for Boxer dogs to develop intracranial tumors, both intra-axial and extra-axial, is reported (15, 17–24), as well as a predisposition for hereditary epilepsy (25).

There are currently no data regarding the prevalence of IE and SE in Boxer dogs. The aim of this study was to provide estimates of the prevalence of IE and SE in a population of Boxers that presented to our hospital and underwent MRI for epileptic seizures.



Materials and methods

Data were retrospectively collected between February 2007 and December 2020 from the database of the AniCura I Portoni Rossi Veterinary Hospital by searching for boxer dogs and then using the following keywords: “seizure(s),” “epileptic seizure(s)” or “epilepsy.” Only dogs that underwent MRI of the brain were included in the study. Dogs were excluded if the medical records were incomplete; if the records were diagnostic or suggestive for a metabolic/toxic pathology; or if the MRI study was not available for re-examination. The medical records were reviewed and the following data were recorded: signalment, clinical history, results of physical and neurological examination, hematology and serum biochemistry results, age at the first seizure, MRI findings, and cerebrospinal fluid (CSF) analysis. Dogs were divided into categories based on the age of the first seizure: ≤6 months, 7–72 months, and >72 months, following a published paper (14). All cases were managed by a board-certified neurologist or a resident in neurology under supervision. The neurological examination was defined as normal, abnormal, or not evaluable (because of a recent seizure). The MRI was performed with a 0.22 T (MrJ, Paramed Health Service, Genua, Italy) from February 2007 to March 2018 and with a 1.5 T (Vantage Elan, Canon Medical Systems Europe, The Netherlands) from April 2018 to December 2020. The acquired sequences had to include at least: sagittal and transverse T2-weighted; transverse FLAIR; and transverse T1-weighted before and after the administration of a gadolinium-based contrast medium. The MRI studies were then reviewed by a board-certified neurologist to determine whether seizures were due to structural pathology. Based on the history, the neurological examination, the MRI results, and the CSF analysis, each dog was categorized as affected by IE or one of the following structural conditions: congenital malformation, inflammatory disease, vasculopathy, degenerative disease, trauma and neoplasm. Within the neoplastic group, patients were further divided into two groups based on the intra- or extra-axial localization of the mass lesion.

Descriptive statistics were performed utilizing Microsoft Excel for Mac. Mean was used for all descriptive statistics: gender, age at first seizure, neurological examination (altered, normal or not evaluable), MRI findings (altered or normal), etiology, age at which the patient was subjected to MRI, and localization of the neoplastic lesion (extra-axial or intra-axial).



Results

One thousand and seventy-two boxers presented to our hospital during the study period, 368 (34.3%) of which had a neurological examination for a suspected neurological disease and 91 (8.5%) had seizures. Of these 91 patients, 16 were excluded due to the lack of an MRI study and 1 because of reactive seizures. Thus, 74 patients (6.9%) were included in the study.

Two out of 74 cases were <6-months old. There was a 6-month old female patient diagnosed with IE and a 5-month old male patient diagnosed with a meningoencephalocele (MEC).

Twelve out of 74 patients (16.2%) were aged between 7 and 72 months. Five were males (41.7%) and 7 females (58.3%). The mean age of presentation of the first epileptic seizure was 44.8 months and the mean age at which they were subjected to advanced diagnostic procedures was 49.3 months. Eight out of 12 patients (66.7%) had an MRI study showing a presumptive neoplastic lesion (2 extra-axial, 1 suspected extra-axial, and 5 intra-axial). The mean age of these patients was 59 months. Of these eight patients, 2 (25.0%) had a normal and 6 (75%) had an abnormal neurological examination. Three out of 12 patients (25.0%) had a normal neurological examination with a normal MRI study and a normal cerebrospinal fluid examination (performed in only one out of 3 patients). In these cases, the suspected diagnosis was IE. The mean age of these patients was 19.3 months. The remaining dog in this age group was 7-months old and the MRI was suggestive of an ischemic event.

Sixty out of 74 patients (81.1%) were older than 72 months. Twenty-nine were male (48.3%) and 31 were female (51.7%). The mean age of presentation of epileptic seizures was 107.7 months and the mean age at which they were subjected to advanced diagnostics was 109.1 months. Fifty-eight of 60 patients (96.7%) had an MRI study suggestive of a neoplastic condition. The mean age of these patients was 108.4 months. Of these 58 dogs, 13 (22.4%) had a normal neurological examination and 38 (65.5%) had an abnormal neurological examination. In 7 dogs (12.1%) the neurological examination was either not performed because of the recent administration of antiepileptic drugs, or was not reliable because of a recent seizure. One out of 60 patients (1.7%) had a suspected diagnosis of IE. The age of this patient was 98 months. One out of 60 patients (1.7%), aged 74 months, had an MRI suggestive of an ischemic event.

Overall, the majority of patients (89.2%) were diagnosed with suspected neoplastic disease. Of this group, 12.1% were aged between 7 and 72 months and 87.9% were older than 72 months. We found a total of 54 intra-axial neoplasms and 12 extra-axial neoplasms. Eleven dogs underwent a histological examination, which confirmed the neoplastic nature of the lesions. There were 6 meningiomas, 1 glioma, 1 ependymoma, 1 leptomeningeal lymphomatosis and 2 metastases (1 hemangiosarcoma and 1 carcinoma). IE accounted for 5 out of 74 cases (6.8%), of which 3 (60%) were aged between 7 and 72 months, 1 (20%) was younger than 6 months and 1 was over 72 months. Two out of 74 patients (2.7%) had a suspected vascular disease, one of which was aged between 7 and 72 months and the other was older than 72 months. One out of 74 patients (1.4%) had a diagnosis of congenital disease, at <6 months old.



Discussion

This study analyzes the causes of epilepsy in the Boxer dogs. The motivation behind the study is the authors' impression that this breed presents epidemiologic and etiologic peculiarities among dogs affected by epileptic seizures.

Across the 14 year study period, of all the Boxers presented to our hospital 34.3% had a neurological examination for a suspected neurological disease. A previous study, conducted in Switzerland, found that 33% of general canine population had a presumptive neurological diagnosis (26). This data was in agreement with the results of our study, but it is possible that within this large group the pathologies were distributed in a different way according to the breed and the age range taken into consideration. In fact, when focusing on epilepsy, our data differed from that present in the literature. In our population of Boxer dogs fulfilling the inclusion criteria, the prevalence of epileptic seizures was found to be 6.9%. However, of the 17 patients that were excluded, only 1 was diagnosed with reactive seizures. In the remaining 16, clinical history and blood work were not suggestive of a metabolic condition, so either IE or SE would be a likely diagnosis. The real prevalence of epileptic seizures in our population of Boxer dogs might consequently be higher, close to 8.4% (90/1,072). The prevalence of epileptic Boxers in a referral institution has not been investigated to date. Two studies conducted on the prevalence of epileptic seizures in the general canine population in primary veterinary care reported a percentage of 0.75–0.82% and identified the Boxer as the breed with the highest seizure prevalence (1.8–2.3%, respectively) (16, 17).

In our population there were only two puppies aged between 0 and 6 months. In a paper on dogs aged <1 year, the mean age at the first seizure in dogs with IE was 6.8 months, while in dogs with SE it was 7.5 months, and in dogs experiencing reactive seizures it was 4 months (27). As such, one plausible reason for the low prevalence of epileptic dogs aged <6 months is that reactive seizures could be more common in this age group. This low prevalence strictly overlaps that found in another study, where 20 of 900 dogs were aged <6 months at the time of their first seizure (14). In the same study, 70% of the dogs (14/20) were diagnosed with SE, mostly due to congenital malformations, and 30% with IE (14).

The main causes of epileptic seizures in pediatric patients are congenital malformations and inflammatory conditions (28). The Boxer is not among the breeds with the highest incidence of the most common congenital conditions, such as hydrocephalus and lissencephaly (28, 29). The puppy with SE in our data set had a MEC, a sporadically occurring disease potentially underdiagnosed because diagnosis requires advanced imaging (30). Seizures are the main presenting neurologic sign in dogs with MEC (30). In our dog, MRI showed an intranasal MEC with robust meningeal post-contrast enhancement, possibly due to inflammation. Infiltration of inflammatory cells contributing to abnormal excitability of cortical neurons is one of the pathogenetic mechanisms hypothesized to explain seizures in patients with MEC (31).

The lack of pediatric patients with an inflammatory condition in our study is likely due to several causes. Autoimmune encephalitis is uncommon at this age (28, 32) and Boxers are not at a higher risk of this kind of inflammation (32). Infectious encephalitis was regarded as a frequent cause of seizures in dogs in the recent past and Canine Distemper virus was the most common form (33, 34). Although vaccination for Canine Distemper virus does not ensure a total immunity against the neurological form of the disease and not all dogs are vaccinated, in recent decades its use has become so widespread that there has been a severe reduction in the occurrence of CDV-related seizures.

A previous study reported that IE was the final diagnosis in 75.5% of cases in a canine population affected by epileptic seizures, aged between 6 months and 6 years (14). In the same study, neoplasia was diagnosed or suspected in only 3% of dogs. These data differ considerably from those found in our study, where 66.7% of Boxers had an MRI suggestive of brain neoplasia and only 25% had a diagnosis of IE. Among the dogs diagnosed with or suspected of having a brain tumor, one quarter showed a normal neurological examination. The average age of dogs in this age group with suspected intracranial neoplasia was 59 months.

In a recent paper, the predictive value of age at the time of the first epileptic seizure to differentiate between IE and SE was investigated combining and analyzing the data from two previously published studies (1, 35). It found that a 6-year cut off was a better predictor than a 5-year cut off to determine the likelihood of a dog being affected by IE. We have not performed statistical analysis on our dataset. However, based on our data it seems reasonable that in Boxers a 6-year cut off is too high and we recommend performing an MRI of the brain, after the exclusion of reactive seizures, in Boxers 5 years old or even younger, independent of the results of the neurological examination.

With regard to the age group over 72 months, we found that 96.7% of our Boxers had a diagnosis of epilepsy due to a histologically confirmed or an MRI suspected neoplasia, and only 1.7% had a diagnosis of IE. In a published study on patients over 6 years of age, intracranial neoplasia was diagnosed in 43.2% of the cases and was the primary differential diagnosis for this age group (14). A similar study investigated the etiology of epilepsy in dogs 5 years of age and older and found that 49.5% of patients had a diagnosis of intracranial neoplasia (36). If we set the lower age limit of our population at 5 years, patients with a confirmed or suspected diagnosis of intracranial neoplasia equaled 96.9% (63 out of 65). In other words, lowering the age limit to 5 years did not cause any change in the percentage of epileptic Boxers in this age group who had intracranial neoplasia.

According to our data, regardless of the age of the first seizure, Boxers have a 93.2% chance to suffer from SE and a 90.4% chance of being affected by a suspected or confirmed neoplastic condition. A recent study investigated the prevalence of IE and SE in the canine population, where it emerged that the Boxer is the fourth most common breed to have structural pathologies underlying the development of epileptic seizures (14).

These data may reflect the high predisposition of Boxer dogs for developing brain neoplasia compared to the general population (15, 17–24). However, it is the authors' opinion that other causes have to be hypothesized to justify such a high prevalence. The first factor could be related to the referral nature of our hospital. It is likely that many of these dogs have been initially investigated by their referring veterinarians, that no clinically significant abnormalities on blood or urinalysis were found, and it was decided to either evaluate the response to an antiepileptic treatment or to wait and observe the frequency and the severity of the seizures. In this way, treatment-responders, i.e., dogs with mild neurological impairment and dogs with low frequency seizures, were not referred, generating a severe bias in our dataset. A second factor which again relates to the referral nature of our hospital could lead to an opposite clinical situation; for example, cases showing a very quick clinical evolution toward either cluster seizures / status epilepticus or severe neurological deficits may actually not be referred. A severe clinical scenario may discourage owners from pursuing a final diagnosis through often expensive investigations. Vascular and inflammatory conditions and, in some instances, IE could constitute the cause of such severe clinical conditions (37–39) and, again, bias the overall prevalence when not investigated.

Two recent studies, which considered dogs that have undergone intracranial surgery for tumor removal, highlighted the Boxer as one of the most affected breeds, representing 12.9–18.2% of patients (23, 24). Eighty-five percent of the Boxers had an intra-axial tumor (20). In our study, 81.8% of Boxers with an MRI-suspected neoplasia had an intra-axial lesion and 18.2% had an extra-axial lesion. This finding agrees with a previous study, where Boxers are the most represented breed amongst patients with intra-axial tumors (14, 20). In an older study it was hypothesized that the predisposition of the ancestral bulldog, from which the Boxer breed derives, to certain diseases (chemodectomas, proliferation of fibrillar astrocytes) is caused by the altered anatomy of the respiratory tract. This alteration leads to prolonged hypoxia, which in humans can stimulate the development of fibrillar gliosis (22). The same study also argues that some brachycephalic breeds (English bulldog, Boxer and Boston terrier) are more likely than other brachycephalic breeds to develop glial tumors. The neurological examination is usually expected to be abnormal in dogs with intracranial disease, yet it is known that a normal neurological examination does not exclude a structural brain lesion. In a previous study, 23% of dogs <6 years old at the onset of seizures and 22% of dogs over 6 years old at the onset of seizures had a normal neurological examination with abnormal MRI results (40). In our Boxer population we found similar results, since 22.7% of patients with an intracranial neoplasia had a normal neurological examination. In light of this evidence, we recommend performing an MRI in epileptic Boxers in spite of a normal neurological examination, especially if they experience the first epileptic seizure in adulthood.

In the Boxer dog a genetic predisposition to IE has been proposed, on the basis of a high mortality rate in seizuring subjects of 4 years of age or less (25). No diagnostic procedures were performed in that study to rule out SE and support this hypothesis. Indeed, the Boxer is not listed among the breeds for which IE has a demonstrated or supposed predisposition. Evidence to support a predisposition for IE was not found in our study. Only 6.8% of patients were diagnosed with IE out of the entire Boxer population, regardless of age, and 25% of patients in the range between 6 months and 6 years. However, if we lower the upper age limit of this group to 5 years based on the previously discussed prevalence of tumors, the proportion of IE rises to 47%, approximating but not equaling what is found in the general canine population in the same age group (14). Again, it is likely that subjects with good control of epileptic seizures after IVETF Tier 1 protocols will not be referred to specialist centers for a complete diagnostic workup and this may lead to an underestimation of the real incidence of IE in Boxers. However, this may not be sufficient to explain the low level of IE seen here in Boxers; our institution sees many dogs of other breeds referred for refractory epilepsy and so it is possible that Boxers are less affected by this condition. Further studies are needed to determine the real prevalence of IE in Boxers.

Our study has several limitations, mainly related to its retrospective nature. In the 14-year span many veterinarians performed the neurological examination and subtle abnormalities may have been overlooked in some cases. However, neurological examinations were always performed by experienced clinicians or residents under strict supervision by ECVN diplomates, thus minimizing this situation. Due to the emergency conditions in which some cases are referred, many patients were examined following an epileptic seizure or status epilepticus. Therefore, the percentage of patients with SE and an abnormal neurological examination may have been overestimated. These dogs may have had a normal neurological examination if they had been examined at a time distant from the seizure episode. This limitation may negatively bias our percentage of dogs with a normal neurological examination despite SE, but emphasizes the need to perform advanced imaging in Boxers with a history of seizures. Other limitations of the study are the variable MRI protocols and different MRI scanners used, due to the long study period. The majority of the studies were performed with a low-field MRI scanner. Because of the lack of a histopathological confirmation in most cases, it cannot be excluded that inflammatory or vascular conditions could have been misdiagnosed for a low-grade, non-contrast-enhancing glioma in a few cases.

In conclusion, Boxer dogs experiencing seizures have a high probability of having intracranial neoplasia, regardless of their age and the result of the neurological examination. It is therefore always advisable to perform advanced imaging to better define the diagnosis and hence an adequate prognosis.
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Introduction: Steroid-responsive meningitis-arteritis (SRMA) is an immune-mediated disorder of young dogs for which there is no definitive ante-mortem diagnostic test. Magnetic Resonance Imaging (MRI) can be used to explore other differentials and extensive reports about its usefulness in the diagnosis of SRMA are lacking. The aims of this study were to retrospectively investigate the characteristics of MRI studies of the cervical spine of dogs diagnosed with SRMA and to compare the diagnostic capability of MRI obtained with low-field and high-field units.

Materials and methods: This is a double center, retrospective case series. Databases were searched between 2008 and 2021 for dogs with a diagnosis of SRMA. Dogs were included if the following criteria were fulfilled: a diagnosis of cervical SRMA, results of CSF analysis, and MRI of the cervical spine available for re-evaluation.

Results: Seventy cases were selected. MRI abnormalities were found in 69 cases (98.6%). Enhancement of the meninges, nerve roots, synovium of the articular facets and paravertebral muscles was present in 61 (87.1%), 10 (14.3%), 34 (48.6%), and 34 (48.6%) cases, respectively, when considering all MRI. In the low-field MRI, enhancement of these structures was present in 45 (90%), 4 (8%), 21 (42%) and 23 (46%) cases, respectively. In the high-field MRI, enhancement of these structures was present in 16 (80%), 6 (30%), 13 (65%) and 11 (55%) cases, respectively. Fat suppressed T1W images showed meningeal enhancement better than T1W images. When all the MRIs were considered, a significant increase in cell count of the cerebrospinal fluid was found between the three groups based on the meningeal MRI score (p = 0.001). In cases with no meningeal enhancement but enhancement of synovium of the articular facets and/or muscles a significantly lower cerebrospinal fluid cell count was present (p = 0.043), when considering all MRIs.

Conclusions: The most frequent detection on cervical MRI of dogs affected by SRMA is meningeal enhancement, often accompanied by enhancement of the synovium of the articular facets and/or muscular enhancement. Both low-field and high-field MRI have good diagnostic capability but the latter enables a more thorough investigation thanks to specific sequences. MRI is useful as a complementary tool to cerebrospinal fluid analysis.
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Introduction

Steroid-responsive meningitis-arteritis (SRMA) is an immune-mediated disorder commonly recognized in dogs (1). Even though SRMA typically affects dogs of 6–18 months of age (1, 2) SRMA is also described in older dogs (3–6). Any breed can be affected, with a prominent predisposition in Beagles, Bernese Mountain Dogs, Border Collies, Boxers, English Springer Spaniels, Jack Russell Terriers, Nova Scotia Duck Tolling Retrievers, Weimaraners and Whippets (1, 7–9). An acute form and a chronic form of SRMA may occur. The former is characterized by cervical pain and stiffness, often associated with stiff gait and fever, the latter by ataxia, paresis, and spinal nerve deficits as a consequence of disease progression to the spinal cord (1, 10). SRMA-affected dogs may also show myositis and polyarthritis (11–13).

There are no definitive ante-mortem diagnostic tests for SRMA (14). Nowadays the diagnosis is based on a patient's particular signalment, medical history, neurological examination, bloodwork and, above all, cerebrospinal fluid (CSF) analysis. In the acute form CSF commonly presents a neutrophilic pleocytosis often characterized by more than 500 cells/μl in addition to an elevated protein concentration, whereas in the chronic form CSF is usually characterized by a mixed, less severe pleocytosis with a normal or mildly elevated total protein concentration (1, 15). Magnetic resonance imaging (MRI) of the cervical spine of dogs suspected to be affected by SRMA may show features suggesting meningeal inflammation, such as meningeal enhancement in T1-weighted (T1W) images after intravenous injection of a gadolinium-based contrast agent (GBCAs) (1, 16). Furthermore, MRI may reveal muscular abnormalities, such as T2-weighted (T2W) and short tau inversion recovery (STIR) hyperintensity (13, 16), as well as contrast enhancement (16). T2W hyperintensity or contrast enhancement inside the spinal cord may signal lesion progression (16). MRI is mainly considered useful to explore other differentials (16). Nevertheless, extensive reports about the usefulness of MRI in the diagnosis of SRMA are lacking.

The aims of this retrospective study were (1) to investigate the characteristics of MRI studies of the cervical spine of dogs diagnosed to be affected by SRMA and (2) to compare the diagnostic capability of MRI obtained with low-field (LF) and high-field (HF) MRI units.



Materials and methods


Case recruitment criteria

The medical records of dogs from 2 veterinary institutions (the Veterinary Teaching Hospital of the University of Padua and the AniCura Portoni Rossi Veterinary Hospital) were searched from August 2008 to November 2021 for dogs with a diagnosis of SRMA. Dogs were included if the following criteria were fulfilled: a diagnosis of cervical SRMA, results of CSF analysis, and MRI of the cervical spine available for re-evaluation. Eventual cases with a diagnosis of SRMA in spite of a normal CSF were excluded and discussed separately. For dogs that had a second presentation during the study period the relative medical record and cervical MRI were similarly reviewed.



Medical records review

Details regarding signalment (breed, sex and age) and history (duration of clinical signs and pharmacological treatments in a 10-day time span before referral) were recorded. The results of the neurological examinations were reviewed and the following parameters were considered: cervical pain and stiffness, stiff gait, paresis, ataxia, and cranial and spinal nerve deficits. When available, body temperature was reviewed considering a temperature higher than 39.5°C as pyrexia. Response to the treatment was also noticed, when the follow-up was available.



CSF analysis review

Cases with no CSF differential count were excluded. Cell count (White Blood Cells (WBC)/μL), neutrophil percentage and albumin concentration were assessed. The reference intervals for CSF parameters are reported elsewhere (15). Samples were divided in four classes based on the increased cell count (>500, 101–500, 31–100, 6–30 WBC/μL); four classes based on neutrophil percentage (>60, 31–60, 10–30, <10%) and four classes based on albumin concentration (>300, 101–300, 30–100, <30 mg/dL).



MR images review

MRI studies were performed under general anesthesia with a LF (0.22 Tesla) MRI scanner (MrVet, Paramed Medical Systems, Genoa, Italy) from August 2008 to March 2018 and with a HF (1.5 Tesla) MRI scanner (Vantage Elan, Canon Medical Systems Europe B.V., Netherlands) from April 2018 to November 2021. To be included in the study and considered for re-evaluation, MRI had to include at least pre- and post-administration of a GBCA T1W images, either with or without fat suppression (T1W FAT-SAT), acquired in transverse and sagittal planes, as well as T2W or STIR images in the transverse plane.

All MRI studies were reviewed by two veterinarians alongside a board-certified neurologist using a DICOM viewer (2020 Horos Project™). The post-processing subtraction technique was used on T1W images to highlight contrast agent uptake. Comparison between T1W and T1W FAT-SAT images, as well as between T2W and STIR images, was then made to highlight differences in post-contrast enhancement and muscular hyperintensity, respectively.

To evaluate the extent of the meningeal contrast agent uptake, MR images in both transverse and sagittal planes were evaluated. A thick and long (over more contiguous images) enhancement of the meninges was considered suggestive of meningeal inflammation. Contrast agent uptake of nerve roots, synovium of the articular facets and paravertebral muscles was only analyzed in the transverse plane. For each structure a subjective score from 0 to 2 was assigned by each observer at the level of both the vertebral body (from C1 to C7) and the intervertebral space (from C1-C2 to C6-C7), based on the degree of contrast enhancement (Table 1). A similar score was assigned at the same levels, based on T2/STIR muscle hyperintensity, with scores 0, 1 and 2 meaning absent, mild and marked muscular hyperintensity, respectively. Spinal cord parenchyma contrast enhancement was recorded, if present. Each MRI study was then labeled for each structure as 0 if no contrast enhancement was present, as 1 if contrast enhancement was present at least in one cervical level. Finally, MRIs were globally classified based on the distribution of T1 contrast enhancement as absent or involving one or more of the following cervical structures: meninges, synovium of the articular facets, and muscles.


TABLE 1 Key to T1/T1 FAT-SAT contrast enhancement rating for each cervical structure analyzed in the study.

[image: Table 1]

All the observers were aware of all data available in the medical reports. Images were independently analyzed by each observer. At each level, for a given structure to be labeled as “enhancing,” all the observers had to agree about the presence of the enhancement. Relatively to the entity of the enhancement, a discussion was carried on until a consensus between observers was reached.

A comparison of the above parameters between studies conducted with LF and HF MRI was then made to highlight possible differences due to the different magnetic strength.



Crossmatch between CSF and MR images

The degree of meningeal enhancement seen in MRI, as well as the distribution of enhancement among cervical structures, were matched with CSF cell count to determine any potential correlation, as a whole and then separately for each type of MRI.



Statistical analyses

Numerical variables are presented as median, interquartile range (IQR) and range. Categorical variables are summarized as counts and percentages. Statistical analysis was performed with the statistical software MedCal® (Version 12.6.1.0, Software bvba). A p-value <0.05 was considered significant for all tests. A two proportion z-test for equality of two percentages was performed to (1) evaluate if a significant difference was present between LF and HF MRI in the detection of meningeal, nerve root, synovium of the articular facets, muscle, and spinal cord parenchyma enhancement; (2) evaluate if a significant difference was present between the incidence of synovium of the articular facets enhancement and muscular enhancement using LF and HF MRI and (3) estimate if the increased conspicuity of the meningeal contrast uptake shown through the subtraction technique with LF MRI was significantly different compared to that seen with HF MRI. A Kruskal-Wallis non-parametric test was performed to evaluate if significant differences were present between the CSF cell count in the three MRI groups based on the degree of meningeal enhancement (0 = absent, 1 = mild, 2 = marked), both on the total number of MRI and then on the LF and HF MRI individually. Cases were then grouped depending on the distribution of enhancement between cervical structures, and their CSF cell count distribution was studied with a Kruskal-Wallis non-parametric test, both on the total number of MRI and on LF and HF MRI separately. Three MRI patterns of enhancement were identified for this test: cases with meningeal and synovium of the articular facets and/or muscular enhancement (group 1), cases with meningeal enhancement alone (group 2), and cases with synovium of the articular facets and/or muscular enhancement but without meningeal enhancement (group 3).

A Fisher exact test was performed to analyze if meningeal enhancement on MRI was predictive of CSF abnormality (2 × 2 contingency table). In this test the cases with normal CSF were also included.




Results


Case recruitment criteria

Ninety-three cases were included after the first search based on a diagnosis of SRMA in the medical records. Of these, 4 cases were excluded because of the absence of a CSF differential cell count, and 17 cases because of an incomplete MRI protocol. Two cases had a normal CSF and were then excluded; they will however be separately discussed. Seventy cases were therefore included in the study. Two dogs fulfilling the inclusion criteria presented twice, therefore results for breed and sex represent a total of 68 dogs.



Medical records review

The most represented breeds were Boxers (n = 14; 20.6%), mixed breeds (n = 14; 20.6%), and Bernese Mountain Dogs (n = 10; 14.7%). Table 2 lists all the breeds included in the study. There were 34 males (50%) and 34 females (50%). Duration of the clinical signs was <4 days in 25 dogs, 4–10 days in 24 dogs, and more than 10 days in 21 dogs. Median duration of the clinical signs before referral was 6.5 days (IQR 11.75; range 1–60 days). Four cases were confirmed relapses based on the CSF analysis and 6 cases were suspected relapses based on the history. Median age at the first presentation was 10 months (IQR 5.5; range 3–67 months). In the 10 day period before referral, 53 dogs (75.7%) had received one or more drugs including glucocorticoids (n = 9), non-steroidal anti-inflammatory drugs (NSAIDs) (n = 27), opioids (n = 24) and antimicrobials (n = 24). At neurological examination, 50 dogs (71.4%) had both cervical pain and stiffness, 12 dogs (17.1%) manifested only cervical pain and 4 dogs (5.7%) had only cervical stiffness; in 4 dogs (5.7%) cervical pain or stiffness were not detected on the neurological examination but were reported in the history. Twelve dogs (17.1%) showed paresis and 14 dogs (20%) showed ataxia. Other deficits detected on the neurological examination were: spinal nerve reflex abnormalities (n = 8), proprioceptive deficits (n = 6), cranial nerve deficits (n = 3), and an abnormal menace response (n = 3). Body temperature data was available for 32 dogs, 24 of which (75%) were pyretic. Response to the treatment was documented in 57 cases (81.4%) and was reported to be good in all of them.


TABLE 2 Breeds included in the study.
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CSF analysis review

Sixty-three (90%) CSF samples were collected from the cerebellomedullary cistern and 7 (10%) from the lumbar subarachnoid space. Median cell count was 945 WBC/μL (IQR 1623.75; range 7–6,133 WBC/μL). Forty-five (64.3%) CSF samples showed a very marked pleocytosis, with more than 500 WBC/μL and a median cell count of 1,504 WBC/μL (IQR 1515; range 509-6133 WBC/μL). In 65 (92.9%) samples, more than 60% of the cells were neutrophils, with a median neutrophil percentage of 81% (IQR 15, range 61–98%). The results of CSF analysis (grouped by cell count, neutrophil percentage and albumin concentration) are summarized in Table 3.


TABLE 3 CSF analysis results.
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MR images review

Sixty-nine (98.6%) MRI studies showed contrast enhancement of one or more structures. T1W post-contrast images demonstrated enhancement of meninges in 61 cases (87.1%), nerve roots in 10 (14.3%), synovium of the articular facets in 34 (48.6%) and paravertebral muscles in 34 (48.6%). Marked contrast enhancement (score 2) was present in 33 studies (45.8%) in at least one compartment, including meninges (n = 15), nerve roots (n = 3), synovium of the articular facets (n = 11) and paravertebral muscles (n = 10) (Figure 1). Moreover, spinal cord parenchymal contrast enhancement was present in 10 studies (14.3%) and was always associated with meningeal enhancement. Distribution of meningeal contrast enhancement in the cervical spine is summarized in Table 4. In the 8 MRI studies where both STIR and T2W sequences were available, muscular lesions were detected in both modalities in 5 cases, even easily detectable on STIR sequence, and were not seen in any in the remaining 3. The 34 cases demonstrating hyperintense muscular areas in either T2W or STIR sequences also showed T1W contrast enhancement of the same areas.
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FIGURE 1
 Transverse T1W images pre- (upper row) and post- (lower row) contrast agent administration, at level of C4 (A,A',D,D'), C5–C6 (B–B'), and C2–C3 (C–C'). A marked contrast enhancement is evident at the level of the meninges [(A')—short arrow], nerve roots [(B')—long arrow], synovium of the articular facets [(C')—arrowhead], and muscles [(D')—asterisk].



TABLE 4 Distribution of meningeal contrast enhancement in the cervical spine.
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The post-processing subtraction technique increased the conspicuity of the enhancement at the meningeal level in 42 cases (60%) (Figure 2), in the synovium of the articular facets in 7 cases (10%) and in muscles in 1 case (1.4%). The incidence of contrast uptake was 48.6% for both the synovium of the articular facets and muscular structures. MRI patterns of alterations due to T1 contrast enhancement and their distribution between LF and HF MRI are summarized in Table 5.
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FIGURE 2
 Subtraction technique in the detection of meningeal enhancement. (A) Pre- and (B) post-contrast transverse T1W image at the level of the C5–C6 intervertebral space. After subtraction (C), a subtle meningeal enhancement not easily detectable in (B) is seen (arrow).



TABLE 5 MRI patterns of alterations based on T1 contrast enhancement distribution between cervical structures.
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T1W post-contrast images evaluated separately from the LF (50 cases) and HF (20 cases) MRI demonstrated enhancement of meninges in 45 (90%) and 16 (80%) cases, respectively, nerve roots in 4 (8%) and 6 (30%), respectively, synovium of the articular facets in 21 (42%) and 13 (65%), respectively, paravertebral muscles in 23 (46%) and 11 (55%), respectively, and in the spinal cord parenchyma in 9 (18%) and 1 (5%), respectively. No significant difference was found between LF and HF MRI in the identification of meningeal (p = 0.463), synovium of the articular facets (p = 0.140), paravertebral muscles (p = 0.677), and spinal cord parenchyma (p = 0.305) enhancement. A mild significant difference in the identification of nerve root enhancement (p = 0.046) was found.

The subtraction technique increased the conspicuity of contrast agent uptake at the level of the meninges in 34 (68%) LF and 8 (40%) HF MRI. In 5 (10%) LF MRI and in 3 (15%) HF MRI, the diagnosis would have been missed without the use of the subtraction technique. However, no significant difference in the utility of the subtraction technique at the level of the meninges was found between LF and HF MRI (p = 0.059).

Incidence of contrast uptake in the synovium of the articular facets was 42 and 65% and incidence of muscular contrast uptake was 46 and 55% in LF and HF MRI, respectively. However, no significant difference was found between LF and HF MRI in enhancement detection at the level of either synovium of the articular facets or muscles (p = 0.140 and p = 0.677).

Seven HF MRI had both T1W and T1W FAT SAT sequences available. In 4 of 5 MRI (80%), in which meningeal enhancement was present, the contrast uptake was seen better on the T1W FAT SAT images. Particularly, in 3 of these 4 cases meningeal enhancement was only easily detectable on T1W images through the application of the subtraction technique, whereas on T1W FAT SAT this was never necessary (Figure 3). Enhancement of the synovium of the articular facets was present in 5 MRI and in 2 (40%) of these the contrast uptake was seen better on the T1W FAT SAT images. In 1 (25%) of the 4 studies in which muscular enhancement was present, the contrast uptake was seen only on the T1W FAT SAT images.
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FIGURE 3
 Transverse T1W (upper row) and T1 FAT SAT (lower row) images pre- (A,A') and post- (B,B') contrast administration at the level of the C3–C4 intervertebral space. Meningeal enhancement is visible on the T1W images only with the application of the subtraction technique (C) (short arrow), while it is easily detectable in T1W FAT SAT images (B') (long arrow). The subtraction technique in T1W FAT SAT images (C') is therefore not necessary.




Crossmatch between CSF and MR images

Median CSF cell count of the three groups based on the degree of MRI meningeal enhancement was 39 WBC/μL (IQR 581; range 7–2,341) in group 0, 757 WBC/μL (IQR 1435.8; range 16–6,133) in group 1, and 1,820 WBC/μL (IQR 1951.5; range 156–5,976) in group 2, when all the MRI were considered. When only the LF MRI were considered, median cell count was 111 WBC/μL (IQR 558; range 7–2,341) in group 0, 682 WBC/μL (IQR 1595.8; range 16–6,133) in group 1 and 1,896 WBC/μL (IQR 2,334; range 509–5,976) in group 2. When only the HF MRI were considered, median cell count was 19.5 WBC/μL (IQR 156.5; range 15–620) in group 0, 1206.5 WBC/μL (IQR 1,344; range 35–2,133) in group 1 and 988 WBC/μL (IQR 832; range 156–1,820) in group 2. A significant increase in CSF cell count was found between each of the three groups when all the MRI were considered (p = 0.001) (Figure 4A), and between groups 1 and 2 when only the LF MRI were considered (p = 0.016) (Figure 4B). No significant differences were found between the groups when only the HF MRI were considered (p = 0.06) (Figure 4C).
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FIGURE 4
 CSF cell count distribution in MRI groups based on the degree of meningeal enhancement (group 0 = absent, group 1 = mild, group 2 = marked), analyzing all 70 MRI (A), the 50 LF MRI (B) and the 20 HF MRI (C). Boxes contain values from 1st to 3rd quartile, lines inside boxes indicate median values, crosses inside boxes indicate mean values, endpoints of vertical lines are proportional to the interquartile-deviation and dots outside “whiskers” represents outlier values.


Median cell count of the three groups based on the MRI distribution of enhancement between cervical structures was 1,136 WBC/μL (IQR 1,554; range 16–6,133) in group 1, 1,262 WBC/μL (IQR 1,707; range 24–5,976) in group 2 and 75 WBC/μL (IQR 581.5; range 15–2,341) in group 3, when all the MRI were considered. When only the LF MRI were considered, median cell count was 1,136 WBC/μL (IQR 2,126; range 16–6,133) in group 1, 1,262 WBC/μL (IQR 1885.5; range 24–5,976) in group 2 and 354 WBC/μL (IQR 940; range 39–2,341) in group 3. When only the HF MRI were considered, median cell count was 1206.5 WBC/μL (IQR 1377.3; range 35–1,820) in group 1, 848 WBC/μL (IQR 1478.3; range 156–2,133) in group 2 and 19.5 WBC/μL (IQR 156.5; range 15–620) in group 3. One case had a normal MRI and was therefore not included in the analysis. A significant decrease in CSF cell count was found between group 1 and group 3, when all MRI were considered (p = 0.043) (Figure 5A). No significant differences were found between the groups when only LF (Figure 5B) or HF MRI (Figure 5C) were considered. MRI meningeal enhancement was not predictive of CSF abnormality (p = 0.260). MRI and CSF findings are summarized in Table 6.
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FIGURE 5
 CSF cell count distribution in MRI groups based on the distribution of enhancement among cervical structures (group 1 = meningeal enhancement concurrently with synovium of the articular facets and/or muscular enhancement, group 2 = meningeal enhancement alone, group 3 = synovium of the articular facets and/or muscular enhancement). One case had normal MRI and was therefore not included in the analysis, which was performed on all 69 MRI (A), on the 49 LF MRI (B) and on the 20 HF MRI (C). Boxes contain values from 1st to 3rd quartile, lines inside boxes indicate median values, crosses inside boxes indicate mean values, endpoints of vertical lines are proportional to the interquartile-deviation and dots outside “whiskers” represents outlier values.



TABLE 6 Crossmatch between MRI findings (columns) and CSF findings (rows).
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Discussion

Due to the retrospective nature of this paper, encompassing a 13-year period, a common gold standard diagnostic test for SRMA was not available. The diagnosis of SRMA was made relying not on a single parameter, but on a combination of patient's medical history of cervical pain, neurological examination, MRI and CSF results. Anyway, the white cell differential played an important role: 60% or more neutrophils on CSF cell count were found in all cases but 4. Two of this 4 cases had a considerable neutrophilic pleocytosis (41 and 59%). The remaining 2 cases had a mixed pleocytosis and a history compatible with the chronic form of the pathology, according to the history and in line with literature (1, 15). These two dogs were also the only ones where the CSF results might be affected by a pre-referral treatment, since a CSF analysis highly compatible with SRMA was found in all others pre-treated dogs. In our population, therefore, a pre-referral treatment did not constitute a diagnostic issue.

Breed distribution in our study reflects what has been previously described (1, 7, 8, 12). Multiple breeds were affected, however Boxers, mixed breed dogs, Bernese Mountain Dogs, Weimaraners and Beagles were overrepresented. Therefore, when clinically consistent, SRMA should be considered as a differential diagnosis regardless of breed. The median age (10 months), the range of age at first presentation (3–67 months), and the absence of a sex predisposition registered in our population reflect what has already been reported in the literature (1, 8). Twenty-five percent of dogs were not pyrexic, indicating that a normal temperature does not rule out SRMA as a differential diagnosis, as has previously been reported (16).

The first aim of our study was to investigate the MRI characteristics of the cervical spine in dogs diagnosed with SRMA. MRI showed abnormalities in 98.6% of cases, suggesting its considerable usefulness. Most of these cases had MRI features suggestive of meningeal inflammation (87.1%), with the cervical site most often affected being the tract between C2-C3 and C4. This finding could help during the acquisition of MRI of the cervical spine. The loss of signal intensity at the borders of the field of view in LF MRI could have biased this result, which therefore has to be considered cautiously. However, even in the studies conducted with HF MRI and characterized by a more homogeneous field of view, the aforementioned tract was the most typical area of contrast agent uptake.

Besides meningeal enhancement, spinal cord parenchymal enhancement was seen in 14.3% of our cases. Median duration of clinical signs before referral of these cases was 9.5 days (IQR 11.25; range 3–60 days) and most of them (8/10) showed deficits at neurological examination, consistent with the reported involvement of the motor and proprioceptive systems in the more chronic form of SRMA (1). However, no parenchymal contrast agent uptake was seen in the remaining 16 cases showing neurological deficits consistent with a cervical localization. Therefore, contrast agent uptake seems to be less useful in detecting parenchymal inflammation than meningeal inflammation, most likely for the less conspicuous vascularization of the parenchyma, which is provided by branches arising from the diffuse plexus present on the surface of the spinal cord (17). Moreover, we cannot exclude an overinterpretation of the neurological findings: sometimes large breed dogs with severe cervical pain show, due to the pain itself, an abnormal gait, that may be misinterpreted as ataxic or paretic.

The prevalence of enhancement of the synovium of the articular facets and of the paravertebral muscles in this study was the same for both conditions (48.6%). In veterinary literature SRMA and concomitant immune-mediated polyarthritis or immune-mediated myositis have been reported (11, 12). In one study, 46% of dogs with immune-mediated polyarthritis (IMPA) and spinal hyperesthesia had a CSF analysis consistent with SRMA (12). In that study, none of the dogs with concurrent SRMA and IMPA presented swelling of the appendicular joints or lameness, but inflammation was observed in synovial fluid analysis in 25–100% of the joints evaluated in each dog. As such, synovial fluid analysis has been suggested as a routine procedure in dogs with SRMA (12). The high incidence of enhancement of the synovium of the cervical articular facets detected on MRI in our study reinforces the supposition that polyarthritis could be more frequent than clinically expected.

It has been hypothesized that the pathogenesis of myositis in SRMA may include extension of the meningeal inflammation to the paraspinal muscles through spinal nerve roots (13). All but 4 cases with radicular enhancement in our study had muscular enhancement too, in agreement with this hypothesis. On the other hand, the majority of cases with muscular enhancement did not present a concomitant radicular contrast uptake and so the spread of inflammation through arteries could be hypothesized, which in addition would explain the presence of enhancement in the synovium of the articular facets, and hence the presumed cervical arthritis. In support of this hypothesis, arteritis of variable extent was found in several organs, including muscles, in a histopathologic study of SRMA (11).

In a previous report on inflammatory spinal cord diseases, muscular hyperintensity was seen in most of the cases and was detected better in STIR than in T2W images (13). The suppression of the signal of the adipose tissue ventral to the vertebrae in STIR sequences allows easier identification of muscular inflammation (13). We have seen a similar feature in our population, supporting the inclusion of STIR sequences in the MRI protocol in cases with suspected SRMA to highlight a potential muscular extension of the inflammation.

Contrast enhanced T1W images did not seem to provide more information than T2W images in the detection of idiopathic inflammatory myopathies in humans and dogs (18, 19). Our study identified a similar pattern; the administration of contrast agent always resulted in an enhancement in the T1W sequences in the areas of muscle showing T2W/STIR hyperintensity and never enabled the identification of further areas of putative muscular inflammation. However, other conditions, such as myonecrosis, fatty infiltration, rhabdomyolysis or soft tissue tumors with central necrosis, are associated with increased signal intensity on T2W images and can therefore resemble myositis (19, 20). Consequently, the acquisition of post-contrast T1W images remains essential in the MR investigations of presumed myositis.

Denervated muscles may present T1W contrast enhancement too (21). MRI can help in differentiating myositis from denervation as the former often results in multifocal changes while the latter causes diffuse changes affecting the entire muscle (19). We presume that our findings are consistent with myositis as the majority of cases had multifocal muscular enhancement and, when focal enhancement was found, it never affected the entire muscle.

The post-processing subtraction technique was a considerable aid in detecting subtle meningeal contrast enhancement. The utility of this technique at the spinal level is reported, especially for areas of contrast enhancement that are close to fat, whose bright signal tends to hide pathologic lesions (22, 23). Our findings fully support its application; we would recommend the use of subtraction on MRI of suspected SRMA cases, as the meninges are contiguous to the epidural fat.

The second aim of the present study was to compare the diagnostic capabilities of LF and HF MRI. We did not find any statistical difference between LF and HF MRI regarding the conspicuity of contrast enhancement in the meninges, synovium of the articular facet, muscles or spinal cord parenchyma. It would therefore appear that LF MRI can be used during the work up of cases of SRMA, because the greater spatial resolution of HF MRI is not required for these tissues. LF MRI underperformed in the detection of nerve root inflammation, since the percentage of cases with nerve root enhancement seen in LF MRI was significantly lower than those seen with HF MRI (p = 0.046). The conspicuity of contrast media uptake decreases with decreasing field strength (24). This could explain why LF MRI is less useful for detecting enhancement in small structures such as nerve roots.

The acquisition of T1W FAT SAT sequences is generally performed only with HF MRI, because the chemical shift between fat and water is too small in LF MRI to achieve a selective chemical saturation of fat without also producing water saturation (25). Acquisition of these sequences is possible after administration of a contrast agent. The hyperintense signal of the contrast agent is then not confused with the hyperintense signal of the adipose tissue. Thanks to the suppression of the epidural fat, the contrast-enhancing meninges are easily detected when an inflammatory process is present (26). Spectral fat saturation substantially improves the visualization of muscle inflammation as well (19). In this, our findings are consistent with previous studies and benefited from this technique.

In some of our cases, meningeal enhancement was only easily detectable on standard T1W images through the application of the subtraction technique. In the subtraction process the magnetic resonance signal is removed from the final image so that the densities recorded are dependent upon the vascularity of the tissue (27). Since adipose tissue has a low vascularity, fat signal is effectively suppressed with this technique (27), explaining the improved detection of meningeal enhancement.

For satisfactory subtraction studies, the post-contrast T1W sequence should reproduce exactly the cross-sections of tissue shown on the initial unenhanced sequence. A perfect subtraction study is unachievable when any minor movement between pre- and post-contrast scans takes place (27). Minimizing the deleterious effects that movements (respiratory and cardiac) of the anesthetized patient have on images is then an essential issue in the acquisition of MRI (23). To reduce the effects of motion artifact, some studies may require dedicated scanning hardware or software. These are generally present in HF scanners used in veterinary medicine as they are made for the human medical market, but may not be present in LF systems which are typically designed for human extremities, in which motion artifacts are hardly an issue (28). Moreover, the prominence of signal due to motion is reduced by increasing the signal to noise ratio (SNR) which is lower in LF compared to HF MRI (23). Nevertheless, these LF MRI features seem not to have affected the usefulness of subtraction in our study, as this was more frequently useful in LF than in HF MRI. On the contrary, it can be hypothesized that the lower utility of subtraction in HF MRI could be due to the higher spatial resolution (23) and to the higher conspicuity of contrast agent uptake in a higher field strength (24). Anyway, no significant difference was found between the utility of subtraction in LF and HF MRI (p = 0.059), therefore its application is always recommended, regardless of the field used.

Comparisons between LF and HF MRI must be interpreted cautiously due to the difference in the number of cases. An overall greater number of cases would have led to a more powerful statistical analysis.

A crossmatch between MRI findings and CSF results was applied in an attempt to establish a possible correlation between the severity of the inflammation detected through CSF analysis and the features of the contrast uptake on MRI.

Meningeal enhancement was not predictive of an abnormal CSF (p = 0.260). Since the number of cases with normal CSF was very low (n = 2), future studies with a greater number of cases could re-assess this finding.

When only the LF MRI were considered, CSF cell count significantly increased between the group with MRI meningeal score 1 and the group with MRI meningeal score 2; yet when only HF MRI was considered no significant increase was found. Thus, with a LF scanner the more the meninges are inflamed the more the enhancement is visible, while a HF scanner permits identification of the enhancement regardless of the degree of inflammation shown by the CSF analysis. Once again, a possible explanation for this trend could be the higher spatial resolution of HF MRI (23). Moreover, when pooling all the cases from the different types of MRI, CSF cell count significantly increased between all three groups. Then, stronger was the degree of contrast agent uptake in MRI and significantly higher was the cell count at the CSF analysis (Figure 4A). This finding highlights a possible correlation between the degree of meningeal inflammation seen on CSF and on MRI, probably because the increased vascular permeability due to the arteritis can explain both contrast agent leakage and cellular migration from the vascular compartment. Glucocorticoids could reduce the WBC count in CSF by reducing the degree of inflammatory response (15, 29) and a similar effect can be hypothesized for NSAIDs. Cases that received these drugs in our study were split almost proportionally among the three groups based on MRI meningeal score and the majority received a single dose. We therefore believe that it is very unlikely that the statistical results were affected by prior treatments.

In 9 (12.8%) cases there was no meningeal enhancement in spite of an abnormal CSF. The lack of contrast enhancement in inflammatory conditions is well-described in the literature (30–34). It has been supposed there may be a threshold of inflammation above which the disruption of the blood-meningeal barrier is enough to permit the visualization of the contrast enhancement when meningitis is present (35). It is possible that in our 9 cases this threshold was not reached. Indeed, 2 of our dogs received NSAID treatments before referral, 1 received glucocorticoid treatment, and 1 received both. These treatments could have lowered the degree of inflammation below the threshold and justify the lack of contrast enhancement.

Eight of the 9 cases that showed no meningeal enhancement in spite of an abnormal CSF also had concomitant enhancement of the synovium of the articular facets and/or muscular enhancement. The CSF cell count of these dogs was significantly lower than the CSF cell count of cases with synovium of the articular facets and/or muscular enhancement as well as concurrent meningeal enhancement (p = 0.040) (Figure 5A), despite a greater percentage of cases belonging to the latter group received glucocorticoid and/or NSAID treatments before referral. Due to these results, we may speculate the existence of cases of SRMA in which the aberrant immune-mediated response is directed more toward non-neurological structures. Different forms of SRMA or, at least, different stages with different tissular targets could therefore exist and future studies are needed to investigate this hypothesis.

According to the initial search of the database, 2 dogs had a diagnosis of SRMA in spite of a normal CSF analysis. Case number 1 was a 22-month-old, female Bernese Mountain Dog, with a previous diagnosis of SRMA 15 months earlier, a neurologic examination suggestive of cervical pain, and meningeal enhancement on MRI. Chronic/relapsing cases may have normal CSF (7, 10, 36), so we believe that this dog was likely affected by a second episode of SRMA, according to the MRI findings.

Case number 2 was a 4-month-old, male Boxer with a history of cervical pain in the absence of deficits at neurological examination, consistent with SRMA. MRI showed enhancement of the synovium of two pairs of articular facets. This dog could then be affected by a primary polyarthritis with cervical involvement (12). Since a concurrent inflammation of the synovium of the articular facets has been observed in 48.6% of the cases of SRMA in our study, and since CSF analysis can be normal in SRMA (2, 36), we hypothesized that this dog might be affected by a form of SRMA with a concurrent polyarthritis in a stage in which the aberrant immune-mediated response currently does not involve neurological structures.

This study has several limitations, mainly related to its retrospective nature.

The main limitation of the present study is the lack of a common gold standard diagnostic test, mostly due to the long duration of the study, encompassing a 13-year period. The diagnosis of SRMA was made on the basis of a combination of clinical and diagnostic information. The risk that a few cases with other diseases mimicking SRMA were included does exist.

MRI protocols varied through the years and post-contrast transverse images at one or more cervical levels were absent in many studies. This situation might have underestimated the real involvement of the meninges and extra-neural tissue, which could then be greater than we have reported. However, our results are based on the intensity of the contrast enhancement rather than on its extent along the cervical spine, therefore they should not have been altered by incompleteness of the imaging studies. Regarding the interpretation of the images, further limitations of the present study were the lack of a control group and that the observers were not blinded about neurological examination and the results of the clinical-pathological investigations.

A histopathological confirmation of the inflammation is lacking for both neural and extra-neural tissues and the diagnosis of polyarthritis and myositis is always presumed. However, in human beings it is reported that enhancement of the facets' joint rim after contrast agent administration will establish a diagnosis of synovitis (37). Moreover, although a histopathological diagnosis remains the gold standard for the diagnosis of human dermatomyositis, in recent decades the extensive use of MRI has restricted the number of biopsies carried out (38, 39).



Conclusions

Meningeal enhancement is the most frequent diagnostic imaging finding in dogs affected by SRMA, often accompanied by enhancement of the synovium of the articular facets or muscular enhancement. When meningeal enhancement is absent, less marked CSF abnormalities are usually present. Low-field and HF MRI both have a good diagnostic overall capability, although HF MRI enables a more thorough investigation thanks to specific sequences, particularly T1W FAT-SAT, which can readily show meningeal enhancement.

In conclusion, this study highlights the usefulness of MRI as a complementary tool to CSF analysis in the diagnostic work up of SRMA. Furthermore, this study suggests MRI could have a diagnostic role in cases with a normal CSF but a clinical presentation suggestive of this condition. Further prospective studies are needed to complete the description of MRI patterns in SRMA and to more reliably compare LF and HF MRI.
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Masticatory muscle myositis (MMM) is the second most common inflammatory myopathy diagnosed in dogs, but it is rarely described in puppies. The disease is characterized by the production of autoantibodies against 2M myofibers contained in masticatory muscle, although the cause of this production is still unclear. The aim of the present case report was to describe the clinical presentation, diagnostic findings, treatment, and follow-up of an atypical case of chronic masticatory muscle myositis in a very young dog. A 5-month old Cavalier king Charles Spaniel (CKCS) was presented to the AniCura Istituto Veterinario Novara with a two weeks, progressive history of lethargy and difficulty in food prehension. Neurological examination revealed bilateral masticatory muscle atrophy, mandibular ptosis with the jaw kept open, inability to close the mouth without manual assistance, jaw pain, and bilateral reduction of palpebral reflex and menace reaction; vision was maintained. A myopathy was suspected. Computed tomography (CT), magnetic resonance imaging (MRI), enzyme-linked immunosorbent assay test for 2M antibodies, and histopathological examination of masticatory muscle biopsy confirmed the diagnosis of MMM. Glucocorticoids treatment was started and clinical signs promptly improved. To the authors' knowledge, this is the first case describing mandibular ptosis in a dog affected by chronic MMM, successfully managed with medical treatment and the first report describing the CT and MRI findings in a young CKCS affected by MMM.
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  CKCS, CT, dog, masticatory muscle myositis, MRI


Introduction

Masticatory and limb muscles have the same embryonic precursor and are composed by type 1 and type 2 myofibers (1). One feature of masticatory muscle is the presence of type 2M fibers and a type 1 fiber variant (1–6). However, the masticatory muscle formed by type 2M fibers and a type 1 fiber variant are the temporalis muscle, masseter muscle and pterygoid (lateral and medial) muscles; interestingly, digastricus muscle is the only masticatory muscle that does not have type 2M fibers and a type 1 fiber variant (4, 5, 7). Masticatory muscle myositis (MMM) is one of the most common inflammatory myopathy of the dog (3, 8). MMM have an immune-mediated origin in which autoantibodies against the type 2M fibers are produced. The etiology of this myopathy is still unknown, and one hypothesis is based on molecular mimicry with autoantibodies produced in response to an infectious agent that cross react with self-antigens of 2M myofibers (5). Dogs affected by MMM can be presented for lethargy, jaw pain, hyporexia or anorexia, fever, trismus (jaw muscles spasm with restriction in mouth opening), enophtalmos or exophthalmos, swelling or atrophy of the face (4, 5, 9). Swelling and pain of masticatory muscle are typical of the acute phase, whereas in the chronic phase muscle atrophy is prevalent and masticatory muscle are replaced by fibrous tissue (4). MMM can affect any dog, but a predilection for large breed dogs has been observed and in particular German shepherds, Golden retriever, Labrador retrievers, Doberman pinschers, and Cavalier King Charles Spaniels (CKCS) (4, 5).

The MMM has not an age predisposition (4); however, most dogs with MMM are young adults and the median age of onset is 3 years, but diagnosis of MMM has also been reported in CKCS puppies as young as 4-months (4, 5, 10). The serological test for 2M antibodies has a high sensitivity (80–90%) and specificity (100%) for diagnosis of masticatory muscle myositis and is the preferred diagnostic test (5). Diagnostic imaging with computed tomography (CT) and magnetic resonance imaging (MRI) may aid in diagnosis of MMM, revealing swelling in acute phase or atrophy in chronic phase of masticatory muscle, areas of masticatory muscle that present signal changes, and contrast enhancement (4, 11). Histological evaluation of masticatory muscle biopsy is another procedure that may aid in the diagnosis of MMM and, at the same time, is useful in providing information about prognosis (5). In the acute phase, muscle biopsy reveals mixed inflammatory infiltrates associated with myofiber necrosis and phagocytosis, while in the chronic phase muscle biopsies are characterized by fibrous tissue and low cellular infiltration (5, 12). Treatment of MMM is based on the use of immunosuppressive drugs and glucocorticoids are usually the first choice (5, 13). A positive outcome in MMM necessitates early diagnosis and appropriate treatment. In fact, patients treated in the chronic phase of the disease are affected by muscle fibrosis and may carry a worse prognosis, compared to acute phase, for improvement of clinical signs (5). The aims of this study were to report the clinical presentation of a 5-month old CKCS affected by an atypical and chronic form of MMM and to describe CT and MRI abnormalities and follow- up of this unusual case in order to better understand clinical and diagnostic alterations that may be found.



Case description

A 5-month old, intact male CKCS was referred for a two weeks progressive history of lethargy, inability to close the jaw, and difficulty in food prehension. No information on littermates' health was available. Clinical examination revealed lethargy, and mandibular and retropharyngeal lymphadenopathy; no ocular abnormality (e. g. conjunctivitis, enophthalmos or exophthalmos) was present. Neurological examination revealed inability to close the mouth without assistance and concurrent inability to adequately open the jaw (trismus), jaw pain, bilateral reduction of palpebral reflex and menace reaction with incomplete closure of the eyelids; bilateral atrophy of temporal and masseter muscles was also present (Supplementary Video 1). The neurolocalization was neuromuscular; a myopathy was suspected but facial or trigeminal neuropathies could not be excluded because of the incomplete closure of the eyelids and the mandibular ptosis. Blood analysis, serology for infectious diseases (Dirofilaria immitis, Ehrlichia canis, Leishmania infantum, Borrelia spp., Anaplasma phagocytophilum, Babesia canis, Hepatozoon canis, Toxoplasma gondii, and Neospora caninum), fine needle aspiration of lymph nodes, 2M antibodies assay ELISA, CT and MRI of the head and biopsies of temporalis and masseter muscles were performed.



Diagnostic assessment, therapeutic intervention, follow-up and outcome

Hematology and biochemistry evaluation revealed mild anemia (29.1% hematocrit, range 38.3–56.5%), moderate leucocytosis (33.4 K/μL, range 4.9–17.6 K/μL) with mature neutrophilia (28.1 K/μL segmented neutrophils, range 2.94–12.67 K/μL), mild hyperglobulinemia (4.9 g/dL, range 2.4–4.3 g/dL) and hypoalbuminemia (2.3 g/dL, range 2.8–4.3 g/dL), mild elevation of creatine kinase (2126 U/L, range 41–378 U/L), mild increase of aspartate aminotransferase (237 U/L, range 14–159 U/L), and mild elevation of C reactive protein (61.7 mg/L, range 0–10.7 mg/L). Trismus was confirmed because it was not possible to open the dog's mouth during general anesthesia. Lymph node cytology revealed reactive lymphadenopathy. Diagnostic imaging was performed and CT study (64 slices, Optima 660, General Electric, Milan, Italy) of the head highlighted symmetrical reduction in volume of masseter, temporalis, and pterygoid muscles with moderate contrast enhancement (Figure 1); mandibular and retropharyngeal lymphadenomegaly was also reported. Magnetic resonance imaging study (1.5 Tesla, SIGNA Creator, General Electric, Milan, Italy) of the head revealed symmetric and severe masticatory muscle atrophy. Temporalis, masseter, and pterygoid muscles showed diffuse, bilateral and heterogeneous hyperintensity on T2-weighted, fluid attenuated inversion recovery (FLAIR) and short tau inversion recovery (STIR) images; these muscles appeared isointense on T1-weighted sequences compared to the signal of normal muscles (Figure 2). A strong and diffuse contrast enhancement of the masticatory muscle (with the exception of the digastricus muscle) was present after contrast administration (Figure 2), no signal changes, contrast enhancement or swelling of extraocular muscle were identified (Figure 3); regional lymph nodes appeared enlarged. ELISA test for 2M antibodies was 1:1000 (reference range < 1:100). Serology for infectious diseases was negative with exception of mild positivity for B. canis (15.8 U, reference range < 14 U); serology for B. canis was repeated two weeks later and ruled out an acute infection. Temporalis and masseter muscle histopathology revealed multifocal, mixed cellular, chronic, moderate to marked myofascitis with myofibrosis and muscle atrophy (Figure 4). Based on clinical signs, imaging and histopathological findings, a diagnosis of an atypical and chronic form of juvenile MMM was made. Prednisolone was started with a dose of 1 mg/kg every 12 h. After two weeks of therapy the dog developed intense glucocorticoids associated side effects (i.e., gastrointestinal signs and severe neutrophilic leucocytosis); for this reason, glucocorticoids were rapidly tapered to 0.5 mg/kg every 24 h and this dose was continued for 3 weeks. At follow-up evaluations, clinical signs of MMM and blood analysis improved: dropped mandible and trismus were no longer present, food prehension was normal, masticatory muscle atrophy improved, and creatine kinase and c-reactive protein levels in serum were within reference range. The dose of prednisolone was further gradually tapered in three months. At three months follow-up, the dog was clinically stable and treatment with glucocorticoids was interrupted. Three months after treatment, the dog showed a mild relapse of clinical signs with reluctance to play with a ball due to difficulty in opening the mouth and mild inappetence; a course of prednisolone (0.5 mg/kg every 24 h) of one month duration was effective in complete resolution of clinical signs. Two months after the last administration of glucocorticoids, the dog did not present any signs of jaw pain or difficulty in food prehension, complete blood exams were unremarkable, and neurological examination was normal with the exception of moderate masticatory muscles atrophy (Supplementary Video 2). ELISA test for 2M antibodies was repeated and the result was negative (test result < 1:100, reference range < 1:100).


[image: Figure 1]
FIGURE 1
 Computed tomography pre-contrast (A) and post-contrast (B) images of the head of a 5-month old Cavalier King Charles Spaniel affected by masticatory muscle myositis. Note the severe, diffuse, and bilateral atrophy of temporalis, masseter, and pterygoid muscles and contrast enhancement of the masticatory muscle in post-contrast image (* temporalis muscle, #masseter muscle,†pterygoid muscle, ||digastricus muscle).
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FIGURE 2
 Magnetic resonance imaging study of the head of a 5-month old Cavalier King Charles Spaniel affected by masticatory muscle myositis; pre-contrast T1-W image (A), post-contrast T1-W image (B), fluid attenuated inversion recovery (FLAIR) (C) and short tau inversion recovery (STIR) (D) images. Note the severe, diffuse, and bilateral atrophy of temporalis, masseter, and pterygoid muscles that appear isointense on T1-W images pre-contrast (A) and showing a strong contrast enhancement (B); these muscles appear hyperintense on FLAIR (C) and STIR (D) images, compared to the signal in normal muscles (* temporalis muscle, #masseter muscle,†pterygoid muscle, ||digastricus muscle).
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FIGURE 3
 Magnetic resonance imaging study of the head of a 5-month old Cavalier King Charles Spaniel affected by masticatory muscle myositis; pre-contrast T1-W image (A), post-contrast T1-W subtraction image (B), pre contrast 3D T1-W image (C). Note the absence of extraocular muscle swelling and contrast enhancement; no evidence of exophthalmos.
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FIGURE 4
 Photomicrograph of histological, hematoxylin and eosin stained, section of a temporalis muscle of a 5-month old Cavalier King Charles Spaniel affected by masticatory muscle myositis. Note the inflammatory infiltration and the interstitial and nodular fibrosis of the temporalis muscle.




Discussion

Masticatory muscle myositis in juvenile CKCS is a rare immune-mediated disorder for which a genetic predisposition has been hypothesized and the classical clinical signs of MMM are trismus, jaw pain and swelling or masticatory muscle atrophy (5). In our case, no information about littermates was known and in addition to the classical clinical signs, a reduction of palpebral reflex and menace reaction, and mandibular ptosis were also encountered. Deficit of palpebral reflex and menace reaction may be the result of orbicularis oculi muscle myopathy or facial neuropathy, anatomical structures that are generally spared in cases of MMM (10, 14). A previous case report of CKCS dogs affected by an atypical form of MMM reported the loss of palpebral reflex and menace reaction but MRI study was not performed and the etiology of those clinical signs remained unclear. Ocular signs have also been reported in 44% of dogs affected by MMM; it is because, in the acute phase, the swelling of pterygoid muscle may cause exophthalmos (5). In the present case the dog was affected by a chronic form of MMM and MRI study did not reveal swelling of pterygoid muscle or any abnormalities or signal changes of orbicularis oculi muscle (Figure 3). An electrodiagnostic investigation, not performed in our case, might have helped in clarifying the cause of these clinical signs.

Part of the uncommon clinical presentation of the dog was the concurrent trismus and inability to raise the mandible. Trismus refers to a masticatory muscle spasm causing a reduction in jaw movement (15) and is reported in 41% of dogs with MMM, representing one of the main clinical signs in this disease (9). In contrast, the inability to close the mouth without manual assistance has been previously reported only in one dog allegedly affected by MMM; specifically, the dog showed an acute form of masticatory muscle compartmental syndrome due to histiocytic and neutrophilic temporalis muscle myositis with myofiber degeneration and necrosis that caused masticatory muscle dysfunction and inability to close the mouth (16). The authors hypothesized that the compartmental syndrome was the consequence of the masticatory muscle myositis but the diagnosis of MMM was not confirmed since the ELISA test for 2M antibodies was negative (16). Therefore, to the authors' knowledge, this is the first report describing a dropped mandible in a case of confirmed MMM. A possible explanation for this peculiar clinical sign might be a bilateral neuropathy of the trigeminal nerve due to an extension of the disease from the masticatory muscle to the fifth nerve (10). However, this hypothesis was considered unlikely because of the absence of any other fitting clinical signs, besides from the dropped mandible, or of alterations of the trigeminal nerve and trigeminal nucleus reported at the neurological examination and CT and MRI studies, respectively. Another justification for the inability to close the jaw might be the reduced functionality of temporalis, masseter, and pterygoid muscles, whose main task is to close the mouth (17), as a consequence of their inflammation, atrophy, and fibrosis.

MMM has been scantly described in CKCS puppies (10) and previous reports describing CT and MRI findings in dogs affected by MMM have been mainly conducted in other breeds (11, 18, 19); in particular on CT scan, all masticatory muscle besides from digastricus muscle may appear reduced in volume as a consequence of muscle atrophy, and hypoattenuating in pre-contrast scans with inhomogeneous contrast enhancement; regional lymph nodes may appear enlarged with homogenous contrast enhancement (18). MRI however is considered the best imaging modality to identify MMM in dogs, allowing an early detection of the affected muscles (11, 20, 21). MRI findings include iso-hypointense signal of masticatory muscles on T1-weighted images and hyperintense signal of these structures on T2-weighted, FLAIR, and STIR images, compared to the signal of other muscles, contrast enhancement of masticatory muscle is often present (11, 16). CT and MRI findings of our case are similar to those described in the previous literature.

In the present case, glucocorticoids treatment allowed a significant clinical improvement, despite the signs of chronic inflammation. The dog was able to completely open its mouth and most of the masticatory muscle trophism recovered.

Chronic forms of MMM have generally a poor prognosis, based on muscle fibrosis and atrophy; however, restoration of masticatory muscle function has been reported (4, 22). In particular, few reports described young dogs affected by MMM with histopathological evidence of muscle fibrosis and atrophy that regained jaw mobility and masticatory muscle trophism after glucocorticoids treatment (10, 22). An hypothesis for the relevant improvement of clinical signs in young dogs affected by chronic MMM might be that the skeletal muscle resident stem cells have a regenerative capacity and are therefore able to respond to tissue injury, this regenerative capacity may decline with aging (23, 24). However, the relationship between histopathological findings and recovery of masticatory muscle function in younger compared to older dogs needs further investigation. A previous study on juvenile CKCSs affected by an atypical form of MMM also reported progressive clinical improvement and normalization of facial appearance with glucocorticoids; nevertheless, in that study dogs were presented for examination earlier in the course of the disease than the dog of this report (10).

This report described a case of CKCS puppy affected by an atypical form of MMM that showed trismus and concurrent mandibular ptosis and it is interesting to speculate that CKCS puppies may be affected by a breed-specific variant of MMM. To the authors' knowledge, there are no previous reports describing CT and MRI findings of juvenile chronic form of MMM in CKCS dogs and, based on the present case, it is possible that this form has a similar MRI appearance to the previously reported adult forms of MMM. Young CKCSs with MMM might have a good prognosis with rapid and marked improvement with glucocorticoid treatment, even if presented with signs of chronicity.
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Three adult littermates were diagnosed with Brucella canis, two of which were diagnosed with discospondylitis. The first littermate, a 2-year-old spayed-female Labrador Retriever, was evaluated for progressive episodes of cervical pain, lethargy, reported circling to the right, and a right-sided head tilt. Magnetic resonance imaging (MRI) of the cervical spine revealed changes consistent with discospondylitis at C6-C7. MRI of the brain was unremarkable and cerebrospinal fluid analysis was declined. Brucella spp. was isolated from aerobic and Brucella blood cultures. PCR performed on the isolate identified Brucella canis and indirect fluorescent antibody (IFA) testing for Brucella canis also confirmed the species. Patient #1 was treated with doxycycline and marbofloxacin for 1 year. Clinical signs returned 2-years after diagnosis. Following the diagnosis of patient #1, a known littermate (patient #2) was tested for Brucella canis. Patient #2 was 2 years old and asymptomatic at the time of diagnosis. Aerobic and Brucella spp. cultures, PCR, and IFA were obtained and were diagnostic for Brucella canis. A 6-month course of marbofloxacin and doxycycline was implemented. The patient remained PCR positive following 4 months of treatment and repeat cultures were planned following 6 months of treatment; however, the patient was lost to follow-up. A third littermate (patient #3) was identified by the family of patient #1. Patient #3 was evaluated at 18 months of age for a 6-month history of progressive lumbosacral pain. Spinal radiographs revealed discospondylitis of the C3-C4, T12-T13, and L7-S1 vertebral endplates. Computed tomography (CT) of the lumbosacral spine was also consistent with discospondylitis at L7-S1. Brucella canis serologic testing consisting of rapid slide agglutination test, 2ME-rapid slide agglutination test, and cytoplasmic agar gel immunodiffusion was positive. Enrofloxacin was administered for 7 months and was discontinued thereafter based on radiographic evidence of healing and resolution of clinical signs. Although Brucella canis is not a rare disease in dogs, the documentation of two out of three adult littermates with associated discospondylitis is an interesting feature. In addition, this report highlights available diagnostic and treatment options, as each patient was managed differently based on clinical signs and the preference of the managing clinician.
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Introduction

Discospondylitis is a primary infection of the vertebral endplates with secondary extension into the intervertebral disc space (1–3). A majority of cases develop when an infectious organism spreads hematogenously to a vertebral endplate; however, in rare instances, the infection may start within the intervertebral disc and spread to the adjacent endplates (1). The most common bacterial species isolated is Staphylococcus; however, Streptococcus, E. coli, and Brucella canis have been identified as causative agents, among others (1–3). In any patient diagnosed with discospondylitis, blood and urine cultures are recommended; however, combined blood and urine culture yield a variable success rate in isolating the causative agent, ranging from 30 to 78% (2). Fluoroscopically guided percutaneous intervertebral disc aspiration has shown to be a valuable method of obtaining culture samples in patients with discospondylitis, especially in dogs with negative blood and urine cultures (4). Although known to be a cause of discospondylitis, Brucella canis is an uncommon bacterial isolate. In a retrospective study evaluating 135 dogs with discospondylitis, Brucella canis was deemed to be the causative agent in 14 dogs (5); although due to the difficulty in isolating the organism, this may have been an underestimation (6, 7). Serologic testing consisting of rapid slide agglutination test (RSAT), 2-mercaptoethanol rapid slide agglutination test (2ME-RSAT), and cytoplasmic agar gel immunodiffusion (AGID-cp) is a commonly utilized diagnostic method. RSAT is considered the most sensitive serologic test but may yield false positives (6). When RSAT is positive, a more specific 2ME-RSAT is recommended. AGID is the preferred confirmatory test when RSAT and 2ME-RSAT are positive (5–7). Tube agglutination testing (TAT), microagglutination testing (MAT), indirect fluorescent antibody (IFA) testing, and enzyme-linked immunosorbent assay (ELISA) are additional serologic tests that have also been performed for the diagnosis of Brucella canis (7).

To our knowledge, this is the first report of Brucella canis being isolated from multiple adult littermates, two of which were diagnosed with discospondylitis. While there is another case report documenting Brucella canis in two littermate puppies, both puppies were subclinical (8). Outbreaks of Brucella canis have also been documented within breeding kennels in various countries, though affected littermates were not specifically identified (9–11). This case report describes the diagnostic and treatment methods used in three adult littermates with Brucella canis, and the challenges to eliminate the infection. Out of the three littermates, two were diagnosed with discospondylitis, which serves as a reminder to consider Brucella canis in any dog with discospondylitis, regardless of age or neuter status.



Case descriptions, diagnostic interpretation, and therapeutic intervention


Patient #1

Patient #1, a 2-year-old spayed female Labrador Retriever, presented to the University of Illinois Veterinary Teaching Hospital for episodes of cervical pain and lethargy, which were first noted at 7 months of age. The episodes progressed to include circling to the right and a right-sided head tilt. Each episode lasted a few days in duration followed by complete resolution. Clinical signs were initially managed with carprofen (Rimadyl® Zoetis, Kalamazoo, MI) at 1.6 mg/kg PO q12h and methocarbamol (Robaxin® Zoetis, Kalamazoo, MI) at 16 mg/kg PO q12h. Approximately 3 months before the initial neurologic evaluation, the patient experienced another episode, during which a brief period of presumptive nystagmus was noted. Due to concerns of increased discomfort, gabapentin (10 mg/kg PO q8h) was prescribed. Video evidence of the nystagmus and circling episodes was unavailable. Due to the increase in severity and duration of clinical signs, the patient was referred for further evaluation. Upon presentation, the patient's physical and neurologic examinations were unremarkable. To yield the most useful diagnostic information, all medications were discontinued and the clients were instructed to return during the next episode for further evaluation and neurodiagnostic workup. The patient represented 6 weeks later as the signs returned and had been present for 10 days in duration. At this time, the neurologic exam revealed a slight right-sided head tilt (estimated 10–15 degrees), neck guarding with muscle fasciculations, and decreased range of motion in the dorsal direction. The remainder of the neurologic exam was unremarkable. Positional nystagmus was not appreciated during either of the examinations. Based on the examination findings, a problem affecting the cervical spine was considered. This could include pathology of the bones and/or soft tissues surrounding the cervical spine, pain from meningitis, or compressive spinal cord disease. While the patient did not demonstrate changes to support myelopathy, one consideration for the reported episode of nystagmus was pathology along the medial vestibulospinal tract within the parenchyma of the cervical spinal cord. An alternative consideration was an additional lesion in the central or peripheral vestibular system, though no other vestibular signs other than the head tilt, which can manifest in patients with cervical discomfort or vestibular dysfunction, were observed.

Based on this patient's examination findings and history, magnetic resonance imaging (MRI) of the brain and cervical spine was recommended. Before MRI, a venous blood gas, packed cell volume, and total solids were performed and were unremarkable. MRI of the cervical spine and brain was performed using a 3.0 Tesla magnet (MAGNETOM® Skyra, Siemens. Munich, Germany). Results of the cervical MRI revealed T2W hyperintensity, T1W mixed hypo-iso-intensity, and T1W post-contrast enhancement of the endplates of the caudal C6 and cranial C7 vertebral bodies with irregularity in the structure of the dorsal aspects of the endplates and the corresponding intervertebral disc (Figure 1). These findings were consistent with discospondylitis of the C6-C7 intervertebral disc space and associated vertebral bodies. The brain appeared unremarkable. A cause for the patient's head tilt, reported circling, and nystagmus was not determined based on these findings. Cerebrospinal fluid (CSF) analysis would have been beneficial and was recommended to evaluate for meningoencephalomyelitis, but the patient's family declined.


[image: Figure 1]
FIGURE 1
 MR images of the cervical spine from patient #1. (A,B) T2W sagittal and T2W transverse (at the level of the C6-C7 intervertebral disc space). (C) T1W sagittal pre-contrast. (D) T1W sagittal post-contrast.


A blood sample was aseptically collected and submitted for aerobic, anaerobic, and Brucella spp. bacterial cultures. A urine sample was obtained via cystocentesis for culture. Pending culture and susceptibility results, generic cephalexin (Aurobindo Pharma, East Windsor, NJ) was prescribed (25 mg/kg PO q12h). Shortly after beginning treatment, the patient became increasingly painful, prompting the addition of enrofloxacin (Baytril® Elanco, Shawnee, KS) at 4.5 mg/kg PO q12h to increase the spectrum of coverage. The patient's clinical signs improved 3 days following this addition.

Aerobic and Brucella spp. blood cultures yielded Brucella spp. growth. A specific Brucella blood culture, consisting of plating on Brucella agar with 5% sheep blood, in addition to routine blood culture was performed. Polymerase chain reaction (PCR) of the isolate and indirect fluorescent antibody (IFA) testing for Brucella canis was used to identify the species. All tests were performed at the Veterinary Diagnostic Lab at the University of Illinois College of Veterinary Medicine and were performed by one of the authors (CM). Due to zoonotic potential and state reporting requirements, the state veterinarian was contacted. Following the diagnosis of Brucella canis, cephalexin was discontinued and doxycycline (5 mg/kg PO q12h) was administered concurrently with enrofloxacin, pending results of a susceptibility panel. The results of the panel showed that the Brucella canis organism was susceptible to marbofloxacin and had intermediate sensitivity to enrofloxacin; therefore, enrofloxacin was discontinued and marbofloxacin (Zeniquin® Zoetis, Kalamazoo, MI) was prescribed (3.3 mg/kg PO q24h). The panel also showed susceptibility to doxycycline. Based on the favorable response to treatment and susceptibility results, this patient was treated with doxycycline and marbofloxacin for 12 months, and whole blood cultures obtained 6, 12, and 18 months following diagnosis were negative. The patient remained subclinical until ~26 months following diagnosis, at which time she exhibited similar signs as before diagnosis. IFA for Brucella canis was submitted and was positive. Doxycycline and marbofloxacin were restarted, and the patient was lost to follow-up thereafter.



Patient #2

Following the diagnosis of patient #1, the family of patient #2 (who were acquainted with the family of patient #1) was notified and instructed to have patient #2 tested for Brucella canis. Patient #2 was not examined by the authors, though was examined by two other services at the same institution within 1 year of diagnosis. Patient #2 had a previous 10-month history of intermittent lumbar and coxofemoral joint pain. Radiographs of the lumbar spine were performed at the onset of signs and were unremarkable. Orthopedic evaluation attributed the joint pain to bilateral hip dysplasia, and no overt neurologic abnormalities were appreciated. In addition to intermittent lumbar and joint pain, this patient developed exophthalmia and a fever 6 months before being diagnosed with Brucella canis. A computed tomography (CT) of the head and culture of fluid from the retrobulbar space were consistent with an abscess. Enterococcus spp., Pasturella canis, and Actinomyces spp. were isolated and the abscess resolved following treatment with broad-spectrum antibiotics. After notification of patient #1's diagnosis, blood from patient #2 was submitted for aerobic and Brucella spp. cultures, PCR, and IFA. All submitted tests were positive for Brucella canis and the state veterinarian was notified. Anaerobic testing was not submitted due to the low clinical suspicion. Patient #2 was asymptomatic at the time of diagnosis. Susceptibility results were similar to those of patient #1; therefore, a 6-month course of marbofloxacin and doxycycline was prescribed. The patient remained PCR positive following 4 months of treatment and repeat cultures were planned following a total of 6 months of treatment. This patient was lost to follow-up before the culture recheck.



Patient #3

A third littermate (patient #3) was identified with the assistance of patient #1's family. Similar to patient #1, patient #3 was diagnosed with Brucella canis-associated discospondylitis. Patient #3 was not examined by the authors, though was evaluated and diagnosed at the institution of one of the authors (KA), making records and imaging results accessible. Patient #3 presented to the University of Tennessee College of Veterinary Medicine at ~18 months of age for a 6-month history of progressive lower back pain when squatting or jumping. Initial neurologic examination revealed hyperesthesia upon lumbosacral palpation and was otherwise unremarkable. In the absence of any other neurologic deficits, a precise neurolocalization was not possible, and a disorder of the lumbosacral region was suspected. Similar to patient #1, an alternative consideration was pathology in the bones, joints, or soft tissues surrounding the lumbosacral spine. Differential diagnoses for this patient included inflammatory disease, congenital malformation, unwitnessed traumatic injury, and less likely neoplasia.

Following patient #3's examination, radiographs of the cervical, lumbar, and thoracic spine were performed and revealed lysis of the vertebral endplates of C3-C4, T12-T13, and L7-S1, consistent with discospondylitis (Figure 2). A CT of the lumbosacral spine was performed. The reason for performing CT only of the lumbosacral spine was unclear upon review of available medical records. The CT scan showed lysis and irregularity within the vertebral endplates at L7-S1, further supporting the diagnosis of discospondylitis (Figure 2). The patient was initially prescribed amoxicillin/clavulanic acid (Clavamox® Zoetis, Parsippany, NJ) at 23 mg/kg PO q12h. Aerobic and anaerobic whole blood and urine (collected via cystocentesis) cultures were submitted in addition to Brucella canis serologic testing consisting of RSAT, 2ME-RSAT, and AGID-cp. While no growth was present on blood and urine cultures, all submitted serologic tests were positive for Brucella canis. Due to the positive serologic results and low clinical suspicion, fungal testing was not performed. Amoxicillin/clavulanic acid was discontinued in favor of enrofloxacin (5.5 mg/kg PO q24h). Spinal radiographs obtained 3 and 6 months following diagnosis showed evidence of osteoproliferation of the endplates at C3-C4 and L7-S1, while the lesion at T12-T13 remained static. In addition, no new lesions were observed and the patient was reportedly free of clinical signs. Enrofloxacin was administered at the initial dosage for a total of 7 months and was discontinued thereafter. At the time of discontinuation, the patient was asymptomatic and was lost to follow-up thereafter.
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FIGURE 2
 Radiographs from of the cervical, thoracolumbar, and lumbosacral spine, and CT of the lumbosacral spine (top to bottom) from patient #3.





Discussion

In this case report, we presented three adult canine littermates who tested positive for Brucella canis, two of which were diagnosed with discospondylitis. While a variety of diagnostic tests have been utilized for the detection of Brucella canis, it is often difficult to diagnose due to the low and variable number of infected leukocytes in circulation and the organism's tendency to reside in tissues (6, 7). Definitive diagnosis relies on isolating the organism from whole blood or other infected tissues and fluids; however, Brucella canis tends to grow slowly and is fastidious for culture (6, 7). In patients #1 and #2, blood cultures were not positive until 5 days of incubation. Based on author (a PhD microbiologist, CM) experience and available literature, Brucella agar and incubation in a 5% CO2 environment may also be required to encourage growth (12). Due to these diagnostic challenges, a single negative culture may not rule out Brucella canis (6, 7, 13) and some authors recommend submitting a series of three blood cultures collected at least 24 h apart before a negative result is confirmed (6). Serology and PCR are additional diagnostic options (7). Some of the most commonly utilized serologic tests include MAT, RSAT, 2-ME RSAT, and AGID. Sensitivity and specificity for MAT, respectively, are 66.7–88.9% and 100% (14, 15). The reported sensitivity and specificity for RSAT are 70.6% and 83.34%. For 2-ME RSAT and AGID, the sensitivity and specificity are 31.8% and 100%, and 52.9% and 100%, respectively (16). IFA is typically used as a screening test due to its high sensitivity, making RSAT the reference test to confirm or rule out positive IFA samples. ELISA has been utilized and sensitivity and specificity vary based on the antigen used (17, 18). While specific PCRs for Brucella canis have been developed, the sensitivity and specificity of PCR for Brucella canis have not been determined in canine populations (17, 19–21). Furthermore, PCR results may depend on whether patients are bacteremic at the time of sampling, have been treated with recent antibiotics, and whether PCR inhibitors are present in the sample (14, 18). Therefore, serology may be preferred as it can provide more rapid results and is more widely available over PCR.

Discospondylitis generally requires up to a year of antimicrobial treatment, with a reported mean duration of 53.7 ± 45.4 weeks (2) regardless of the etiologic agent. Brucella canis-associated discospondylitis tends to be even more challenging to treat as the organism may be harbored in tissues for extended periods of time and despite long-term treatment, and the patient may never clear the infection even after the resolution of clinical signs (5) and seronegative conversion (7). The organism's tendency to recrudesce was exemplified in patient #1 when signs returned over 2 years following initial diagnosis despite chronic treatment with doxycycline and marbofloxacin. Brucella canis-associated discospondylitis often requires multiple classes of antibiotics, and historically a combination of tetracyclines and aminoglycosides has been effective in the resolution of clinical signs (1, 5). Combination therapy with doxycycline and rifampicin combined with surgical resection of infected tissues is effective in treating Brucella suis in dogs (22). Current World Health Organization recommendations for human brucellosis are combination therapy with either doxycycline and rifampicin or doxycycline and streptomycin (23). As an alternative to combination therapy in dogs, monotherapy with enrofloxacin has demonstrated similar efficacy for Brucella canis, preserved fertility, and prevented bacterial dissemination in a group of dogs following a kennel outbreak (9). Based on susceptibility results, marbofloxacin was used in place of enrofloxacin, in patients #1 and #2, who were also treated with doxycycline. Patient #3 was treated with enrofloxacin alone. While treatment with fluoroquinolones has shown some success in managing clinical signs in dogs, judicious use is imperative due to the growing resistance to fluoroquinolones (24, 25). It should be noted that fluoroquinolones were unable to achieve long-term control in our patients as one patient remained bacteremic during treatment and another patient relapsed a year after discontinuation of treatment.

The patients presented in this case report varied from the common presentation of discospondylitis from other causes, being female, and <2 years of age at the time of diagnosis. Males are at least two times as likely as females to be diagnosed with discospondylitis (2, 5), and most patients are middle-aged or older, with a mean age of 6.8 years reported in one study (26) and an odd's ratio highest in dogs over 10 years in another (2). The two patients with discospondylitis in this report were noted to have lesions in the cervical spine (C6-C7 for patient #1 and C3-C4 for patient #3), which is typically the least common section of the spinal cord to be affected. Patient #3 also had lesions in the more commonly affected thoracic and lumbosacral regions. Thoracolumbar imaging was not performed in patient #1, therefore undiagnosed lesions may have been possible. In a retrospective study of 513 dogs diagnosed with discospondylitis, a majority of lesions were located in the thoracic and lumbar vertebral bodies with the L7-S1 segment being the most commonly affected site. Cervical vertebrae were affected in only 13.8% of the dogs in this study (2). In another study, lesions of the thoracic and lumbar spine were also more commonly reported than those in the cervical spine (26). Interestingly, a paper by Buhmann et al. also reported brucella-associated discospondylitis in 4 young females, ranging from 7 months to 2.5 years of age, and 3 of the 4 had lesions in the cervical spine (27).

We have documented three adult littermates who were diagnosed with Brucella canis, two of which developed discospondylitis. Despite its diagnostic challenges, Brucella canis was identified in all three littermates using various diagnostic methods (including blood culture, PCR, and multiple serologic tests). When dogs are diagnosed with Brucella canis, treatment can be challenging and requires chronic, and potentially life-long, antibiotic administration without guarantee of clearance of the organism. The need for a reliable and consistent diagnostic protocol for Brucella canis remains, and could prove beneficial for veterinarians should the need for testing one or multiple patients arise.
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Objective: To evaluate the accuracy of end-on fluoroscopy in predicting implant position in relation to the vertebral canal in the canine thoracolumbar vertebral column.

Study design: In vitro imaging and anatomic study.

Animals: Canine cadaveric thoracolumbar vertebral columns (n = 5).

Methods: Smooth Steinmann pins were inserted bicortically into the thoracolumbar vertebral columns between T10 and L7 using recommended insertion angles. Penetration of the spinal canal was not strictly avoided. After pin placement, end-on fluoroscopy images were obtained of each pin. Pin position was subsequently assessed by four evaluators and determined to either being out of the vertebral canal or in, with the latter being additionally divided into partially or completely penetrating the canal. To assess potential differences in modalities, fluoroscopy images were gray-scale inverted and evaluated again later by the same four individuals. Correct identification of pin position in relationship to the vertebral canal was assessed for both fluoroscopy images. Anatomic preparation of the spines was used for verification of pin position in relation to the spinal canal. Some data from this study were compared with historical data on accuracy using orthogonal radiography and computed tomography (CT).

Results: Overall sensitivity and specificity of F to detect vertebral canal penetration was 98.8 % (95% confidence interval (CI), 96.0–99.6) and 98.0% (95% CI, 77.0–99.9), respectively. For Fi, sensitivity and specificity were 97.0% (95% CI, 91.5–99.0) and 98.5% (95% CI, 81.5–99.9) respectively. F exceeded Fi for the sensitivity of detecting pin penetration into the vertebral canal (p = 0.039) but specificities were not different (p = 0.585). When comparing to historical data, the overall accuracy of end-on fluoroscopy (F) and inverted fluoroscopy (Fi) was statistical better than conventional radiographic assessment (p < 0.001).

Conclusion: End-on fluoroscopy is a highly accurate method for the assessment of pin position in relationship to the thoracolumbar spinal canal in cadaveric dogs.

Clinical significance: End-on fluoroscopy, with or without inversion, is accurate in identifying vertebral canal violation by bicortically placed Steinmann pins. When CT is not available, end-on fluoroscopy might be a valuable imaging modality to determine pin position in the canine vertebral column.
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Introduction

Vertebral column stabilization in companion animals is performed for a variety of diseases potentially causing instability such as fractures and luxations (1), congenital deformities (2), diskospondylitis (3) or neoplasia (4). Various techniques for stabilization of the spinal column have been described in dogs, such as the use of pins or screws and polymethylmethacrylate (PMMA) (2, 5, 6), locking bone plates (7), clamp rod internal fixator (8), and external skeletal spinal fixation (9). Reliable postoperative evaluation of whether or not implants violate the vertebral canal is required for safe and successful treatment of patients with vertebral column disorders. Penetration into the vertebral canal can lead to iatrogenic injury of neural and vascular structures and might cause deterioration of the patient and prolonged patient recovery (10). Corridors and angles for implant positioning have been recommended for the entire spine (11), nevertheless, correct implant positioning must still be evaluated after surgery.

Conventional radiography is the most widely used imaging modality to assess the general position of spinal implants. However, standard radiography is not accurate enough to determine implant position in relation to the vertebral canal in dogs and sensitivity to detect vertebral canal violation was poor at only 50.7% (12). By contrast, computed tomography (CT) reached an accuracy of 100% for the identification of pins that were fully in or out of the vertebral canal, with overall sensitivity to evaluate spinal canal violation amounting to 93.4% (12). An important disadvantage of CT assessment of spinal implants in veterinary medicine is that it is usually performed after surgery is completed. If canal violation is detected at this point, it is after the fact that an injury might have occurred already and the animal has left the operating room. The ideal would be to not only have an accurate pre- and postoperative imaging modality to plan and assess implant placement in relation to the vertebral canal, but also one that can be used intraoperatively to assess implant position immediately and ideally even guide implant placement. This would increase patient safety, potentially save overall anesthesia time and thus reduce the patient's risk of infection (13). Since the 1990s, navigated spinal surgery has been introduced in human medicine to improve accuracy when placing implants such as pedicle screws (14). Recently, even more elaborated techniques, like robotic spinal surgery, have been introduced (15). However, due to limited availability and cost, these techniques are not regularly used in veterinary medicine.

Fluoroscopy is an imaging modality that also uses x-rays. It combines radiographic capabilities with the possibility to produce real-time moving images. In veterinary medicine, fluoroscopy is often used with a C-arm, where x-ray source and x-ray detector are connected via a movable c-shaped arm. This design allows capturing of intraoperative images from different angles. In veterinary spinal surgery, fluoroscopy is for instance used for better orientation during vertebral body pinning (9), closed positioning of spinal external skeletal fixators (16), percutaneous injections into canine intervertebral discs (17) and guided percutaneous discectomy (18). In human medicine, fluoroscopy has been outperformed by robot-assisted spinal surgery (19, 20). However, fluoroscopy remains an option if robot-assisted surgery is not available (21).

While radiographs are usually taken in two orthogonal views, fluoroscopy enables imaging from different angles. This might be an advantage in assessment of implant position in relation to the vertebral canal. While accuracy of standard radiographic projection is poor in determining location of diagonally placed bicortical pins, obtaining fluoroscopic images in line with the implant (end-on) might provide higher accuracy. A search of various publication databases (google scholar, PubMed) has revealed no veterinary studies assessing the accuracy of fluoroscopy for determining implant position in relation to the spinal canal in dogs or other species.

The goal of this study was to assess the accuracy of end-on fluoroscopy to determine position of bicortically placed pins in the canine cadaveric thoracolumbar spine. Both standard fluoroscopy and gray-scale inverted fluoroscopy images were assessed. Overall accuracy of both fluoroscopy modalities were also compared to historical data of conventional orthogonal radiography and CT to predict vertebral implant position. Our hypothesis was that end-on fluoroscopy would be an accurate method for the assessment of pin position and that there would be no difference between standard and inverted fluoroscopy.



Materials and methods

This study was a canine cadaveric imaging and anatomic study. Dogs were client-owned and euthanized for reasons unrelated to the study. Use of the cadavers for the study was approved via written owner consent. Ethical approval by an institutional entity was not necessary as per local federal regulations. Vertebral columns from T9-L7 of 5 adult medium to large breed dogs were collected, frozen (−20°C), and thawed to room temperature before implant placement. For visualization of anatomic landmarks and pin placement, paraspinal musculature was removed. Subsequently, orthogonal laterolateral and dorsoventral radiographs of the thoracolumbar vertebral columns were obtained to exclude obvious pathological bony changes.


Insertion of pins

Vertebral bodies of T10-L7 were bilaterally implanted based on vertebral size with smooth 2.5 mm or 3 mm diameter Steinmann pins (Johnson & Johnson, DePuy Synthes, Oberdorf, Switzerland). All pins were inserted by the last author (BH). Either 1 or 2 pins were inserted on each side of the vertebral body, depending on the size of the vertebra. In the thoracic spine, the base of the accessory process and the tubercle of the ribs served as orientation points, while in the lumbar spine, the junction between the pedicle and the transverse processes was used. While published corridors and angles for pin insertion were considered (9, 11), insertion points and angles varied purposefully within a certain range. Penetration into the vertebral canal was not strictly avoided as the study required pins to be placed within and out of the vertebral canal. Orthogonal radiographs of the vertebral columns were again obtained after implantation to document general pin position within each vertebra; however, these radiographs were not used for implant evaluation (Figure 1).


[image: Figure 1]
FIGURE 1
 Laterolateral (A) and dorsoventral (B) radiographs of a cadaveric canine thoracolumbar vertebral column after bicortical pin placement. The “R” indicates right lateral recumbency (A) and the right side of the vertebral column (B).




Fluoroscopy

Each Steinmann pin of each vertebral column was labeled for identification on orthogonal radiographs. Subsequently, each pin was imaged fluoroscopically using a C-arm (OrthoScan FD-OR Mini C-arm, Scottsdale, Arizona, USA). To obtain an end-on view of each pin, the cadaveric spines were manually positioned until the navigation beam of the fluoroscope was perfectly aligned with each pin (Figure 2). Images were immediately assessed on the integrated screen of the fluoroscope to assure that each pin was perfectly imaged end-on, creating a perfect circle of metal. The integrated fluoroscope screen allowed rotation and magnification of images but no digital enhancement. Each fluoroscopic image was labeled according to the identification number of that particular pin.


[image: Figure 2]
FIGURE 2
 C-arm set-up for obtaining end-on fluoroscopy images. (A) Set-up of the C-arm and the cadaveric spine. During image generation the spine was manually positioned to achieve perpendicular projection. (B) The red laser beam of the C-arm was used as an optical guide to achieve perpendicular projection.




Fluoroscopic image evaluation

One small animal surgeon, 1 small animal surgery resident, 1 radiologist, and 1 neurologist evaluated the fluoroscopy images. All participants with the exception of the resident were board-certified in their specialty. Evaluation occurred >2 weeks after pin insertion and none of the participants were aware of the true pin position. The evaluators had to answer 3 questions for every pin assessed: (1) Does the implant penetrate the spinal canal? Answer: Yes or No. (2) If Yes: Is all or only part of the diameter of the implant violating the canal? (3) What is your confidence level for question (1)? Confidence level could be chosen between 50 % (completely unsure) to 100 % (certain). The definition of whether or not an implant penetrated the vertebral canal was adopted from a previous study (12). Pins that penetrated the spinal canal fully or partially were defined as “in,” all other pins were defined as “out.”

Fluoroscopic images (F) were adjusted using gray-scale inversion (Fi), and all images were evaluated again by the same evaluators using the same 3 questions (Figure 3). To reduce the chance of recognition, the second assessment of Fi was performed >1 week after the first and the order of pins to be assessed was haphazardly changed.


[image: Figure 3]
FIGURE 3
 Standard (A) vs. gray-scale inverted (B) end-on fluoroscopy image of a bicortically placed pin lumbar vertebra 3. To be considered end-on, the pin had to present as a perfect circle (arrow).




Anatomical preparation

Remaining soft tissues were removed using an enzymatic solution (BIOZYM SE, Spinnrad GmbH, Bad Segeberg, Germany). Direct visual inspection served as gold standard to assess pin position and presence and degree of vertebral canal violation (Figure 4).


[image: Figure 4]
FIGURE 4
 Photographs of anatomic canine vertebral specimens of dogs from this study illustrating various pin positions in relation to the vertebral canal. (A) Pin is fully penetrating the vertebral canal (left caudal pin of lumbar vertebra 1). (B) Pin is partially penetrating the vertebral canal (right cranial pin of thoracic vertebra 12). (C) Pin is partially penetrating with only cortical lift (right pin of thoracic vertebra 10). (D) None of the pins are penetrating the vertebral canal (lumbar vertebra 6).




Historical data of radiography and computed tomography

Overall accuracy data from the current study of both fluoroscopy modalities were compared to historical data of radiography and CT from Hettlich et al. (12), after which the current study was modeled. The 2010 study compared the accuracy of orthogonal radiography and cross-sectional imaging by computed tomography to predict Steinmann pin position in relation to the vertebral canal in canine cadavers. Cadaveric dogs of similar size and weight were used and evaluators included specialists of surgery, neurology and diagnostic imaging. Results of that study demonstrated poor accuracy for orthogonal radiographs (sensitivity: 50.7%; specificity: 82.9%) and very good to excellent accuracy for CT (sensitivity: 93.4%; specificity: 86.4%). These historical data of overall accuracy were statistically compared to the results of the current study.



Statistical analysis

Sensitivity (Se) was defined as the proportion of spinal pins truly penetrating the spinal canal correctly identified as penetrating by the image evaluator. Specificity (Sp) was defined as the proportion of non-penetrating pins correctly identified by the evaluator. Overall accuracy was calculated as the proportion of all spinal pins correctly identified as penetrating or non-penetrating by the evaluator. Accuracy data were described using point and whisker plots created within the ggplot2 package (19) of R (20). Inter-rater agreement (kappa) and 95% confidence intervals (CI) were calculated for data collected from the four evaluators using standard formulas (21) entered into a commercial spreadsheet program (Excel, Microsoft Office Professional 2016, Redmond, WA, USA). Sensitivity and specificity were estimated using a generalized linear model assuming a binomial error distribution and included random effect terms for individual spinal pins, cadavers, and evaluators to account for the repeated observations on the same pins within a small number of specimens. The primary variable of interest was imaging modality and the effects of this variable and other covariates on estimates of sensitivity and specificity were evaluated using univariate analyses. All variables were subsequently evaluated using a multivariable approach. Multivariable models were fit using a manual backwards stepwise approach in which variables were removed on-by-one until the Student t statistic for all remaining variables was P < 0.05. Commercial software was used for statistical modeling (IBM SPSS Statistics Version 25, International Business Machines Corp., Armonk, NY, USA) and results were interpreted at the 5% level of significance.




Results

Five canine cadavers of the following breeds were used for the study: Dalmatian (n = 1), Australian Shepherd (n = 1), German spitz (n = 1) and mongrel (n = 2). Mean bodyweight was 23.7 kg (range: 20.4–26.1 kg), mean age was 8.6 years (range: 3–12 years), and there were three male and two female dogs. None of the vertebral columns had radiographic evidence of bony changes.

A total of 193 pins were evaluated: T10 = 14 pins [7 penetrating the canal (in); 7 not penetrating the canal (out)], T11 = 17 pins (7 in; 10 out), T12 = 17 pins (10 in; 7 out), T13 = 18 pins (12 in; 6 out), L1 = 20 pins (12 in; 8 out), L2 = 20 pins (12 in; 8 out), L3 = 19 pins (11 in; 8 out), L4 = 20 pins (13 in; 7 out), L5 = 19 pins (8 in; 11 out), L6 = 19 pins (12 in; 7 out) and L7 = 10 pins (5 in; 5 out). There were a total of 95 left (57 in; 38 out) and 98 right pins (52 in; 46 out). In the caudal thoracic spine, insertion angles ranged from approximately 20 to 40 degrees; in the lumbar spine, from 40 to 60 degrees; in L7, angles ranged from 0 to 15 degrees.

The overall sensitivity in predicting spinal canal violation was 98.8% for F and 97.0% for Fi, this difference was statistically significant (Table 1; p = 0.039). Overall specificity for F and Fi was 98.0 and 98.5%, respectively (p = 0.585). While sensitivity of both F and Fi was 100% for complete penetration of the spinal canal, sensitivity of F was significantly higher for recognition of partial pin penetration compared to Fi [98.2 and 95.6%, respectively (p = 0.038)].


TABLE 1 Agreement as estimated by the kappa statistic (95% confidence interval) for pin determination as penetrating or not penetrating the spinal canal using five cadaver dogs examined by four evaluators with two imaging modalities.

[image: Table 1]

When comparing current to historical data, accuracy of F and Fi (just as CT) was significantly better than orthogonal radiographic projections in predicting implant position in relation to the vertebral canal (Table 2) (12). Sensitivity of the three modalities (F, Fi, CT) outperformed orthogonal radiographic projections. Only regarding specificity, significance was not reached (p = 0.065).


TABLE 2 Mixed–effects logistic regression comparing the accuracy of different modalities including retrospective data previously published (12).

[image: Table 2]

There was excellent agreement between the four evaluators, with an overall kappa agreement of 0.931 for F and 0.904 for Fi (Table 3). High evaluator confidence (i.e., 100% confidence) was associated with improved sensitivity and specificity of predicting spinal canal violation in our study (Supplementary Tables S4–S7).


TABLE 3 Mixed–effects logistic regression comparing the sensitivity and specificity of fluoroscopy and inverted fluoroscopy while adjusting for the dependency among observations by including random effects for evaluator, spine, and individual pin identification. Study performed using five cadaver dogs examined by four evaluators with two imaging modalities.
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Discussion

End-on fluoroscopy (F) and inverted fluoroscopy (Fi) could accurately assess pin position in relation to the vertebral canal in this canine cadaveric model, with high sensitivity and specificity for both. While both settings had high accuracy, sensitivity of F was higher than of Fi when assessing partially penetrating pins. Both F and Fi were significantly more accurate when compared to standard orthogonal radiography (historical data).

Accuracy of end-on fluoroscopy to predict implant position in relation to the canine vertebral canal has not been published before, nor have F and Fi been compared to other imaging modalities. This study presents valuable baseline data, demonstrating the potential for end-on fluoroscopy to assess spinal implants, which can be used for further clinical studies. The current veterinary literature only contains limited information regarding the clinical use of fluoroscopy during spinal implant positioning (9), without published data about the accuracy of fluoroscopy to assess spinal canal violation. Our study demonstrated high accuracy for fluoroscopy in this regard, which would support its use for clinical patients.

Gray-scale inversion can be used with any digital images using x-rays such as standard radiography, fluoroscopy and CT. While most clinicians are likely used to assessing x-ray-based images in their “native” state (dense structures being white), this apparently does not improve accuracy when it comes to assessment of pins in this study. Accuracy of both F and Fi was excellent in this study; however, our study did not find an advantage of inverted fluoroscopy over standard, with accuracy of F exceeding Fi when assessing partial violation of the vertebral canal. The value of gray-scale inversion has been controversially discussed in human medicine. While it improved nodule detection on chest radiography (22) and increased the sensitivity when assessing post-operative spinal orthopedic implants and osseous fusion on CT (23), it did not improve accuracy of dental calculus detection (24). The current literature suggests its use as an easy and useful adjunct when combined with conventional images (25). To the authors' knowledge, this is the first veterinary study evaluating the effect of gray-scale inversion on the accuracy of fluoroscopy to detect spinal canal violation. Based on results of this study, fluoroscopic images of spinal implants such as within this study should be assessed in their standard format (dense structures being black) and inversion should only be considered as an additional tool.

One critical aspect to consider with the use of fluoroscopy is radiation safety, including the use of proper personal protective gear and providing educational training (26). Especially in spinal surgery, active fluoroscopy might be needed for a longer period to adjust image position over each implant with bilateral bicortical pins of different insertion angles. Hence, exposure time and number of people exposed need to always be minimized to follow the ALARA rules (27). Riley stated that when well-maintained machines are used appropriately during orthopedic surgeries, radiation exposure from fluoroscopy can be considered low (28). Additionally, exposure can be minimized using properly fitted protective garments and protective devices to block scatter radiation (29). Furthermore, the use of a mini C-arm reduces radiation in comparison to its larger counterpart (30).

Fluoroscopy can be carried out using different types of machinery such as mobile fluoroscopy units (C-arm, mini C-arm) or larger, stationary fluoroscopy systems. Recently, C-arm cone-beam computed tomography (CBCT) has become available as a new imaging technology. It can provide fluoroscopic two-dimensional imaging for planning, fluoroscopic real-time intervention guidance and immediate multiplanar and three-dimensional (3D) post-treatment assessment (31). However, this technique is not yet widely available in veterinary medicine.

For this study, a mini C-arm was used, which served the needs of this study very well. Positioning and manipulation of the dissected specimen used in our study was easy due to their size. However, a larger C-arm with a larger bore diameter might be needed to adapt to patient size and to enable patient manipulation for implant positioning. For future clinical studies, a larger C-arm bore diameter might also be needed to allow handling of power equipment to insert implants, with the goal to reduce moving the C-arm or the patient. Use of a larger C-arm should to be based on patient size and be weighed against radiation safety aspects.

In human medicine, ultralow-dose CT-fluoroscopy-guidance can even further reduce radiation dose compared to fluoroscopy alone when used during lumbar spine epidural injections (32). However, to the authors' knowledge this technique is currently not used in veterinary medicine.

In clinical cases, normally a limited number of implants (< 10) need to be positioned in the canine spine (2, 5, 6, 9, 16). Therefore, strategies could be employed to reduce radiation exposure and follow adequate radiation safety guidelines.

Evaluator agreement and evaluator confidence were evaluated in our study. Agreement between the four evaluators was excellent, despite the differing specialization and different levels of clinical experience. This supports the clinical value of end-on fluoroscopy when evaluating these types of spinal implants, regardless of specific radiographic training or surgical experience. Evaluator confidence in this study was very high. This alone is not unusual; however, high confidence was linked to correct assessment in this study, meaning that evaluators were self-aware of their capability to correctly assess implant position. The more confident evaluators felt with their assessment, the more correct they were. This is in great contrast to the earlier study, where a display of high confidence was linked to incorrect assessment, especially with specialized evaluators (12). The reason for this positive connection between confidence and correct implant position in the current study is unknown but could be a function of the individuals participating in the study.

Given the ex vivo design, our study has several limitations. The number of specimens evaluated was limited to 5 medium to large breed dogs and data might be different for smaller breed dogs or cats. Additionally, soft tissue dissection of the spines was performed, which minimized superimposition of tissue and might increase bony detail on fluoroscopy. The end-on pin position for fluoroscopy was achieved by manually repositioning and rotating the dissected vertebral column or each pin, while in a clinical setting, consideration has to be given to the entire animal and possible presence of spinal instability. Therefore, a more realistic method would be to move the C-arm around the patient, which might be inhibited by the animal itself, the surgical table and other instruments in the field.

Another limitation of the study is the environment during image evaluation. Evaluators assessed images on high resolution computer screens in a darkened room at their own pace. In clinical cases, the surgeon would examine the generated images on a screen that is integrated in the fluoroscopic machinery. Although some adjustment and inversion of images is usually possible with modern fluoroscopes, the attached screens will not reach the image quality of a diagnostic imaging monitor. Further studies will be needed to evaluate the impact of monitor-quality and stressed decision-making on accuracy of the detection of spinal canal violation in clinical cases.

Additionally, results of our study comparing current to historical data must be interpreted cautiously since the two studies are based on different populations of dogs and radiographic and CT assessment were not repeated in the current population. However, dog population and set-up of the current study was kept as consistent as possible in comparison to the previous study. Also, statistical models included random effect terms for cadavers and this will adjust for individual variability in effort to provide an unbiased comparison.

In conclusion, end-on fluoroscopy, both standard and inverted, can be used to assess pin positioning in relation to the vertebral canal of the thoracolumbar spine in medium to large breed dogs. Accuracy also outperformed radiography for the evaluation of pin position when compared to historical data. More studies are warranted to assess the use of fluoroscopy in clinical patients, not just after implantation, but also to guide safe implant insertion.
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Diffusion-weighted MRI (DWI) is often used to guide clinical interpretation of intraparenchymal brain lesions when there is suspicion for a cerebrovascular accident (CVA). Despite widespread evidence that imaging and patient parameters can influence diffusion-weighted measurements, such as apparent diffusion coefficient (ADC), there is little published data on such measurements for naturally occurring CVA in clinical cases in dogs. We describe a series of 22 presumed and confirmed spontaneous canine CVA with known time of clinical onset imaged on a single 3T magnet between 2011 and 2021. Median ADC values of < 1.0x10−3 mm2/s were seen in normal control tissues as well as within CVAs. Absolute and relative ADC values in CVAs were well-correlated (R2 = 0.82). Absolute ADC values < 1.0x10−3 mm2/s prevailed within ischemic CVAs, though there were exceptions, including some lesions of < 5 days age. Some lesions showed reduced absolute but not relative ADC values when compared to matched normal contralateral tissue. CVAs with large hemorrhagic components did not show restricted diffusion. Variation in the DWI sequence used impacted the ADC values obtained. Failure to identify a region of ADC < 1.0x10−3 mm2/s should not exclude CVA from the differential list when clinical suspicion is high.

KEYWORDS
 diffusion, ADC, ischemia, stroke, canine, MRI


Introduction

The assessment of restricted diffusion in brain tissue via MRI is used routinely for evaluation of suspected cerebrovascular accidents (CVA) in human neuroimaging (1, 2). While restricted diffusion is not pathognomonic for CVAs, it can be used to evaluate the extent of injury (3, 4), including identification of clinically silent regions of injury (5, 6), and to track the fate of injured tissue (7, 8). It is well-established that the diffusion-weighted imaging (DWI) characteristics in human CVA change over time (9–13).

Although certain diffusion-weighted characteristics [i.e., median apparent diffusion coefficient (ADC)] have been reported for a small number of CVAs in dogs (14–16), most clinical canine DWI studies have focused on neoplastic (17, 18) or inflammatory lesions (19, 20), or on diffusion tensor tractography (21–24).

The relationship between lesion age and MRI appearance of CVA in the dog brain has been described in experimental studies with induced lesions, including the temporal evolution of their appearance on DWI (24–30), but these have rarely focused on the acute to early subacute (24 h−7 d) phases of injury during which most veterinary patients with suspected CVA would be expected to have MRI performed. Also, it is not known if induced lesions are representative of the changes seen after naturally occurring CVA.

Temporal evolution of the DWI appearance of CVA is different between species (4, 9, 31). Therefore, it is not sufficient to assume that the diffusion-weighted appearance of naturally occurring canine CVA will be the same as that in humans or rodents, for whom more robust data sets are already available.

Expected changes in diffusion-weighted signal may be affected by the presence of blood, especially with echoplanar (EPI) DWI techniques that are more sensitive to susceptibility artifact. Since hemorrhagic transformation of infarction is a well-known complication in human CVA (32, 33) and is thought to occur in dogs (34, 35), understanding of the DWI appearance of both hemorrhagic and ischemic CVA is necessary for correct interpretation in a veterinary clinical setting.

We report on the DWI characteristics of presumptive spontaneous canine CVA as they relate to the age of the insult, the type of DWI (EPI vs. non-EPI) and the presence or absence of a hemorrhagic component of the lesion for a series of cases imaged at a single institution on a single 3T magnet between 2011 and 2021.



Materials and methods


Case identification

A single institution's medical record database was reviewed for cases meeting the predetermined inclusion criteria. To be included, dogs must have had a complete standard brain imaging series, including T2-weighted fluid attenuated inversion recovery (T2-FLAIR) imaging, T2*-weighted imaging, and DWI in the transverse plane, performed on a single 3T magnet (Siemens Verio). Sequence parameters for the standard brain imaging series are included in Supplementary Table S1. Eligible cases had MRI performed between July 2011 and December 2021. Identified cases were imaged using either an EPI (Siemens proprietary RESOLVE) or a non-EPI (Siemens proprietary BLADE) DWI sequence. Supplementary Table S1 contains details of these sequences for our institution. The b-values for the two sequences were selected based on visual optimization on past clinical case data by radiology faculty and technical staff and were not adjusted during the collection of the cases in this report. Also see the Discussion for further comparison of the two sequences.

Included cases were further required to meet the following requirements: 1) a solitary intra-axial lesion identified at the time of original MRI interpretation with CVA listed as a possible differential diagnosis (regardless of its position on the prioritized differential list); 2) no confirmed alternative diagnosis nor definitive treatment for another presumed diagnosis (i.e., immunosuppression, radiation therapy, chemotherapy, or surgery). All identified cases also had 3D pre- and post-Gadolinium T1-weighted sequences performed, though these were not required for inclusion nor analyzed in this report.

To be retained, cases were required to have at least one of the following: ≥5 months clinical follow-up with no progression of signs; histopathological confirmation of the nature of the lesion; or repeat MRI showing a static to resolving lesion with no progression of clinical signs in the interim. Additionally, cases were excluded if the lesion was < 5 mm in its largest dimension due to resolution limitations on the diffusion-weighted images.

The onset of signs was required to be acute (< 48 h from normal to affected). The ages of the lesions were measured as the time between onset of signs documented in the electronic medical record and time of MRI.



Definition of DWI and ADC region of interest (ROI)

A freehand ROI tool was used to outline the volume of the region hyperintense to contralateral parenchyma on T2-FLAIR transverse images for all lesions and the volume of the region hypointense to contralateral parenchyma on T2*-weighted transverse images for hemorrhagic lesions. These volumetric ROIs were then copied to the corresponding DWI and ADC images. For comparison, an ellipsoidal volume in a corresponding contralateral parenchymal region was similarly selected (OsiriX version 12.5.2). The individual pixel values within the regions of interest were extracted for descriptive statistical analysis (Matlab Mac R2022a). Both raw ADC values and the ratio of ADC values to the median value of the contralateral control region are reported. Regions of interest were drawn on anonymized images by a single boarded neurologist/radiology resident (EBM) blinded to all clinical information.

Due to the small number of cases and numerous sources of variability in this retrospective case series, formal statistical analysis of these data was deemed inappropriate.




Results


Case selection

During the specified interval 1,546 canine brain MRIs were performed at the institution on 1,391 patients. Figure 1 shows the process of case identification. After sequential application of the parameters listed in the Methods, there remained 18 cases that met all inclusion criteria.


[image: Figure 1]
FIGURE 1
 Schematic of record search and case selection process.


Of these, eight were presumed or confirmed ischemic CVA and ten were presumed or confirmed hemorrhagic CVA. Six of the ischemic CVA met the criterion of ≥ 5 months of clinical follow-up without progression of signs; two had histopathological confirmation. Five hemorrhagic CVA had ≥ 5 months of clinical follow-up without progression of signs; one had histopathological confirmation; and four had repeat MRI showing a static to resolving lesion, yielding a total of 22 image sets for analysis.



Clinical data

No cases were excluded due to gradual onset of signs. Table 1 shows the signalment and time elapsed between onset of signs and MRI; with cases having repeat MRI represented twice. Ischemic lesion ages ranged from 0–5 days. Hemorrhagic lesion ages ranged from 0–132 days. Eight of the hemorrhagic CVA image sets had T2-FLAIR hyperintensity exclusive of the region of T2* hypointensity. All of these had a lesion age of ≤ 14 days. Six hemorrhagic CVA image sets did not have T2-FLAIR hyperintensity beyond the bounds of the region of T2* hypointensity; five of these had a lesion age of ≥21 days.


TABLE 1 Clinical data for 22 image sets included in this report.

[image: Table 1]



Median ADC values of normal control regions

Table 1 shows the location of each lesion and median ADC value of the contralateral matched parenchyma. Ischemic CVAs occurred in the brainstem and cerebellar gray matter. Hemorrhagic CVAs occurred in the forebrain, and the associated T2-FLAIR hyperintensity was seen predominantly in subcortical white matter. Normal control median ADC values were in general < 1.0x10−3 mm2/s (see Discussion), with lower values for brainstem structures and subcortical white matter, and slightly higher values for cerebellar gray matter and cortical tissue.



DWI of T2-flair hyperintense regions

Figure 2 shows selected transverse images demonstrating a ROI and the corresponding contralateral normal control region superimposed on the DWI and ADC series for a representative ischemic CVA. The probability histogram for pixel values within the ROI, with the median value of the contralateral normal control region also indicated, are shown for this example.


[image: Figure 2]
FIGURE 2
 Examples of ROI (blue outline) and contralateral normal control (red outline) region selection for a single slice from representative example ischemic CVA. A region was selected for every slice on the T2-FLAIR transverse images and copied to the corresponding slice for the DWI and ADC series. The histogram at the right shows the ADC values within the ROI, as well as the median ADC value within the contralateral control region (dotted line).


Figure 3 shows the relationship between median absolute and relative (normalized to the median value of the contralateral normal control region) ADC values for the eight ischemic and eight hemorrhagic CVAs that exhibited T2-FLAIR hyperintensity outside of the region of T2* hypointensity (see Materials and Methods). The best fit regression line is represented by ADCrelative= 1.79 * ADCraw-0.2.


[image: Figure 3]
FIGURE 3
 Correlation between absolute and relative median ADC values for ischemic (black circles) and hemorrhagic (gray circles) CVAs. The dashed line is best-fit linear regression (equation in text). R2 = 0.82, indicating good correlation.


Figure 4 shows the probability histograms for the absolute and relative pixel values on ADC series for the eight ischemic CVA in our data set, arranged by lesion age. The median absolute and relative ADC value for each scan is shown in Table 1. The median absolute ADC values were lowest for the two ischemic CVA that were imaged within 24 h of the onset of signs.


[image: Figure 4]
FIGURE 4
 ADC value histograms for eight ischemic CVAs, arranged by duration of clinical signs (more recent events below older events). Black outline bars indicate non-EPI DWI, and light gray bars indicate EPI DWI. The dotted lines show median ADC values for the control regions for each histogram, with black dotted lines corresponding to non-EPI DWI, and gray dotted lines corresponding to EPI DWI. Median absolute and relative ADC values for the T2-FLAIR ROIs, median absolute ADC values for the contralateral control regions, and anatomical locations of the lesions/control selections are listed in Table 1. For most cases, the ROIs had median absolute ADC values < 1.0x10−3 mm2/s and median relative ADC values < 1. The CVAs with the shortest duration had the lowest ADC values.


For the corresponding analysis of hemorrhagic CVA, ADC values associated with regions of T2-FLAIR hyperintensity were defined to exclude pixels that were also within the region of T2* hypointensity. Figure 5 shows an example of the process for generating the probability histogram for an example hemorrhagic CVA. Figure 6 shows the probability histograms for the T2-FLAIR hyperintense regions of the eight hemorrhagic CVA that had such regions, arranged by lesion age, analogous to Figure 4. The median absolute and relative ADC value, and corresponding median control ADC value, for each scan is shown in Table 1. The median absolute ADC values for these lesions were generally greater than the median ADC value of the contralateral control region, and >1.0x10−3 mm2/s, for all lesion ages.


[image: Figure 5]
FIGURE 5
 Examples of ROI (blue outline) and contralateral normal control (red outline) region selection for a representative example hemorrhagic CVA. The regions were selected on the T2-FLAIR transverse images and copied to the DWI and ADC series. The region of T2* hypointensity was defined on the corresponding T2* transverse image (lavender outline). Pixels that were within both the T2-FLAIR hyperintense region and the T2* hypointense region (green outline) were excluded from the resulting probability histogram (right). The histogram shows the ADC values of non-excluded pixels within the ROI, as well as the median ADC value within the contralateral control region (dotted line).



[image: Figure 6]
FIGURE 6
 ADC value histograms for the T2-FLAIR hyperintense region adjacent to eight hemorrhagic CVAs, arranged by duration of clinical signs (more recent events below older events). Black outline bars indicate non-EPI DWI, and gray bars indicate EPI DWI. The dotted lines show median ADC values for the control regions for each histogram, with black dotted lines corresponding to non-EPI DWI, and gray dotted lines corresponding to EPI DWI. Median absolute and relative ADC values for the T2-FLAIR ROIs, median absolute ADC values for the contralateral control regions, and anatomical locations of the lesions/control selections are listed in Table 1. There was no evidence of restricted diffusion adjacent to the T2* hypointense region in any dog.




DWI of T2* hypointense regions

Five of the hemorrhagic CVA image sets were generated using proprietary EPI DWI (RESOLVE), with b = 1000s/mm2. Nine of the hemorrhagic CVA image sets were generated using proprietary non-EPI DWI (BLADE), with b = 800s/mm2. See Figure 5 for an example of selected transverse images demonstrating a ROI, identified on T2* transverse images, superimposed on the (EPI) DWI and ADC series for a representative hemorrhagic CVA.

It has been suggested that the greater susceptibility artifact in EPI DWI may artificially lower ADC values near paramagnetic regions (such as areas of hemorrhage). To determine if EPI vs. non-EPI DWI had a systematic impact on ADC values calculated within a hemorrhagic region, we evaluated the distribution of pixel values that lay within the bounds of the hypointense region defined on corresponding T2* series for the 14 hemorrhagic CVA image sets, segregated by method of image generation. Pixels within the T2* hypointense region were more likely to have a value of ADC=0 on non-EPI DWI sets (25.8% vs. 13.6%). ADC value is calculated as

[image: image]

Where, SIb0 is the pixel intensity value at b0, SIb1 is the pixel intensity at b1, b0 = 0s/ mm2, and b1 = 800s/mm2 for non-EPI and b1 = 1000s/mm2 for EPI (see Materials and Methods for additional sequence details). The proportion of very low pixel values was greater for non-EPI DWI at both b0 and b1 (Figure 7).


[image: Figure 7]
FIGURE 7
 Probability histograms of pixel values within the T2* hypointense ROIs for b0 (A) and b1 (B) DWI series (see text for variable definitions). Non-EPI series used b1 = 800s/mm2 and are shown in black outline. The pixel values within ROIs defined by the T2* hypointense region were more likely to be zero or close to zero on non-EPI ADC series for both b0 and b1.





Discussion

DWI MRI characteristics are known to vary with hardware (36, 37) and software (37–39) properties and are subject to interobserver variability in measurement (40, 41). Nonetheless, they are included in many standard brain MRI series and are regularly interpreted by neuroradiologists and neurologists. In human neuroimaging, DWI is used to detect and characterize alterations in water diffusion as distinct from pathological processes that increase water content, and therefore T2-weighted signal intensity, without restricting diffusion. Major applications of this technique include improving sensitivity for detection, determination of onset, and estimation of lesion extent in CVAs (42–45). There are little existing published data on the DWI characteristics of spontaneous CVAs in dogs to inform appropriate clinical interpretation of these sequences.


Absolute vs. relative ADC values

Consistent with previous reports (46, 47), we found that median ADC values for normal tissues in our sample population were generally < 1.0x10−3 mm2/s, indicating that identification of values below that cutoff within an ROI cannot be used in isolation to confirm pathologically restricted diffusion. A previous publication has demonstrated that absolute ADC values vary with anatomical location in normal dog brain (46), suggesting that relative ADC values may be a better tool for identification of abnormal parenchyma.



Ischemic CVAs

Previous investigations of an experimental ischemic stroke model using induced middle cerebral artery occlusion in healthy dogs showed relatively low ADC within the injured area at 3 days compared to 10 days (25) and high ADC values at 8 and 35 days (48). Because ADC for a given pixel is calculated based on the relationship between the SIb0 and SIb1 value (see Equation 1 in Results), an increase in ADC may occur due to a decrease in SIb1, and increase in SIb0, or both. In both referenced studies, the increase in ADC over time was shown to correlate with a decline in SIb1 pixel values within the injured region, with little change in T2-weighted SIb0 or T2-FLAIR signal within the region over the same timepoints.

In humans, ADC values have been reported to remain reduced relative to normal values in ischemic stroke for ≥ 1 week (10, 12), with a transition period between 8 and 14 days (10), and increased ADC values after 14 days (10) and at 30 days (12). Others have demonstrated that the time course of evolution of ADC values after ischemic stroke in humans can be affected by recovery of perfusion (49), further complicating interpretation in lesions for which the exact time of onset is unknown.

Reports of ADC values in spontaneous canine CVAs are sparse, especially those using within-patient control values. One case series identified two ischemic CVAs with estimated age of 24–48 h and absolute median ADC values of 0.67 and 0.68 x 10−3 mm2/s, and one ischemic CVA with estimated age of 10–14 days with absolute median ADC value of 1.10x10−3 mm2/s (14). Others indicate that the majority of presumed ischemic CVAs imaged 1–5 days after onset of signs had low ADC values (15, 16), though methods of calculation, values, and specific lesion ages were not reported.

Rodent ischemic CVA DWI abnormalities resolve faster than those observed in humans (4, 9, 31, 50). Dogs and primates are more gyrencephalic, have more gray matter volume, and have a larger proportion of subcortical white matter affected by induced stroke, as compared to rodents (50). Consistent with previous reports, we show examples of presumed canine CVAs with reduced ADC values up to 5 days after the onset of signs. The most profound reduction in ADC values was observed in the cases with the shortest duration of clinical signs, as expected by analogy to the evolution of ADC map changes in human CVAs.



Hemorrhagic CVAs

The MRI appearances of presumed or confirmed naturally occurring intraparenchymal hemorrhage in dogs (51, 52) have been described in case series, but these do not include discussion of DWI characteristics. A single case series reports the absolute median ADC values for two hemorrhagic CVAs of 2–5 days as 2.19 and 1.10x10−3 mm2/s (14). It is not clear if the hemorrhagic region was excluded from the ROI.

As in a recent case series (51), many hemorrhagic CVAs in our case series had T2-FLAIR hyperintensity surrounding the hemorrhagic region. All lesions with such hyperintensity were imaged within 2 weeks of the onset of signs, whereas no lesions older than 3 weeks had surrounding T2-FLAIR hyperintensity; in presumed hemorrhagic CVAs that were re-imaged, previously noted T2-FLAIR hyperintensity had resolved. This, as well as subjective evaluation of the pattern of the hyperintensity as following subcortical white matter, is consistent with the interpretation of the T2-FLAIR hyperintensity surrounding the hemorrhagic region as transient vasogenic edema (51, 53). We did not find evidence of decreased relative ADC values within the T2-FLAIR hyperintense regions surrounding presumed hemorrhagic CVA, which may suggest mechanisms other than hemorrhagic transformation of ischemic infarct in these cases (54).

A previous experimental study of induced intracerebral hemorrhage in dogs (26) examined T2-FLAIR, DWI, and ADC imaging characteristics up to 24 days after lesion creation. The distribution and time course for T2-FLAIR hyperintensity in the model resembles that observed in our sample population. They likewise did not identify regions of reduced ADC values consistent with restricted diffusion beyond the margins of the hemorrhagic lesion.



EPI vs. non-EPI DWI

EPI DWI uses a single excitation and multiple echoes in a train to fill all of k-space rapidly. Single-shot images are marred by marked susceptibility artifact, due to off-resonance shifts of precession during the echo train that cannot be compensated by shimming. Additionally, image spatial resolution is limited, and images are prone to geometric distortion (shrinking, scaling, shear) from uncompensated in-plane background gradients. Readout-segmented EPI (RESOLVE) is a Siemens proprietary multishot EPI technique that relies on parallel imaging. The multiple shots allow a single image to be formed in k-space from data acquired in two or more RF excitations, shortening the readout interval; however, the number of excitations is still lower than that in non-EPI DWI. The parallel imaging technique also infers lines of k-space during initial filling, shortening total readout duration further, which reduces the accumulation of off-resonance effects during the echo train.

Non-EPI DWI fills only a portion of k-space with data obtained from a single excitation. This allows for higher spatial resolution and less susceptibility artifact than in EPI DWI. Originally conceived as a single line of k-space per excitation, other non-EPI k-space filling schemes (e.g., radial filling as used by the Siemens proprietary non-EPI DWI sequence BLADE) have been developed to oversample the central region of k-space (representing the highest-amplitude signals), which improves signal-to-noise ratio further and allows for motion correction between excitations. Image averaging after motion correction is also employed to improve signal-to-noise ratio. However, the large number of excitations and the repeated sampling required for image averaging both increase scan time for these sequences. Additionally, the motion correction algorithms can introduce new artifacts (55) in some circumstances.

Although several publications have reported DWI characteristics of spontaneous hemorrhagic lesions in humans (11, 13, 56, 57), the clinical interpretation of these findings is complicated by susceptibility effects of paramagnetic blood products on T2-weighted image sequences, including those used in DWI. Specifically, the problem of “T2 blackout,” where susceptibility artifact causes very low pixel values in the vicinity of the paramagnetic substance, may artificially lower the pixel values on DWI within hematomas. Because EPI is considered more susceptible to paramagnetic distortion of the local magnetic field, we anticipated more evidence of T2 blackout around hemorrhagic CVAs imaged with EPI techniques than non-EPI techniques. However, we found that pixel values near zero within the T2* hypointense region were more commonly seen with non-EPI DWI, possibly as a manifestation of the lower signal-to-noise ratio in these series.

As with most retrospective clinical case series, our report is limited by the small number of cases suitable for inclusion, additional noise introduced by variability in imaging parameters used, and the presumption of diagnosis in patients with good outcomes. For hemorrhagic CVAs, there is the additional challenge of defining the hemorrhagic area, given that susceptibility artifact “blooms” from the source of the magnetic field inhomogeneity and is larger than the actual region of hemorrhage. These challenges are likely contributing factors to the overall lack of robust publications on DWI features of spontaneous canine CVAs. This report demonstrates the variability in ADC values for lesions that have the clinical behavior of CVAs, suggesting that CVA cannot necessarily be excluded as a differential solely on the absence of evidence of restricted diffusion, especially for lesions imaged beyond the acute timeframe. As with human CVAs, temporal evolution of perfusion after initial injury may influence the DWI appearance of canine CVAs, though these data are too sparse to serve as the basis for a temporally-specific reference range. Regarding canine hemorrhagic CVAs, the absence of evidence of restricted diffusion in the perilesional T2-FLAIR hyperintense regions suggests that hemorrhagic transformation of ischemic infarction is not a common etiology of solitary spontaneous intracranial hemorrhage in dogs in our sample population. Further, it may indicate that canine models of intracerebral hemorrhage (26) reflect imaging characteristics of the spontaneous clinical disease. Finally, we did not identify a clear advantage of non-EPI over EPI DWI for the characterization of presumed CVAs, with or without hemorrhage, on our 3T magnet. Specifically, EPI was not more likely to exhibit signal dropout within or immediately surrounding a region of hemorrhage (defined by the area of T2* hypointensity) than non-EPI in our case set.

To better characterize the temporal evolution of presumed spontaneous CVAs in dogs, prospectively collected serial MRI at predefined timepoints after the onset of neurological signs would be needed. To determine optimal parameters for detection of restricted diffusion in canine CVAs, a systematic exploration of the space defined by echo generation method, b-value, magnet strength, echo and repetition timing, and coil selection would be necessary. To determine the reliability of ADC calculations in this population of dogs, evaluation of agreement across and within observers would be necessary. It is likely that a combination of diffusion and perfusion-weighted imaging techniques, as is currently standard-of-care in human cerebrovascular imaging, would further improve our understanding of the evolution of parenchymal damage and recovery in canine CVA.
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Demographic information and clinical data
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- Crossbreed

Miniature Dachshund

- English Bul Terrier
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- Rhodesian Ridgeback

- West Highland White Terrier

Sex (n)

- Female entire-Female neutered 4-6
- Male entire-Male neutered 13-2

MM ddaaaaaanrn

Clinical signs (7)
- Spinal pain 24

- Paresis 10

- Lameness 1

Age (months) [mean (= standard deviation)] 78 (£23)
Weight (kg) [mean ( standard deviation)) 202 (+103)
Duration of ciinical signs (days) [median (95% 30 (7-75)
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Cause of discospondylis (7)

- Natural 20

- Post-surgical 5
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Affected disc spaces (1)

- L7-st

L8-st

- T12-13
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- 134

- ce7

- U2

- L3

- 156
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O SR

Data are reported as mean ( standard deviation) or median (95% confidence intervals).
n, number of dogs; C, cervical: T, thoracic; L, lumbar; S, sacral.
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Non-ambulatory
Ambulatory

Good long-term
outcome (27 dogs)

17

5.54

8/13 (61.5%)
19/22 (86.3%)

Poor long-term
outcome (8 dogs)

193

8.19

5/13 (38.4%)
/22 (13.6%)

P-value

0.527

0.039

0.116
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Alldogs ~ Conservatively Surgically ~P-value

treated dogs

Location of SEE

Cervical (C1-C7)  2/41(4.9%)  1/24 (4.2%)
Thoracic (T1-T13)  22/41 (80.5%) 15/24 (62.5%)
Lumbosacral 32/41 (45%)  8/24 (33.3%)
(L4-S3 and

cauda equing)

Concurrent 22/41 (63.7%) 17/24 (70.8%)
discospondylitis

Concurrent 33/41(80.5%) 22/24 (91.7%)
paraspinal

inflammation

Paraspinal 18/40 (45%)  9/23 (39.1%)
abscessation

Contrast 35/36 (97.2%) 23/23 (100.0%)

enhancement
(epidural material)

In some dogs, more than one spinal region was affected.

treated dogs

A7 (5.9%)

AT (41.2%)

14117 (82.4%)  Not
performed

5/17 (29.4%) 0012

11/16 (68.8%) 0.094

9/17 (52.9%)  0.523

12/13(92.3%)  0.406
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Alldogs ~ Conservatively Surgically ~P-value
treated dogs  treated dogs

Sunvived to discharge 37/41 (90.2%) 19/22 (86.4%) 18/19(94.7%) 0.610
Neurological grade at

discharge

0 4/37 (10.8%)  3/19 (15.8%) 1/18 (5.6%) 0.221

1 /37 (24.3%)  5/19 (26.3%)  4/18 (22.2%)

2 18/37 (48.6%) 9/19 (47.4%)  9/18 (50.0%)

3 5/37 (135%)  2/19 (10.5%) 3/18 (16.7%)

4 187 7%)  0A19(0.0%)  1/18(5.6%)

5 0/37(0%)  0A9(0.0%)  0/18(0.0%)
Ambulatory at 31/37 (83.8%) 17/19 (89.5%) 14/18(77.8%) 0.405
discharge
Urinary/fecal 0/36(0%  0/9(00%)  0/18(0.0%) 1000

incontinence
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Age (yrs) Breed Sex/Neuter Duration T2* EPI Lesion location Median ADC Median ADC Median

status of signs signal contralateral T2-FLAIR relative ADC
(days) void control (x1073 ROI (x1073 T2-FLAIR

mm?/s) mm?/s) ROI

12 Mixed breed FI 0 N N medulla 0631 0.300 0475
13 Yorkshire terrier MN 0 N Y cerebellum 0765 0399 0522
12 Greyhound BN 1 N N thalamus + midbrain 0580 0.888 153
1 Labrador retriever EI 2 N N internal capsule 0757 0757 100

12 Shih Tzu BN 2 N midbrain 0739 0436 590
16 Bichon Frise MN 3 N Y cerebellum 0944 0729 0791

1 Chihuzhua MN 3 N N midbrain + cerebellum 0633 0582 0919

5 Cavalier King Charles spaniel BN 4 N N cerebellum 0677 0676 0.999
3 Pit bull terrier M 0 Y N subcortical white matter 0448 0.990 221
1 Mixed breed MN 2 Y N subcortical white matter 0672 127 188
6 Boston terrier MN 2 Y Y subcortical white matter 0485 131 269
4 Pit bull terrier BN 3 Y Y subcortical white matter 0706 0933 132
12 Mixed breed BN 3 Y Y subcortical white matter 0.699 127 181
15 Cardigan Welsh Corgi BN 5 Y N frontal cortex 0756 na nfa
i Yorkshire terrier BN 5 Y N subcortical white matter 0673 123 183
2nd MRI 32 Y N subcortical white matter 0641 n/a n/a

9 Golden retriever MN 11 Y Y subcortical white matter 0721 0857 L19
2nd MRI 6 ¥ Y subcortical white matter 0754 n/a n/a

1 Australian cattle dog BN 1 Y N subcortical white matter 0.684 111 L62
2nd MRI 132 Y N subcortical white matter 0692 n/a nfa
13 Australian shepherd BN 27 Y N occipital cortex 0885 n/a n/a
2nd MRI 132 Y N occipital cortex 114 n/a nla

med CVA. Column labeled E
only analyzed for thos

Tindicates if echo planar (Y) or non-echo planar (N) diffusion-we
hat had T2-FLAIR hyperintensity on MRI, hemorrhagic p

ghted imaging was used. Duration of clinical signs is the number of days e
med CVAs with no T2-FLAIR hyperintensity do not have ADC

image
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Pin population

All
Location
Thoracic
Lumbar
Confidence
100%
<100%
Canal entry
Complete

Partial

I, confidence inter
*e

between the tw

mparing estima

#No incorrect classifications and model unable to estimate confidence inter

N, not applicabl

Fluoroscopy

Percentage
(95% CI)

98.8 (96.0,99.6)

98.7 (93.4,99.8)
98.8 (95.6,99.7)

99.3(96.3,99.9)
97.5(91.3,99.3)

100
98.2(94.4,99.5)

Sensitivity
Inverted
fluoroscopy

Percentage
(95% CI)

97.0(91.5,99.0)

97.1(88.7,99.3)
97.0(90.7,99.1)

99.0(95.5,99.8)
92.8(80.4,97.6)

100
95.6(88.3, 98.4)

P-value*

0.039

0267
0.079

0.896
0054

10
0.038

Fluoroscopy

Percentage
(95% CI)

98.0 (77.0,99.9)

100¢
95.9 (47.1,99.8)

99.3(87.9, 100)
94.5(53.2,99.6)

NA
NA

Specificity

Inverted
fluoroscopy

Percentage
(95% CI)

98.5 (81.5,99.9)

100f
97.0(54.8,99.9)

99.5 (914, 100)
94.1(49.8, 99.6)

NA

P-value*

0585

10
0567

0762
0852

NA
NA
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Score

Structure

Meninges
Nerve roots
Synovium of the

articular facets

Muscles

No contrast enhancement
No contrast enhancement or
periradicular blood vessels enhancement

No contrast enhancement

No contrast enhancement

Mild and incomplete enhancement of
the meningeal ring
Mild nerve roots enhancement

Mild synovial enhancement

Mild muscular enhancement

Marked and complete enhancement of
the meningeal ring
Marked nerve roots enhancement

Marked synovial enhancement

Marked muscular enhancement
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Enhancing structures Total Low

MRI field
MRI

None (normal MRI) 1 1
Meninges 16 12
Synovium of the articular facets 1 1
Muscles 2
Meninges and synovium of the articular 18 13
facets
Meninges and muscles 16 14
Synovium of the articular facets and 4 1
muscles
Meninges, synovium of the articular 1 6

facets and muscles

Total number of cases 70 50

High
field
MRI

o & o

@

20
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MRI (contrast

enhancing  Nope Meninges Synovium of Muscles Meningesand ~ Meninges Synoviumof  Meninges,
csp-*! tructuses) (normal the articular synovium of the and muscles the articular synovium of the
MRI) facets articular facets facetsand  articular facets

muscles and muscles
Cell count
>500 WBC/pL 0 10 1 0 12 15 2 5
101-500 WBC/uL 0 4 0 1 3 0 4 3
31-100 WBC/uL 0 1 0 1 2 0 0 1
6-30 WBC/uL 1 1 0 1 1 1 2 2
Neutrophil %
>60% 1 16 1 1 17 15 4 10
31-60% 0 4 0 1 1 1 0 1
10-30% 0 0 0 1 0 0 0 0
<10% 0 4 0 0 0 0 0 0
Albumin concentration
>300 mg/dL 0 3 0 0 6 2 0 0
101-300 mg/dL. 0 2 0 4 2 5 0 0
30-100 mg/dL 1 9 1 3 10 8 4 9
<30 mg/dL. 0 2 0 0 0 1 0 2

For each match, the number of cases is reported.
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Breeds

Boxer
Mixed breed dog

Bernese mountain dog

Weimaraner

Beagle

Golden retriever

Dachshund, pitbull terrier

Border collie, bull mastiff, dogo argentino, german shepherd
dog, labrador retriever, maremma sheepdog, nova scotia
duck tolling retriever, pembroke welsh corgi, pointer, poodle,

schnauzer, spitz, whippet

Number (%)

14(20.6%)
14.(20.6%)
10 (14.7%)
6(8:8%)
4(5.9%)
3 (4.4%)
2(29%)
1(147%)
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Parameters evaluated

Cell count
>500 WBC/ L
101-500 WBC/uL
31-100 WBC/pL

6-30 WBC/pL
Neutrophil percentage
>60%

31-60%

10-30%

<10%

Albumin concentration
>300 mg/dL.

101-300 mg/dL

30-100 mg/dL

<30 mg/dL

Number (%)

45 (643%)
11(15.7%)
5(7.1%)
9(12.9%)

65(92.9%)
4(57%)
1(1.4%)
0(0.0%)

11(15.7%)
9(12.9%)
45 (64.3%)
5(7.1%)
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Cervical level Number (%)

cl 32/63 (50.8%)
c-c2 36/68 (52.9%)
&) 43/69 (62.3%)
€2-C3 49/70 (70.0%)
c3 53/70 (75.7%)
c3-ca 53/70 (75.7%)
c4 50/70 (71.4%)
Ca-Cs 18/69 (69.6%)
cs 42/69 (60.9%)
€5-C6 40/69 (58.0%)
6 38/69 (55.1%)
c6-c7 37/67 (55.2%)
c7 33/63 (52.4%)

For cach cervical level, the percentage of cases with meningeal enhancement was
caleulated based on the number of images available at that level.
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Case number Parameter  Pre-operative measures Post-operative numbers Difference between A1-A2, Variation from baseline (%)
(A1; B1; C1; D1) (cm) (A2; B2; C2; D2) (cm) B1-B2, C1-C2 and D1-D2 (cm)
A 210 220 0.10 47
1 B 1.30 125 005 38
c 050 060 0.10 20
D 1.30 1.10 020 15
A 305 306 001 03
2 B8 1.45 1.43 022 13
c 060 070 0.10 16.6
D 1.45 1.30 0.15 103
A 1.30 110 020 15.3
3 B8 1.40 1,60 020 143
c 0.40 060 020 50
D 1.40 1.30 0.10 74
A 235 220 0.15 63
4 B 120 1.10 0.10 83
[ 050 041 009 18
D 1.20 145 005 44
A 260 270 0.10 38
5 8 1.00 1.00 0.00 0
c 043 0.40 003 69
D 1.00 1.20 020 20
A 2.40 2.40 0.00 0
6 B 120 090 030 25
e 046 043 003 65
D 120 1.10 0.10 83
A 1.90 1.70 020 105
7 B8 1.45 1.40 005 34
c 060 060 0.00 0
D 1.45 1.35 0.10 68
A 18 163 017 9.4
8 B8 07 06 0.10 14.2
e 06 05 0.10 16.6
D 07 07 0.00 o
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Cases

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

Case 8

FN, female neutered: MN, male neutered; ME, male entire.

Breed

Greyhound

Labrador retriever

Border terrier

Boxer

Labrador retriever

Labrador retriever

English springer spaniel

Bichon frise

Age (vears)

7.3

58

12.4

Sex

FN

MN

MN

ME

MN

MN

FN

FN

Body Weight (kg)

32

343

97

26.3

29

30.6

20.7

8.65

P/B ratio
(mm=")

0.80

0.36

0.85

0.78

0.70

0.30
0.38

0.29

Outcome; survival to date

Ciinical remission (absent
hyperadrenocorticism); 34 months

Ciinical remission (absent
hyperadrenocorticism); 29 months

Mid persistent right-sided head tit;
persistent hyperadrenocorticism; 20
months

Euthanasia 7 months
post-operatively

Euthanasia 24 h post-operatively

Clinical remission (absent
hyperadrenocorticism; 8 months
Clinical remission (absent
hyperadrenocorticism); 8 months
Clinical remission (absent
hyperadrenocorticism); 6 months

Histopathology

Chromophobic
enlarged adenoma
Sinusoidal
chromophobe:
adenoma

Sample of
non-diagnostic
quality

Sinusoidal adenoma

Sample of
non-diagnostic
quality

Sinusoidal adenoma

Acidophil adenoma

Sinusoidal
chromophobe
adenoma





