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A 4-year-old neutered-male Australian Shepherd was presented to an emergency and referral hospital for an acute onset of neurologic signs and abnormal mentation. Seven days prior, the patient had been diagnosed with hypoadrenocorticism and was treated accordingly at another hospital. Based on recent clinical history, the neurologic signs were consistent with thalamic and brainstem deficits and suspected to be caused by osmotic demyelination syndrome secondary to rapid correction of hyponatremia. A brain MRI confirmed lesions consistent with osmotic demyelination syndrome. The patient's clinical signs initially worsened, and he required intensive nursing care with multimodal sedation, close monitoring of electrolytes and tailored fluid therapy. The patient recovered and was discharged on day seven of hospitalization. Four and a half months later, re-evaluation of the patient showed complete resolution of the neurological deficits with a now unremarkable neurological exam, and follow-up MRI revealed still present, yet improved bilateral thalamic lesions. This is the first known veterinary case report of sequential brain imaging of a dog that has recovered from osmotic demyelination syndrome. In humans, patients can have evidence of near to full clinical recovery, yet imaging findings may still be abnormal several months after recovery. This report details similar imaging findings in a canine with improved clinical signs, despite persistent lesions on brain MRI. Prognosis of canines with osmotic demyelination syndrome may be better than previously perceived, despite the severity of clinical signs and brain lesions apparent on MRI.
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1. Introduction

Osmotic demyelination syndrome (ODS), formerly referred to as “pontine and extrapontine myelinolysis,” is a condition first described in four individuals with alcoholism and malnourishment by Adams et al. (1). This condition was later associated with rapid correction of chronic hyponatremia and with this, a wide spectrum of symptoms have been described, including severe movement disorders, mental status changes, and acute death (2, 3). Histopathologically, degeneration of oligodendrocytes and myelin is evident, with the types of lesions varying from mild edema noted in myelin and intracellularly, to more severe lesions characterized by myelinolysis, degeneration of oligodendrocytes, and degeneration of axons and neuronal cell bodies, with the latter occurring at the center of the lesion (1, 4). There are infrequent reports in veterinary medicine describing ODS, both with and without recovery, with few documenting MRI lesions at time of diagnosis and post-mortem (5, 6). In human medicine, the prognosis was initially described to be grave. However, with the advent of advanced imaging, appropriate nursing care, sedation and regular monitoring of sodium levels, the prognosis may be more favorable with good recovery in more than half of cases (7).



2. Case description

A 4-year-old male castrated Australian Shepherd weighing 10.7 kg was presented to the emergency service of a veterinary teaching hospital for a rapidly worsening tetraparesis with deterioration of mental status of a 2-day duration. Seven days prior to presentation, the patient was treated at another veterinary hospital for gastrointestinal signs, where he was hospitalized and diagnosed with hypoadrenocorticism based on ACTH stimulation testing (pre- and post- cortisol levels were < 0.2 ug/dL). After 3 days of hospitalization, the patient clinically improved and was discharged with his first mineralocorticoid injection1 and 0.25 mg/kg/day of prednisone.2 No additional information was available at that time, other than the patient's sodium to potassium ratio had been low. Two days after discharge, the owner noted that the patient was becoming weak in his pelvic limbs, which seemed to worsen over the following day. Pelvic muscle fasciculations also developed and were most notable when attempting to eat or drink. At that point, the patient was referred to the authors' institution for further workup of progressive neurologic signs.

On presentation, the patient's general physical examination was within normal limits. On neurological examination, the patient vocalized intermittently, and his mentation was described as disoriented. A left head turn was present. He was non-ambulatory but could stand with support. The thoracic limbs showed increased extension, and a severe proprioceptive ataxia was noted when assisted to walk. Postural reactions (knuckling and hopping) were absent in the thoracic limbs and decreased in the pelvic limbs. Limb reflexes tested were normal. Cranial nerve assessment revealed absent menace response bilaterally, present but decreased palpebral reflex, decreased sensation of the face and pinnae, and symmetrically mild atrophy of muscles of mastication. Given these neurological findings, neurolocalization was considered to likely be multifocal, with involvement of the brainstem and thalamus. Due to these findings and patient history, the leading differential was ODS, with other differentials that were considered less likely being an inflammatory or infectious process.

The patient was admitted for further diagnostics, supportive care, and monitoring. A minimal database was obtained. The chemistry profile revealed abnormalities of a sodium of 154 mmol/L (142–151), a potassium of 6 mmol/L (3.6–4.9), chloride of 123 mmol/L (105–117), calcium of 2.25 mmol/L (2.4–2.99), along with an albumin of 0.3897 mmol/L (0.451–0.647) and a total protein at 5.24 g/dL (5.50–7.70). The urinalysis and CBC results were within the institution's normal reference intervals. The patient was placed on an isotonic balanced crystalloid3 at 32 ml/h and was administered dexamethasone SP4 IV at 0.05 mg/kg/day. Over the following 24 h, the patient's neurological status continued to progress where he became more agitated and vocal, and his tetraparesis worsened so that he could no longer stand without support. Due to severe agitation, he was administered butorphanol5 at 0.3 mg/kg IV, which did not change his clinical signs. He was then administered 0.5 mg/kg midazolam6 IV, which temporarily alleviated his signs. However, his agitation worsened again rapidly with severe continual vocalization that manifested as paroxysmal events, which motivated initiation of levetiracetam7 at 30 mg/kg IV q8h, for which an equivocal response was noted.

The following day, medical records from the patient's recent hospitalization were obtained, and it was noted that 9 days prior, the patient's initial serum sodium level was reported to be 106 mg/dL (144–160 mg/dL). During that hospitalization, the patient had received a 250 mL bolus of 0.9% NaCl8, followed by 60 ml/h over the following 3 days (a total of 2,590 mL). There was no record of sodium levels being checked until time of referral; therefore, it is unknown how quickly the sodium level had risen.

On day three of hospitalization, the patient's clinical signs continued to progress where his mentation and agitation worsened, and he developed difficulty with prehension of food. For sedation, he was placed on both CRI's of dexmedetomidine9 (1–5 mcg/kg/h) and midazolam (see text footnote 6; 0.1–0.5 mg/kg/h), which successfully limited his agitation to times of stimulation. The patient's electrolytes were monitored at minimum every 24 h, and his sodium had slightly increased from 154 to 155 mmol/L (142–151 mmol/L). The patient's potassium was noted to be decreasing from 4.2 mmol/L on presentation to 3.7 mmol/L (3.6–4.9 mmol/L). Therefore, spironolactone10 (12.5 mg PO q24h) was added as a potassium-sparing diuretic in attempt to prevent further increase in the sodium level. The isotonic balanced crystalloid (see text footnote 3) was also discontinued and a hypotonic solution11 was initiated at maintenance rate. Due to the patient's increased sedation and recumbency, a urinary catheter was placed to aid with nursing care and to allow monitoring of urine output.

On day four of hospitalization due to continued progression of clinical signs, the patient was anesthetized for MRI and CSF analysis. MRI showed a bilaterally symmetric T2W/T2-FLAIR hyperintense/T1 hypointense non-contrast enhancing lesion within the thalamus and to a lesser extent the caudal aspect of the caudate nuclei, rostral cerebral peduncles, and claustrum (see Figure 1). DWI showed hyperintense signal in the corresponding lesions on B0 images, and mildly hypointense signal on the B1000 (Figure 3). The ADC map showed hyperintense signal in the same areas. These findings suggest lack of fluid restriction in the affected areas and would support vasogenic edema over cytotoxic edema. Given the patient's history MRI findings, progression, myelinolysis was considered the primary differential however, inflammatory/infectious process was also considered. Clinical pathologic review of CSF was cytologically unremarkable. Given the signalment at time of development of clinical signs, other demyelinating conditions were considered to be much less likely.


[image: Figure 1]
FIGURE 1
 Transverse MRI images performed on day 4 of hospitalization (A–D) and at recheck 130 days later (E–H). The images are at the level of the thalamus. T2-weighted (A, E), T2 FLAIR (B, F), T1-weighted pre- (C, G), and post- (D, H) administration of intravenous gadolinium. Note the bilateral symmetric T2W and T2-FLAIR hyperintense [arrow in (A, E)], T1 hypointense non-contrast enhancing lesions present within the thalamus. The lesion was markedly reduced in size at follow-up MRI with the same MRI characteristics.


The findings were discussed with the owner and based on historical reports in both human and veterinary literature, a fair to guarded prognosis was given (2, 8, 9). The owner elected to continue supportive care and monitoring over the following days. A nasogastric tube was administered to facilitate enteral nutrition. The patient's midazolam (see text footnote 6) and dexmedetomidine (see text footnote 9) infusions were continued. For additional sedation, a ketamine12 CRI (0.1–0.5 mg/kg/h) was started, and a metoclopramide13 CRI (5 mg/kg/day) was initiated for promotility effects to decrease risk of aspiration pneumonia. Liquid enteral nutrition14 was initiated through his nasogastric tube.

On day five of hospitalization, the patient seemed more aware of his surroundings and appeared visual as witnessed by tracking movements. He was calmer and less hyperreactive. Physical therapy was initiated with range of motion and standing exercises. He continued to show marked improvement throughout the day and began to stand and ambulate independently. That evening he started to eat on his own. His urinary catheter, nasogastric tube and IV catheter were all removed. Metoclopramide (see text footnote 13) was discontinued, and the intravenous medications dexamethasone SP (see text footnote 4), ketamine (see text footnote 12), and dexmedetomidine (see text footnote 4) were discontinued and transitioned to oral prednisone (see text footnote 2; 0.5 mg/kg/day), amantadine15 (0.4 mg/kg/day), and trazodone16 (3–5 mg/kg/day), respectively.

The next day, the patient continued to improve. He was more ambulatory with improving ataxia and he exhibited less agitation. He was discharged on day seven with oral prednisone (see text footnote 2), amantadine (see text footnote 15), and trazodone (see text footnote 16). A recheck exam 1 week later revealed a normal neurological examination.


2.1. Follow up

The patient represented for follow-up imaging four and a half months later. The owner reported that clinically the patient was doing well and had resumed normal activity. A neurologic exam performed by the same clinicians revealed normal neurologic assessment. A brain MRI was repeated, showing improved bilaterally symmetric T2/T2 FLAIR hyperintense/T1 hypo- to isointense non-contrast enhancing lesion of the thalamus, that appeared moderately reduced in size and intensity, and no longer affected the midbrain, which was consistent with resolving myelinolysis. The lesions within the caudate nuclei, rostral cerebral peduncles, and claustrum were less evident (see Figures 1–3).


[image: Figure 2]
FIGURE 2
 Parasagittal MRI images performed on day 4 of hospitalization (A–C) and at recheck 130 days later (D–F). T2-weighted (A, D), T1-weighted pre- (B, E), and post- (C, F) administration of intravenous gadolinium. Note the T2W hyperintense lesion extending from the thalamus to the midbrain [arrowhead in (A)], T1 hypointense non contrast enhancing lesion is mostly present within the thalamus. The lesion was markedly reduced in size at follow-up MRI, only present in the thalamus, and with the same MRI characteristics.
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FIGURE 3
 Transverse DWI and ADC map performed on day 4 of hospitalization (A–C) and at recheck 130 days later (D–F). Bilateral symmetric hyperintensity on DWI B0 images (A, D) and ADC map (C, F) is most consistent with T2 shine through. DWI B1000 showed mild hypointensity [arrow in (B)] not present at the follow up MRI (E), these findings were most consistent with non-restrictivity.





3. Discussion

ODS has been reported in human and canine patients following rapid correction of chronic hyponatremia and is associated with transient or permanent neurologic sequelae (1, 5, 6, 10). Dogs at risk of developing ODS include those that undergo rapid correction of chronic hyponatremia secondary to conditions such as intestinal parasitism, hypoadrenal crisis, chronic effusions, or liver dysfunction (5, 11–13).

The influences of hyponatremia and associated treatments to the brain has been thoroughly reviewed (14). With hyponatremia, the brain takes adaptive measures to ensure the brain cell volume is tightly regulated. Initially, one protective physiologic measure is the shifting of fluid from parenchyma to CSF. The increase in intracranial pressure is postulated to cause hydrostatic water movement from brain tissue into CSF, where it will then be shifted into systemic circulation (15, 16). Additionally, inorganic osmolytes, such as electrolytes, followed by organic osmolytes will be expelled from the brain cells in the minutes to hours and hours to days after the development of hyponatremia, respectively. This reverses and prevents further intracellular movement of water and consequential cerebral edema. When sodium levels rise in a patient with chronic hyponatremia, the opposite processes take place. The brain cells take back the electrolytes and synthesize intracellular proteins and receptors to reuptake the previously secreted organic osmolytes. This process can take up to a week to return to the baseline, and if hyponatremia is corrected too quickly, then these compensatory responses are overwhelmed, and water is allowed to move outside of brain cells, causing shrinkage and apoptosis (15, 16). Furthermore, it was proposed that cytokine release from local inflammation may cause an increase in permeability of the blood brain barrier, allowing additional myelinolytic toxins to enter the privileged CNS, causing damage to the myelin (17). Recent studies suggest an early and central role of astrocyte injury and subsequent blood brain barrier damage. With the development of inflammation, axons may further degenerate, leading to neuronal degeneration (12, 18).

Formerly known as central pontine myelinolysis, this condition was originally thought to solely affect the pons. However, in humans, other locations have demonstrated lesions such as thalamus, cerebellum, lateral geniculate nuclei, and the external and extreme capsules (19). This is consistent with the lesion characteristic and distribution that has thus far been reported in the dog as well (5, 6). Other differentials that could be considered for bilaterally symmetric lesions would include enzyme deficiencies such as the gangliosidoses, toxicities (e.g., bromethalin toxicosis), or nutritional deficiencies (e.g., thiamine deficiency) (20, 21). However, the signalment, history, and lesion distribution differs than that in this condition. For example, dogs affected with gangliosidosis often show signs at a much younger age (22, 23). Thiamine deficiency may also show bilaterally symmetric lesions, however, MRI lesions have been demonstrated in the caudate nuclei, red nuclei, and caudal colliculi (24–26).

Treatment of ODS primarily consists of supportive care and much of the literature focuses on prevention through careful monitoring of sodium levels and slow correction of sodium over several hours to days. However, it is worth noting that experimental animal models showed it is the sodium level changes over 24 h more important than the hourly changes (27, 28). Some novel adjunctive therapies have been reported to help in the treatment of ODS, such as the use of therapeutic plasmapheresis or IVIG, indicating a potential immunological component to the disease process (2, 10, 18). The intravenous administration of myoinositol, a sugar alcohol, suggests improved survival in animal studies, and the use of thiamine supplementation and corticosteroids has also been documented in the treatment of ODS (18, 29). Other pharmacologic interventions described in people include the use of dopamine agonists to aid in the parkinsonian-like symptoms (30). One suggested therapy for treatment in the acute phase of ODS is the use of desmopressin and D5W17 to rapidly relower sodium, suggesting that ODS is reversible for a short period of time, despite neurologic signs already occurring (10, 18, 31).

Importantly, in humans with ODS, MRI findings did not prognosticate outcome (2). Laureno et al. performed an experimental study where ODS was induced in dogs, and sequential daily brain MRI were performed up until 6 days. Some dogs showed changes on MRI prior to clinical signs of myelinolysis while other dogs showed clinical signs before changes were detected on imaging (6). These findings are consistent with the unpredictable timeline of clinical signs and imaging abnormalities in humans (2, 6, 10). DWI and ADC map were not supportive of restrictive lesions, unlike what has been reported in some cases of myelinolysis in people (32, 33). This may be due to different timelines in MRI studies; while MRI is typically performed immediately after the onset of clinical signs in people, the MRI study was performed 4 days after the onset of clinical signs in the dog of the present report. It is also possible that the lack of restrictivity may support vasogenic oedema over cytotoxic oedema.

The patient described in this study had a similar progression of clinical signs and was successfully discharged 9 days after the start of neurologic signs, comparably to other case reports in dogs (5, 11). In the described case, adequate pharmacologic support was an essential component of successful management. Midazolam (see text footnote 6), dexmedetomidine (see text footnote 9), and ketamine (see text footnote 12) were all used to facilitate appropriate nursing care, provide nutritional support, and perform blood sampling for monitoring of electrolytes. Midazolam (see text footnote 6) was chosen due to suspected seizure activity and the positive response from the patient. A low dose dexmedetomidine (see text footnote 9) CRI was chosen for its potential muscle relaxation, and ketamine (see text footnote 12) was used for its potential neuroprotective effects of preventing excitotoxic injury.

Lastly, dopamine agonists are chosen in people for its treatment of parkinsonian symptoms such as tremors and bradykinesia. Amantadine (see text footnote 15) is a dopamine agonist and weak antagonist of NMDA-type glutamate receptors. Because of these reports, the patient was started on amantadine (see text footnote 15) at an oral dose of 0.4 mg/kg daily once ketamine (see text footnote 12) infusion was discontinued and oral medications were tolerated. It is suggested that with the use of ketamine (see text footnote 12) and amantadine (see text footnote 15), optimizing dopamine concentration in the synaptic cleft and thus transmission to the post synaptic membrane may be recommended in other suspected or confirmed ODS cases that display tremors (34).



4. Concluding remarks

This case report describes the successful management and MRI of a patient with confirmed ODS. Brain MRI was performed at time of diagnosis and at time of follow-up, four and a half months after hospital discharge. This is the first known veterinary case report describing follow-up imaging of a canine after full neurologic recovery of ODS. In humans, patients can have evidence of near to full clinical recovery, yet imaging findings may still be abnormal (7, 35). Another human case report describes full clinical and radiographic recovery 5 months after therapy (10). In this case, the patient had full clinical recovery with evidence of persistent, yet improved myelinolysis. Dogs affected by myelinolysis show very severe clinical signs that may discourage treatment by fear of negative prognosis. However, this report provides evidence that prompt recognition of this pathology by MRI evaluation and intensive management with adequate pharmacologic and nursing support may allow successful improvement of neurological deficits and return to a normal life.
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Footnotes

1Desoxycorticosterone Pivalate, Elanco Animal Health, Greenfield, IN.

2Prednisone, West-ward Pharmaceutical Corp, Eatontown, NJ.

3Normosol R®, Hospira, Lake Forest, IL.

4Dexamethasone SP, Phoenix pharmaceutical, Burlingame, CA.

5Butorphanol titrate, Zoetis, Parsippany, NJ.

6Midazolam, Fresenius Kabi, Bensenville, IL.

7Levetiracetam, Hospira, Lake Forest, IL.

8NaCl 0.9%, Dechra, Overland Park, KS.

9Dexmedetomidine hydrochloride, Dechra, Overland Park, KS.

10Spironolactone, Accord healthcare, Durham, NC.

11NaCl 0.45%, Dechra, Overland Park, KS.

12Ketamine Hydrochloride, Dechra, Overland Park, KS.

13Metoclopramide, Hospira, Lake Forest, IL.

14Jevity, Abbott, Abbott Park, IL.

15Amantadine, Actavis, Parsippany-Troy Hills, NJ.

16Trazodone, Teva, Parsippany, NJ.

17D5W, Dextrose with water, Baxter, Deerfield, IL.
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Two boxer dogs from the same litter were presented at 3 months of age for urinary and fecal incontinence. Both dogs had an abnormal tail consisting of a small stump, an atonic anal sphincter, and absent perineal reflex and sensation. Neurological evaluation was indicative of a lesion of the cauda equina or sacral spinal cord. Radiology and CT scan of the spine displayed similar findings in the two dogs that were indicative of sacral agenesis. Indeed, they had 6 lumbar vertebrae followed by a lumbosacral transitional vertebra, lacking a complete spinous process, and a hypoplastic vertebra carrying 2 hypoplastic sacral transverse processes as the only remnant of the sacral bone. Caudal vertebrae were absent in one of the dogs. On MRI, one dog had a dural sac occupying the entire spinal canal and ending in a subfascial fat structure. In the other dog, the dural sac finished in an extracanalar, subfascial, well-defined cystic structure, communicating with the subarachnoid space, and consistent with a meningocele. Sacral agenesis—that is the partial or complete absence of the sacral bones—is a neural tube defect occasionally reported in humans with spina bifida occulta. Sacral agenesis has been described in human and veterinary medicine in association with conditions such as caudal regression syndrome, perosomus elumbis, and Currarino syndrome. These neural tube defects are caused by genetic and/or environmental factors. Despite thorough genetic investigation, no candidate variants in genes with known functional impact on bone development or sacral development could be found in the affected dogs. To the best of the authors' knowledge, this is the first report describing similar sacral agenesis in two related boxer dogs.
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1. Introduction

Neural tube defects (NTD) are the most common human birth defects. In both humans and animals, these malformations can be caused by genetic or environmental factors. Genetic factors account for approximately 70% of human cases (1). Other non-genetic factors involved in the abnormal closure of the neural tube include drugs (e.g., valproic acid) (2), environmental teratogens (industrial waste and pesticides) (3), and maternal factors like obesity, folic acid deficiency, diabetes mellitus, and hyperthermia during the first trimester of pregnancy (1, 4).

NTDs are usually divided into open and closed defects. The open defects are characterized by external protrusion and/or exposure of neural tissue, while in closed defects the neural tissue is covered by other tissue (4).

Spina bifida (SB) is an NTD caused by incomplete caudal neurulation (4). It results in the failure of fusion of one or more vertebral arches with or without protrusion of the meninges and the spinal cord. This malformation, with hemivertebrae and transitional vertebrae, frequently occurs in dogs with screw tails. Vertebral malformations do not necessarily produce neurological signs and are often seen in radiographs as incidental findings (5).

In humans, sacro-caudal dysgenesis and sacral agenesis (SA) are rarely described NTDs. These terms are used to identify a spectrum of malformations of the sacrum and caudal vertebrae of varying severity. In particular, the term SA identifies the partial or complete absence of the sacral bones. In these syndromes, the most frequent neurological signs are urinary and fecal incontinence, sometimes accompanied by hind limb paresis or paralysis (5).

In small animals, similar malformations have previously been reported in Manx cats and occasionally in dogs (6, 7). In Manx cats, sacro-caudal dysgenesis is well known and can also be associated with myelodysplasia, meningocele, meningomyelocele, tethered spinal cord, hydromyelia, and/or syringomyelia (8, 9). An autosomal dominant inheritance with incomplete penetrance has been demonstrated for this feline disease (7). The tailless phenotype and increased risk for sacro-caudal dysgenesis in Manx and other tailless cats is caused by variants in the TBXT gene encoding the T-box transcription factor T (10). Tailless or short-tailed phenotypes in several dog breeds are also caused by dominant alleles of the TBXT gene (11, 12).

Perosomus elumbis (PE) is a complex syndrome that has been commonly described in farm animals and more rarely in puppies. It is characterized by partial or complete agenesis of the lumbar, sacral, and coccygeal vertebra, and sometimes by other malformations involving the limbs, such as arthrogryposis (13, 14).

In this case report we describe the clinical signs, imaging, and electrodiagnostic findings and outcome of SA in two related boxer dogs. The results of genetic investigation are also reported.



2. Case description

Two 3-month-old intact female boxer dogs from the same litter were presented to the Veterinary Teaching Hospital (VTH) of the University of Parma for the presence of urinary and fecal incontinence since birth. The other four littermates and the parents did not present similar clinical signs.

On presentation, physical examination was unremarkable except for the tail, which appeared as a small stump in both dogs. Neurological examination revealed the presence in both dogs of an atonic anal sphincter and the absence of perineal reflex and nociception. No signs of paraparesis or sciatic nerve involvement were present. Hyperestesia of the lumbosacral spine was not detected. A cauda equina or sacral spinal cord lesion was suspected based on neurological examination. Differential diagnoses included, in particular, anomalous diseases such as SB associated with meningocele or meningomyelocele, sacral dysgenesis/agenesis, and other spine malformations.

A radiographic study of the lumbosacral spine was made in the two puppies in both lateral and ventro-dorsal views. Both patients showed six typically shaped lumbar vertebrae, followed by a lumbosacral transitional vertebra lacking the spinous process and a hypoplastic vertebra carrying two hypoplastic sacral transverse processes as the only remnant of the sacral bone. These findings were considered compatible with SA. Caudal vertebrae were absent in dog 1 (Figure 1A), while in dog 2 several coccygeal vertebrae not articulating with the rest of the spine were present (Figure 2A).


[image: Figure 1]
FIGURE 1
 Dog 1, radiographic study with a ventro-dorsal projection of the pelvis performed at 3 months of age (A) in comparison to the tomographic 3D volume rendering reconstruction of the pelvis at 18 months of age (B). There is sacralization of L7. Only S1 is present and hypoplastic; the dorsal part of the arch is not fused and has no spinal process (between arrows). Caudally, there is a single coccygeal vertebra not articulating with the sacrum.
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FIGURE 2
 Dog 2, radiographic study with a ventro-dorsal projection of the pelvis performed at 3 months of age (A) in comparison to the tomographic 3D volume rendering reconstruction of the pelvis at 18 months of age (B). Similar findings as in dog 1 are noted: L7 sacralization, S1 with spina bifida (between arrows), and sacral agenesis. Caudally, several coccygeal vertebrae are present, not articulating with S1.


Ultrasound examination of the dorsal sacral region was carried out using a microconvex probe (6–10 MHz). In both patients, the spinal cord was visible, partially protruded caudally, due to the incomplete fusion of the dorsal lamina (Figure 3B). In dog 2, a well-defined anechoic oval 2 x 0.8 cm structure consistent with a meningocele was observed (Figure 4A).


[image: Figure 3]
FIGURE 3
 Sagittal (A) and transverse (C) T2 MRI images of the lumbosacral region of dog 1, compared with an ultrasonographic transverse scan (B) of the dorsal sacral aspect. A dural sac occupying the entire spinal canal protruding dorsally (arrows) and ending in a subfascial fat structure may be noted between the arrowheads.
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FIGURE 4
 In dog 2, an extracanalar, well-defined subfascial cystic structure caudal to the spine, likely consisting of meningocele, is displayed between calipers by the ultrasonographic sagittal study (A) at 3 months of age and later confirmed by MRI [sagittal T2 image, (B)] at 4 months of age (arrows).


At 4 months of age, complete blood count and blood chemistry values were unremarkable. In view of eventual surgical planning, an MRI (1.5 T, Vantage Elan, Canon Medical Systems Europe B.V., Zoetermeer, The Netherlands) of the lumbosacral spine was performed under general anesthesia with the dogs in dorsal recumbency. The imaging protocol included sagittal and transverse fast spin echo (FSE) T2-weighted (T2W) images [repetition time (ms) (TR)/echo time (ms) (TE), 3886–6353/108]; sagittal and transverse FSE T1-weighted (T1W) images (TR/TE, 480-745/14-15); transverse short tau inversion recovery (STIR) (TR/TE, 7139/48); 3D T1W fat suppressed gradient echo (GE) images (TR/TE, 32.2/5.5). No contrast medium was used. Besides the osteoarticular abnormalities in the radiographs, in dog 1, a dural sac occupying the entire spinal canal and ending abruptly in a subfascial, somewhat organized fat structure was observed (Figures 3A–C). In dog 2, the dural sac occupied the entire spinal canal and ended in a well-defined extracanalar, subfascial cystic structure, caudal to the spine and likely communicating with the subarachnoid space, and probably consisting of a meningocele, thus confirming ultrasound findings (Figure 4B). Surgical treatment of the meningocele was proposed but was declined by the owner. The dogs were discharged without medication, with the indication to monitor urination and defecation.

In the following months, urinary and fecal incontinence persisted without any other major symptoms. On the occasion of ovariohysterectomy, at 18 months of age, a computed tomography (CT) scan was performed as a follow-up. CT examination confirmed and better defined the skeletal malformations previously detected. In particular, both dogs presented L7 sacralization and partial sacral agenesis, consisting of the presence of a vestigial S1, and presenting a severely incomplete body that was not dorsally fused and had no spinous process, likely compatible with a SB (Figures 1B, 2B). The dural sac protruded caudally and dorsally in the subfascial fat, slightly in dog 1, while in dog 2 it formed a 1.3-cm oval hypoattenuating pouch compatible with meningocele. Needle electromyography (EMG) performed following CT scan revealed the presence of spontaneous pathological activity in the perineal muscles of both dogs, represented mainly by complex repetitive discharges.

To identify a potential causative genetic variant, whole genome 2 x 150 bp paired-end-sequencing at 20x coverage of one of the affected dogs was performed. The sequence data were deposited under study accession PRJEB16012 and sample accession SAMEA110415686 in the European Nucleotide Archive. The whole genome sequence data were compared to 924 control genomes (Supplementary Table 1), and variants particular to the boxer with sacral agenesis were identified as described (15). All identified private homozygous and private heterozygous variants are listed in Supplementary Table 2. None of these variants represented a strong plausible candidate for the sacral agenesis.



3. Discussion

In this case report we describe an NTD in two boxer dogs from the same litter. To precisely define the spinal anomaly present, the dogs underwent a complete diagnostic work-up that included various imaging modalities. In particular, radiology, ultrasonography, CT, and MRI performed at different stages of the dogs' growth were indicative of the presence of sacral agenesis (SA) associated with meningocele. Further, the incomplete S1 bone, which was not dorsally fused and had no spinous process, was compatible with an SB.

NTDs have a multifactorial etiology, with contributions from genetic, environmental and nutritional factors synergistically affecting normal embryonic development (3, 16).

During neurulation, the ectoderm grows in a longitudinal axis on the notochord and thickens to become a neural plate. Then, a neural groove appears as the edges of the neural plates become raised on each side of a midline depression, and, following the fusion of the edges in a bidirectional way, the neural tube is formed. In dogs, the closure starts in the cervical region and then progresses rostrally to form the future brain, and caudally to form the spinal cord. During this process, the ectoderm separates from the neural tube and fuses dorsally to create the overlying skin (17).

SB is an NTD reported in both humans and animals that results from the incomplete fusion of the dorsal lamina with or without protrusion of meninges (meningocele) or meninges and spinal cord (meningomyelocele). SB can also be classified as closed (occulta) or opened (manifesta/aperta) if there is communication between the neural tissue and the external environment. SA is occasionally reported in humans with SB occulta (5, 18–21).

SA with associated meningocele was initially identified in our patients at 3 months of age with radiographs and ultrasound of the lumbosacral spine. In human medicine, ultrasonography is also commonly used as a first-line screening test for spinal cord abnormalities in infants (9, 22). This rare malformation has previously occasionally been reported in dogs and in Manx cats (6, 7).

A more detailed characterization of SA and SB of the two subjects was possible in the following months with advanced imaging techniques (CT and MRI). Abnormalities similar to those detected in the two dogs have been reported in some rare syndromes described in humans and animals: Caudal regression syndrome (CRS), perosomus elumbis (PE), and Currarino syndrome (CS).

CRS is reported in humans, characterized by different degrees of anomaly of the caudal spinal cord and spine. In CRS there is the partial or total absence of the thoracic, lumbar, sacral, or coccygeal vertebrae associated with visceral organ malformations, but there is also imperforate anus and severe limb deformities. Diagnostic follow-up of suspicion can be made during pregnancy, detecting anomalies in the limbs and vertebral column with prenatal ultrasound. A prevalence of this congenital malformation has been identified in children of diabetic mothers, but other risk factor include cocaine and alcohol consumption. In children, walking disabilities are most commonly detected because of limb deformities (23–25).

SA is considered a part of CRS and can be classified into four types. In type I, there is partial or total unilateral agenesis localized to the sacrum; type II is characterized by partial bilaterally symmetrical agenesis with a firm articulation between the ilia and a normal or hypoplastic first sacral vertebra; in type III there is total sacral agenesis and a variable lumbar vertebra articulating with the ilia; and in type IV the sacrum is absent, while the caudal end plate of the lumbar vertebra is fused with the ilia. These anomalies are associated with a high prevalence of fecal incontinence and urinary symptoms (26, 27). Our patients display similarities with Type II SA.

SA is also a feature of CS, another syndrome reported in human medicine. Two forms of CS have been described: the classic form in which there is partial sacral agenesis, presacral mass (meningocele, lipoma, enteric cyst, teratoma, or a combination of these), and anorectal malformation, and the incomplete form in which only one or two of these malformations are present (28, 29). HLBX9 gene variants have been reported in some CS patients (30–32). In the two boxer dogs included in the present study, anorectal malformation was absent, but presacral mass and SA were detected without other anomalies affecting the hind limbs.

PE is a rare complex congenital malformation that has been described in animals. It has been reported in only one dog, and one cat, and occasionally in cattle, buffalos, sheep, foals, pigs, rhesus macaques (Macaca mulatta), and it has been experimentally induced in mice (13, 33–43). As with CRS, animals with PE display agenesis of the caudal spinal cord and spine. Other signs associated with this syndrome are arthrogryposis and hypoplastic hind limbs, urogenital and intestinal tract defects, craniofacial malformation, synophthalmia, and brachygnatia. If the affected animal survives the first hours of life it usually displays severe difficulty in standing, due to the anomalies affecting the hind limbs and vertebra column. Euthanasia is usually performed, in light of the severity of this condition (34–36, 40).

In children, these congenital malformations require a multidisciplinary approach depending on the identified severity of anomalies. The diagnostic approach to fecal and urinary incontinence in patients with sacral anomalies is complex and involves various tests such as contrast colonography, colonic transit time, anorectal manometry, urodynamics, and EMG (44–46).

Unfortunately, tests for colonic function and urodynamic studies were not performed in these dogs. EMG in both dogs showed the presence of complex repetitive discharges of the perineal muscles as a possible consequence of chronic denervation. The absence of spontaneous pathologic activity at EMG of the muscles of the hind limbs further ruled out the presence of sciatic nerve involvement.

Early surgical treatment of meningocele/meningomyelocele associated with SB has been reported to improve neurological signs in some cases (18). Surgical treatment was declined by the owner, who considered the quality of life of the dogs to be good.

In the long-term follow-up (~3 years from the first examination), the two boxer dogs remained clinically stable and developed no major complications as a result of their urinary and fecal incontinence.

The occurrence of sacral dysgenesis in more than one puppy from a litter with healthy parents and an uneventful pregnancy suggested a genetic disorder with autosomal recessive inheritance. Alternatively, a de novo mutation event in the germline of one of the two parents might have generated a dominant allele causing the SA. Despite extensive genetic investigation, no candidate variants in genes with known functional impact on bone development or sacral development were found. One cautionary note is that short read whole genome sequencing does not have 100% sensitivity in detecting all genetic variants. In particular, large structural variants involving more than ~30 nucleotides are easily missed with the approach. Furthermore, gaps in the genome reference assembly or errors in the gene annotation of the dog genome might also explain why we were not able to identify a candidate for causative variant. The presence of environmental factors (toxic, nutritional, metabolic) as a possible cause of the malformation cannot be excluded.

Moreover, the concomitant presence of both genetic and non-genetic factors acting synergistically is also a possibility in the two boxer siblings. Indeed, in human medicine, the most reliable pathogenetic model for NTDs (multifactorial threshold model) considers either genetic and environmental factors on their own insufficient to affect neural tube closure. The concomitant presence of genetic and non-genetic factors is usually deemed necessary to induce NTDs (4).

To the best of the authors' knowledge, this is the first report of a similar SA in two related boxer dogs. Further studies including subjects with similar NTDs from this and other breeds should be performed in order to improve understanding of the role of genetic and non-genetic factors in these defects of neural tube closure.
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Measurement of brainstem diameters (midbrain, pons, and medulla oblongata)is of potential clinical significance, as changes in brainstem size may decrease or increase due to age, neurodegenerative disorders, or neoplasms. In human medicine, numerous studies have reported the normal reference range of brainstem size, which is hitherto unexplored in veterinary medicine, particularly for small-breed dogs. Therefore, this study aims to investigate the reference range of brainstem diameters in small-breed dogs and to correlate the measurements with age, body weight (BW), and body condition score (BCS). Herein, magnetic resonance (MR) images of 544 small-breed dogs were evaluated. Based on the exclusion criteria, 193 dogs were included in the midbrain and pons evaluation, and of these, 119 dogs were included in the medulla oblongata evaluation. Using MR images, the height and width of the midbrain, pons, and medulla oblongata were measured on the median and transverse plane on the T1-weighted image. For the medulla oblongata, two points were measured for each height and width. The mean values of midbrain height (MH), midbrain width (MW), pons height (PH), pons width (PW), medulla oblongata height at the fourth ventricle level (MOHV), medulla oblongata height at the cervicomedullary (CM) junction level (MOHC), rostral medulla oblongata width (RMOW), and caudal medulla oblongata width (CMOW) were 7.18 ± 0.56 mm, 17.42 ± 1.21 mm, 9.73 ± 0.64 mm, 17.23 ± 1.21 mm, 6.06 ± 0.53 mm, 5.77 ± 0.40 mm, 18.93 ± 1.25 mm, and 10.12 ± 1.08 mm, respectively. No significant differences were found between male and female dogs for all the measurements. A negative correlation was found between age and midbrain diameter, including MH (p < 0.001) and MW (p  = 0.002). All brainstem diameters were correlated positively with BW (p  < 0.05). No significant correlation was found between BCS and all brainstem diameters. Brainstem diameters differed significantly between breeds (p  < 0.05), except for MW (p  = 0.137). This study assessed linear measurements of the brainstem diameter in small-breed dogs. We suggest that these results could be useful in assessing abnormal conditions of the brainstem in small-breed dogs.
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1. Introduction

The brainstem—the caudoventral part of the cranial cavity, located between the diencephalon, cerebellum, and spinal cord (1, 2)—is composed of the midbrain (mesencephalon), pons (ventral metencephalon), and medulla oblongata (myelencephalon), and most of the cranial nerves originate from nuclei located in the midbrain through the medulla oblongata (1–6). The brainstem is the caudoventral part of the cranial cavity, located between the diencephalon, cerebellum, and spinal cord (1, 2). The brainstem plays an important role in the regulation of posture, consciousness, respiratory, and cardiovascular coordination (3–6). Therefore, clinical signs associated with brainstem dysfunction include disturbances of consciousness, gait abnormalities, cranial nerve deficits, postural abnormalities, abnormal respiratory activities, and autonomic dysfunction (3).

Magnetic resonance imaging (MRI) is a non-invasive modality that is widely used to detect brain lesions, including in the brainstem (7, 8). MRI provides accurate and detailed quantitative morphological information about the brainstem (5, 6, 9, 10). In previous human studies, linear measurement has been suggested as a reliable and rapid method for evaluating brainstem size, and a multitude of studies measuring the brainstem quantitatively have been reported (6, 9–16).

Studies establishing normal reference ranges of brainstem diameters in humans through linear measurements using MRI have been carried out (5, 9–15). Brainstem size has been found to decrease with the normal aging process (5, 9, 11–14). Furthermore, brainstem diameters decrease with neurodegenerative diseases, such as Parkinson’s disease, progressive supranuclear palsy, or other atrophic processes (6, 16). Contrastingly, some diffusely infiltrating brain tumors increase the diameter of the brainstem with no marked signal change in the MR images (16). Consequently, knowledge of the morphology of the normal brainstem is crucial, not only to understand normal age-related degeneration but also to compare the pathophysiology of neurodegenerative disorders and detect neoplastic changes (11, 16).

Quantitative measurement of brainstem diameters in dogs using MRI has not yet been studied in veterinary medicine, and thus, there is a lack of normative data pertaining to the brainstem, particularly for small-breed dogs. Consequently, the aim of this study is to: (i) establish a reference range for brainstem diameters (midbrain, pons, and medulla oblongata) in small-breed dogs; (ii) analyze the statistical differences in brainstem diameters between sex and different breeds; and (iii) analyze the correlation between brainstem diameters and body weight (BW), body condition score (BCS), and age.



2. Materials and methods


2.1. Animals

This was a retrospective multicenter study. The medical records and brain MR images of 544 small-breed dogs who visited the Leaders Animal Medical Center and VIP Animal Medical Center from June 2019 to December 2022 were collected. Additionally, detailed medical information about each dog, including breed, sex, age, and BW, was collected. The following exclusion criteria were applied: presence of lesions in the parenchyma of the brainstem, any lesion in the brain parenchyma associated with neoplasia, inflammation, edema, hemorrhage, or infarction, clinically significant Chiari-like malformation or abnormalities at the craniocervical junction with or without syringomyelia, severe ventriculomegaly, or hydrocephalus. Consequently, 193 dogs were included for midbrain and pons measurement. Of these, 74 dogs with mild abnormalities at the craniocervical junctions were excluded, and 119 dogs were included for medulla oblongata measurement.

For the 193 dogs included in the midbrain pons measurement, the sex distribution was castrated males (n = 99), intact males (n = 6), spayed females (n = 74), and intact females (n = 14); the breed distribution was Chihuahua (n = 12), Maltese (n = 59), Mixed (n = 18), Pomeranian (n = 35), Poodle (n = 33), Shih Tzu (n = 20), and Yorkshire Terrier (n = 16); the mean age was 8.30 ± 3.95 (0.58–17.00) years; and the mean BW was 4.11 ± 1.67 kg (1.45–9.55 kg). For the 119 dogs included in the medulla oblongata measurement, the sex distribution was castrated males (n = 63), intact males (n = 5), spayed females (n = 41), and intact females (n = 10); the breed distribution was Chihuahua (n = 9), Maltese (n = 35), Mixed (n = 11), Pomeranian (n = 14), poodle (n = 22), Shih Tzu (n = 19), and Yorkshire Terrier (n = 9); the mean age was 8.47 ± 4.06 (0.67–17.00) years; and the mean BW was 4.53 ± 1.75 (1.45–9.55) kg. This study was approved by the Institutional Animal Care and Use Committee of Jeonbuk National University (Approval No. NON 2022-086).



2.2. Measurements

MR images of the brain were acquired using 1.5 Tesla MRI machines (GoldSeal Signa HDxt 1.5T, GE Healthcare, United States, and Signa Creator 1.5T, GE Healthcare, United States). In the study, the median and transverse planes of T1-weighted images (slice thickness: 2.5 or 3 mm, repetition time: TR = 400–1,790 ms, TE = 9–25 ms) were used for measurement. The median plane of the T1-weighted image was used for height measurement and the transverse plane of the T1-weighted image was used for width measurement.

Linear measurements of height and width of each of the following were performed: midbrain, pons, and medulla oblongata (Figure 1). For the midbrain, midbrain height (MH) was measured from the midpoint of the interpeduncular fossa to the margin of the cerebral aqueduct, perpendicular to the line of the interpeduncular fossa (Figure 1A). Midbrain width (MW) was measured by connecting both bilateral commissures of the medial geniculate body and brachium of the caudal colliculus (Figure 1B). For the pons, pons height (PH) was measured from the ventral margin of the pons to the margin of the fourth ventricle, perpendicular to the tangent line of the most ventral point of the pons (Figure 1C). Pons width (PW) was calculated by measuring the maximum width connecting both bilateral middle cerebellar peduncles (Figure 1D). The diameter of the medulla oblongata was measured at two different levels, one for height and one for width. The height of the medulla oblongata was measured at the fourth ventricle level and cervicomedullary (CM) junction level. The medulla oblongata height at the fourth ventricle level (MOHV) was measured from the kinking point at the level of the obex to the ventral margin of the medulla, perpendicular to the long axis of the medulla (Figure 1E). Medulla oblongata height at the CM junction (MOHC) was measured at the level of the CM junction (Figure 1G). The width of the medulla oblongata was measured at the rostral region and caudal region. Rostral medulla oblongata width (RMOW) was measured from end to end of the bilateral cochlear nuclei at the trapezoid level (Figure 1F). Caudal medulla oblongata width (CMOW) was obtained by measuring the greatest width of the medulla at the level of the CM junction (Figure 1H).

[image: Figure 1]

FIGURE 1
 Median plane of the brainstem (A,C,E,G) and transverse plane of the midbrain (B), pons (D), and medulla oblongata (F,H) in T1-weighted MRI images. (A) Midbrain height (MH) was measured from the midpoint of the interpeduncular fossa to the margin of the cerebral aqueduct, perpendicular to the interpeduncular fossa (dotted line). (B) Midbrain width (MW) was measured by connecting both bilateral commissures of the medial geniculate body and the brachium of the caudal colliculus. (C) Pons height (PH) was measured from the ventral margin of the pons to the margin of the fourth ventricle, perpendicular to the tangent line (white line) of the most ventral point of the pons. (D) Pons width (PW) is the maximum width connecting both bilateral middle cerebellar peduncles. (E) Medulla oblongata height at the fourth ventricle level (MOHV) was measured from the kinking point at the level of the obex to the ventral margin of the medulla, perpendicular to the long axis of the medulla. (F) Rostral medulla oblongata width (RMOW) was measured from one end to the other of the bilateral cochlear nuclei. CN VIII (asterisk), the vestibulocochlear nerve, extends from the cochlear nuclei. (G) Medulla oblongata height at the CM junction (MOHC) is the diameter measured at the level of the CM junction. (H) Caudal medulla oblongata width (CMOW) is the widest width of the medulla at the level of the CM junction. M, midbrain; P, pons; MO, medulla oblongata; GB, geniculate body.


For intra-observer reliability analysis, measurements of all brainstem diameters (193 dogs for the midbrain and pons and 119 dogs for the medulla oblongata) were repeated twice by observer A (JK), and the mean values were used for all statistical analysis. For inter-observer reliability analysis, all brainstem diameters (193 dogs for the midbrain and pons; and 119 dogs for the medulla oblongata) were measured by observers A and B (Residents of the Veterinary Medical Imaging Department of the Teaching Hospital of Jeonbuk National University).



2.3. Statistics

All brainstem diameters are presented as mean ± standard deviation (SD). Linear regression analysis was used to analyze the correlation between brainstem diameter and “age, BW, and BCS.” An Independent t-test was used to analyze the mean differences in brainstem diameter between sexes. One-way ANOVA was used to analyze the differences in brainstem diameter between breeds. Intra-observer and inter-observer reliability for all measurements was assessed using an absolute agreement-type intraclass correlation coefficient (ICC) with 95% confidence intervals (CI). IBM SPSS Statistics (version 27.0; IBB Corp., Armonk, NY, United States) was used for all the statistical analyses, and all experimental values were considered to be statistically significant at p < 0.05.




3. Results

Mean ± standard deviations of MH, MW, PH, PW, MOHV, MOHC, RMOW, and CMOW are summarized in Table 1.



TABLE 1 Mean and standard deviations of brainstem diameters.
[image: Table1]


3.1. Differences in brainstem diameter between sexes

The dogs were divided into two groups of males and females [for the midbrain and pons, males (n = 105), females (n = 88); for the medulla oblongata, males (n = 68), females (n = 51)]. Mean ± SD values of all brainstem diameters for each sex and the analysis of difference of each value between sexes are summarized in Table 2. There was no statistically significant difference between sex in MH (p = 0.076), MW (p = 0.320), PH (p = 0.065), PW (p = 0.056), MOHV (p = 0.603), MOHC (p = 0.549), RMOW (p = 0.054), and CMOW (p = 0.702).



TABLE 2 Mean and standard deviation of all brainstem diameter values by sex and analysis of the difference in each value between sexes using an independent t-test.
[image: Table2]



3.2. Correlation between brainstem diameter and “age, BW, and BCS”

Correlations between brainstem diameter and “age, BW, and BCS” were analyzed through simple linear regression analysis. Scatter plots and the results of linear regression analysis are presented in Figures 2–4. All the brainstem diameters positively correlated with BW: MH (p = 0.023), MW (p = 0.033), PH (p = 0.010), PW (p < 0.001), MOHV (p < 0.001), MOHC (p < 0.001), RMOW (p < 0.001), and CMOW (p = 0.003). On the other hand, none of the parameters correlated significantly with BCS. However, there was a significantly positive correlation between brainstem diameter and the BW/BCS index in all brainstem diameters, in contrast to the correlation between BCS alone. In the correlation between age and brainstem diameter, MH (p < 0.001) and MW (p = 0.002) were negatively correlated with age. PH, PW, MOHV, MOHC, RMOW, and CMOW were not significantly correlated with age.

[image: Figure 2]

FIGURE 2
 Scatter plots of the linear regression analysis of the relationship between BW and brainstem diameter. All brainstem diameters showed significant positive correlations with BW. (A) Positive correlation between MH and BW (R2 = 0.027, p < 0.05). (B) Positive correlation between MW and BW (R2 = 0.024, p < 0.05). (C) Positive correlation between PH and BW (R2 = 0.034, p < 0.05). (D) Positive correlation between PW and BW (R2 = 0.138, p < 0.001). (E) Positive correlation between MOHV and BW (R2 = 0.157, p < 0.001). (F) Positive correlation between RMOW and BW (R2 = 0.356, p < 0.001). (G) Positive correlation between MOHC and BW (R2 = 0.215, p < 0.001). (H) Positive correlation between CMOW and BW (R2 = 0.074, p < 0.05).
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FIGURE 3
 Scatter plots of the linear regression analysis of the relationship between the BW/BCS index and brainstem diameter. All brainstem diameters were significantly positively correlated with the BW/BCS index. (A) Positive correlation between MH and BW/BCS (R2 = 0.035, p < 0.05). (B) Positive correlation between MW and BW/BCS (R2 = 0.034, p < 0.05). (C) Positive correlation between PH and BW/BCS (R2 = 0.053, p < 0.05). (D) Positive correlation between PW and BW/BCS (R2 = 0.198, p < 0.001). (E) Positive correlation between MOHV and BW/BCS (R2 = 0.181, p < 0.001). (F) Positive correlation between RMOW and BW/BCS (R2 = 0.468, p < 0.001). (G) Positive correlation between MOHC and BW/BCS (R2 = 0.227, p < 0.001). (H) Positive correlation between CMOW and BW/BCS (R2 = 0.123, p < 0.001).


[image: Figure 4]

FIGURE 4
 Scatter plots of the linear regression analysis of the relationship between age and brainstem diameter. Only MH and MW correlated negatively with age. The other values, including PH, PW, MOHV, MOHC, RMOW and CMOW, had no significant correlation with age. (A) Negative correlation between MH and age (R2 = 0.245, p < 0.001). (B) Negative correlation between MW and age (R2 = 0.049, p < 0.05).




3.3. Differences in brainstem diameters between breeds

Differences in brainstem diameters were analyzed in seven small breeds (Chihuahua, Maltese, Mixed, Pomeranian, Poodle, Shih Tzu, and Yorkshire Terrier). Apart from MW (p = 0.137), the remaining values, including MH (p < 0.001), PH (p = 0.006), PW (p = 0.003), MOHV (p < 0.001), MOHC (p < 0.001), RMOW (p = 0.004), and CMOW (p = 0.008), had significant differences between breeds (Figure 5). Mean ± standard deviations of brainstem diameters categorized by breed are summarized in Tables 3 4.
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FIGURE 5
 Box plots of the difference in brainstem diameters between breeds. There were statistically significant differences between breeds in (A) MH (p < 0.001), (C) PH (p = 0.006), (D) PW (p = 0.003), (E) MOHV (p < 0.001), (F) RMOW (p = 0.004), (G) MOHC (p < 0.001), and (H) CMOW (p = 0.008). There were no statistically significant differences between breeds in (B) MW (p = 0.137).




TABLE 3 Mean and standard deviations of midbrain and pons diameter values in groups divided by breed (Chihuahua, Maltese, Mixed, Pomeranian, Poodle, Shih Tzu, Yorkshire Terrier).
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TABLE 4 Mean and standard deviations of medulla oblongata diameter values in groups divided by breed (Chihuahua, Maltese, Mixed, Pomeranian, Poodle, Shih Tzu, Yorkshire Terrier).
[image: Table4]



3.4. Intra-observer and inter-observer reliability

Observer A measured all values of the brainstem diameter twice. There was excellent reliability for the two measurements in all the brainstem diameters. The ICC for each brainstem diameter was: 0.992 (95% CI: 0.990–0.994) in MH; 0.981 (95% CI: 0.975–0.986) in MW; 0.992 (95% CI: 0.990–0.994) in PH; 0.983 (95% CI: 0.977–0.987) in PW; 0.997 (95% CI: 0.995–0.998) in MOHV; 0.992 (95% CI: 0.995–0.998) in MOHC; 0.984 (95% CI: 0.977–0.989) in RMOW; and 0.991 (95% CI: 0.987–0.994) in CMOW. The p-value for all values was <0.001.

All values were measured by two clinicians, observers A and B. There was excellent reliability for the two measurements in all the brainstem diameters. The ICC for each brainstem diameter was 0.945 (95% CI: 0.922–0.960) in MH; 0.942 (95% CI: 0.923–956) in MW; 0.959 (95% CI: 0.945–969) in PH; 0.968 (95% CI: 0.958–0.976) in PW; 0.886 (95% CI: 0.833–0.922) in MOHV; 0.907 (95% CI: 0.863–0.936) in MOHC; 0.946 (95% CI: 0.922–0.962) in RMOW; and 0.910 (95% CI: 0.836–0.946) in CMOW. The p-value for all values was <0.001.




4. Discussion

In this present study, we aimed to perform linear measurements of brainstem diameters, including the height and width of the midbrain, pons, and medulla oblongata. MR images of 193 dogs were evaluated and reference ranges of brainstem size in small-breed dogs were obtained. We present reference ranges of width and height for the midbrain, pons, and medulla oblongata for small-breed dogs.

This study found there was no significant difference between sexes in terms of brainstem diameters and this finding is in agreement with previous human studies (5, 10–14, 17, 18). In some human studies, there was only a difference in brainstem size between sexes in the age group of 50 or older (15, 19); another study demonstrated differences in midbrain or pons size; however, they did not categorize the groups by age (9, 20). In humans, differences in brainstem size between sexes may be attributed to the correlation with the larger total intracranial volume in males (15, 17). Significant brainstem shrinkage may be owing to intrinsic or extrinsic factors such as hormones, hypertension, or interactions with environmental factors, however, it has not been clarified thoroughly (15, 19). In the present study, mean values of MH, PH, and MOHV were slightly higher in females, whereas mean values of MW, PW, MOHC, RMOW, and CMOW were slightly higher in males, but this difference was not statistically significant. There was a significant difference in mean BW between males and females (larger in males). It was considered that there might be differences in the structure of the calvarium between the various breeds included in the sample population of this study (21, 22).

Results of the present study showed a positive correlation with BW; this is similar to the findings of previous studies of brain area (including the brainstem) in dogs (22, 23). The relationship between BCS and brainstem diameter was also considered in this study. BCS alone had no significant correlation with brainstem diameter. However, BW/BCS showed a positive correlation with brainstem diameter. The BCS may correlate negatively with brainstem diameter as obesity has a negative correlation with an index of physique (24). It is assumed that the reason for the lack of correlation between brainstem diameter and the BCS is the BCS of the dogs included for the measurement was mostly between four and six and the proportion of the dogs with extreme BCS was relatively low. As the BW/BCS index positively correlated with brainstem diameter, it could be more accurate to use the BW/BCS index in dogs with extreme BCS to evaluate normal ranges of brainstem size; however, using BW alone could be also accurate in dogs with an ideal BCS.

Only midbrain diameter (MH, MW) was negatively correlated with age, and no other values (PH, PW, MOHV, MOHC, RMOW, and CMOW) were significantly correlated with age. Several human imaging studies have reported a variation in the changes in different brain regions with age and volume loss with age depending on the brain area (5, 9–20, 25–28). Particularly in the human brainstem, a significant age-related decrease in midbrain area was confirmed (5, 9, 11–14, 16, 17, 19, 20, 29). For the pons and medulla, no significant correlation with age was identified (9–11, 13, 17–19, 27–29). Additionally, a minimal decline in the pons and medulla oblongata with aging was found in a few studies but the significance was not clear (5, 12). These aforementioned findings are in accordance with our results.

Physiological or pathological changes of the brain in aging dogs resemble the changes found in humans (21, 22, 30, 31). In dogs, cerebral atrophy, including findings such as widening of the cerebral sulci, ventriculomegaly, a decrease in frontal lobe volume, a decrease in interthalamic adhesion, and a decrease in the hippocampus, can be found in normal aging dogs (22, 23, 29–31). These changes may have multifactorial etiopathogenesis associated with β amyloid deposition, oxidative damage, decreased glycosphingolipids, neuronal shrinkage, neurotransmitter deficits, or decreased neurogenesis (21, 23, 30, 32). Although age changes of the brainstem have not been broadly studied in dogs, it has been demonstrated that hypointensity of the substantia nigra in the T2-weighted image is associated with iron accumulation resulting from the metabolism of neurotransmitters (31, 33–35). In the human brainstem, prominent age-related decline of midbrain size has been reported (5, 9, 11–14, 16, 17, 19, 20, 29), consistent with the present study. The midbrain has fibers and numerous nuclear masses in the tegmentum and a decrease in midbrain size has been attributed to neuronal death or degeneration (6, 15, 17, 29). Shrinkage of the substantia nigra with a decrease in the number of neurons has also been reported (12, 15, 17, 36). These aging changes in humans can be suggested as the reason for the result in this study, i.e., that the midbrain diameter shrinks with aging in dogs. Besides changing with age, brainstem size can decrease or increase depending on pathological changes. The size or diameter of the brainstem decreases through atrophy associated with neurodegenerative disorders, and these structural measurements play an important role in diagnosis in humans (6, 9, 37). Furthermore, some diffusely infiltrating tumors, such as gliomas, may be detected through an increase in size, without observable differences in signal intensities due to changes in relaxation times (16).

In the present study, there were significant differences in brainstem diameters between breeds. All values, except MW, were significantly different between breeds. There were a number of breeds that presented significant differences for each measurement, as shown in Figure 4. The shape or volume of the skull and brain structure vary depending on the breed or size of the dog (21, 22, 32, 38–40). Particularly, the Maltese differed from other breeds in most measurements, and most of the mean values, except PH, were significantly smaller than other breeds. This would have contributed to BW distribution, as the mean BW of the Maltese was relatively low compared with that of other breeds.

ICC with 95% CI was used in intra-observer and inter-observer reliability analyses. Interclass correlation was interpreted by criteria according to Fleiss (41): values <0.40 were considered poor agreement, values between 0.40 and 0.75 were considered fair to good agreement, and values >0.75 were considered excellent agreement (41). Intra-and inter-observer reliability analysis showed excellent agreement in all of the measurements in this study, indicating that there was no significant error in the measurement method of brainstem diameter.

Our study has some considerable limitations. First, owing to the limitations of retrospective study, the dogs used for measurement were not completely clinically healthy. However, we used brain MR images of patients with minimal brain lesions that were not clinically important and no brainstem lesions. Second, as this was a multicenter study, the location of the slice for the transverse plane was relatively diverse depending on the radiologist. Additionally, a particular anatomical structure was not used for the numerous measurement points. Therefore, the measurement points may not be perfectly accurate. Third, there was also a difference of 2.5 or 3 mm in slice thickness between the two local animal hospitals. The definitive MRI slice thickness in small animals has not yet been determined (30, 42). However, as a thinner slice allows better contour and less volume averaging than a thicker slice (30, 42, 43), measurements may not be precise as the availability of high-field MRI increased in veterinary medicine and high-quality neurological imaging is possible at 3.0 Tesla MRI (44, 45), using higher-field MRI could improve the accuracy of the measuring points. Fourth, the sample size was small for the comparison between breeds. Evaluation with a larger sample size may be required for each breed.

In conclusion, we assessed linear measurements of the brainstem diameter using MRI in small-breed dogs. Midbrain diameter and age were significantly negatively correlated. There was no significant difference between sexes in terms of brainstem diameter. In some breeds, there was a significant mean difference in brainstem diameters, except MW. Knowledge of brainstem diameters with normal variations related to aging and breeds can be valuable in determining pathological variations, such as neurodegenerative diseases and tumors.
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Introduction: In veterinary medicine, magnetic resonance imaging (MRI) is widely utilized for brain imaging. But the complex structures of brain tissues can give rise to artifacts such as partial volume averaging in conventional sequences. To address this issue, several studies about double inversion recovery (DIR) sequences have been conducted in human medicine. However, published clinical studies about brain MRI using DIR sequences in dogs are currently lacking. The purpose of this study was to evaluate the magnetic resonance features of single-slab 3D DIR sequences in the normal canine brain.

Methods: Five healthy Beagle dogs were examined and the following pulse sequences were acquired for each: (1) spin-echo T2-weighted (T2W), (2) fluid attenuated inversion recovery (FLAIR), (3) gray matter (GM) selective, and (4) white matter (WM) selective single-slab 3D DIR sequence. For qualitative analysis, the distinction between gray and white matter of the cerebral cortex, presence and severity of the image artifacts were assessed for each pulse sequence. In addition, reconstructed images of single-slab 3D DIR sequences were qualitatively evaluated. For quantitative analysis, contrast ratios (CRs), signal-to-noise ratios (SNRs), and contrast-to-noise ratios (CNRs) of the GM, WM and cerebrospinal fluid (CSF) were measured for each pulse sequence.

Results and Discussion: GM selective 3D DIR was superior to T2W and FLAIR in delineating the boundaries between GM and WM in the overall brain area. Whereas WM selective 3D DIR provided better gray-white matter distinction of the cerebral cortex than T2W and FLAIR at the level of the medulla oblongata, where T2W and FLAIR images exhibited severe partial volume averaging artifacts. In general, the 3D DIR images demonstrated fewer artifacts compared to other sequences, and the reconstructed sagittal and dorsal images of these sequences maintained same spatial resolution as the original transverse images without any image degradation. Both gray and white matter selective 3D DIR sequences effectively suppressed unwanted signals, thereby providing high contrast between gray and white matter. Findings from this study could serve as a foundation for further studies on DIR sequences for the evaluation of brain diseases in dogs.
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1. Introduction

Given the high soft tissue resolution and utility of specialized sequences, MRI is the preferred modality for brain imaging (1, 2). However, it should be considered that complicatedly folded brain structure may cause some imaging artifacts. One of the most common artifacts encountered in clinical situation is partial volume averaging artifact, which easily occurs at the curved interface between different brain structures, and it can be manifested as pseudolesions (3). Conversely, true lesions might be obscured by partial volume averaging, especially in lesions adjacent to cerebrospinal fluid (CSF) (4). Consequently, errors in interpreting MR images could occur with conventional MRI sequences such as T2-weighted (T2W) and fluid attenuated inversion recovery (FLAIR) (5, 6). To complement these sequences, double inversion recovery (DIR) sequence has been introduced in several human studies (5–7). In the DIR sequence, two different 180° inversion radiofrequency (RF) pulses are applied before a classic fast or turbo spin-echo acquisition, allowing two different signals to be nulled simultaneously (8). Thus, DIR can selectively depict gray matter (GM) by suppressing white matter (WM) and CSF signals, or WM by suppressing GM and CSF signals, and was known for providing markedly high contrast resolution between gray and white matter with superior delineation in human patients (4, 8). Especially, GM selective DIR, which selectively images GM by suppressing the signals from both WM and CSF, has been reported to provide better conspicuity of cortical and subcortical lesions in various central nervous system (CNS) diseases than other MR techniques (9).

DIR imaging was initially introduced using two-dimensional (2D) multislice sequences at 1.5-Tesla (T) (4, 8, 10). However, due to the complex morphology of the brain, three-dimensional (3D) MR imaging with high spatial resolution is preferred over 2D MR imaging. Some studies have reported that a multislab 3D DIR sequence improves the spatial resolution and detection of intracortical lesions, but the presence of flow artifacts and signal intensity differences between slabs cannot be resolved with multislab 3D sequence (6, 11, 12). On the other hand, single-slab 3D DIR sequence has a long echo train and variable flip angles for refocusing RF pulses, which covers whole brain with high quality and without flow artifacts from CSF or blood (12). Consequently, multislab 3D DIR sequence has been replaced by single-slab 3D DIR sequence (9).

In human medicine, DIR sequences have been widely used to evaluate various neurologic diseases including multiple sclerosis, epilepsy, and Alzheimer’s disease, all of which exhibit cortical lesions or changes in cortical thickness or volume (9, 13, 14). However, to the authors’ knowledge, published clinical studies about brain MRI using DIR sequences in dogs are currently lacking. The purpose of this study was to evaluate the magnetic resonance features of single-slab 3D DIR sequences in the normal canine brain. Authors hypothesized that single-slab 3D DIR sequences, either gray or white matter selective, would provide higher tissue contrast resolution than conventional T2W and FLAIR sequences, and would identify the exact boundary between brain tissues with fewer artifacts in clinically healthy dogs.



2. Materials and methods


2.1. Study design and description of dogs

This investigation was a prospective, methods comparison, exploratory study. Five purpose-bred healthy, intact male Beagle dogs were used in the study. The median age was 4 years (range, 4–5 years) and the median weight was 14 kg (range, 12.8–15.5 kg). For each dog, the screening tests including physical and neurological examination, thoracic radiographs and abdominal ultrasonographic examination were done prior to the procedures by a veterinarian (MJ) with 2 years of radiology experience. The dogs are owned by College of Veterinary Medicine, Seoul National University and all the procedures performed in the study were approved by the Seoul National University Institutional Animal Care and Use Committees (SNU-220807-1).



2.2. Data recording: brain MRI protocol

Magnetic resonance imaging examinations were performed with the dogs under general anesthesia, using a 1.5-T MR scanner (GE Signa, 1.5T, GE healthcare). Anesthetic protocols were the following: medetomidine (0.01 mg/kg IM, Domitor, Zoetis) was used for premedication, alfaxalone (2.0 mg/kg IV, Alfaxan, Jurox Pty Ltd) for induction, and isoflurane (Ifran, Hana Pharm) for maintenance. Noninvasive blood pressure, oxygen saturation, heart rate, body temperature, and end-tidal carbon dioxide concentration were monitored during the anesthesia.

The dogs were positioned in sternal recumbency on an 8-channel phased-array knee coil. Spin-echo T2W, FLAIR, GM and WM selective single-slab 3D DIR images were obtained in transverse plane from each dog. Table 1 details the parameters that were used for each sequence. To reduce the acquisition time for 3D DIR sequences, number of excitations (NEX) was adjusted from 4 to 2. The acquisition time for each sequence was automatically recorded. After the examination, complications related to the anesthesia were monitored for 5 days in each dog.



TABLE 1 Pulse sequence parameters used for brain magnetic resonance imaging in dogs.
[image: Table1]



2.3. Data analysis

The qualitative and quantitative analysis of brain images were conducted using a DICOM viewer software (RadiAnt DICOM Viewer, version 4.6.9, free evaluation edition, Medixant, Poznan, Poland). The qualitative analysis was performed by one veterinarian (MJ) with 2 years of radiology experience, under the supervision of a veterinarian (JY) with more than 30 years of diagnostic imaging expertise. The quantitative measurements were performed by three other veterinarians (MJ, SY, and DL) with 1–2 years of radiology experience. Because of obvious signal differences, the readers could not be entirely blinded to the type of the sequences.

In qualitative assessment, the images of each sequence were compared in the same transverse planes. The images were evaluated in six different anatomical regions; at the level of the frontal lobe, optic chiasm, interthalamic adhesion, mesencephalic aqueduct, pons, and medulla oblongata. For each plane, distinction between gray and white matter of the cerebral cortex was assessed using a four-point scale: (1) not visualized at all; (2) poorly visualized but possible to detect; (3) clearly visualized with blurry junction; and (4) clearly visualized with sharp junction. In addition, the readers assessed the image quality according to the artifacts, including motion, partial volume averaging, and flow artifacts. This evaluation was also conducted using a four-point scale: (1) “poor”: pronounced artifacts present, limiting diagnostic capability; (2) “fair”: artifacts do not prevent diagnostic capability but degrade image quality; (3) “good”: minor artifacts present without significant impact on image quality; and (4) “excellent”: no artifacts observed. Meanwhile, transverse images of gray and white matter selective 3D DIR sequences were reconstructed using multiplanar reconstruction, then sagittal and dorsal planes were assessed to determine the presence of signal intensity variations along the slab direction.

In quantitative assessment, contrast ratios (CRs), signal-to-noise ratios (SNRs), and contrast-to-noise ratios (CNRs) of the GM, WM and CSF were calculated as follows:

[image: image]
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where SItissue is the mean tissue signal intensity measured in arbitrary units; SDair the standard deviation of background signal. The CRs and CNRs are calculated using the absolute value because a positive or a negative contrast between the two tissues is considered to be equal (15). All values are given as mean ± SD. Signal intensities of individual types of tissues were assessed by region of interest (ROI) measurements with the ROI placed identically on each sequence (Figure 1). The gray and white matter ROI was chosen from the thickest and most uniform area possible, the CSF measurement was taken within the lateral ventricles. Standard deviation (SD) of background was determined by measuring the SD of the pixel intensities in a background air containing no image artifacts.
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FIGURE 1
 Transverse gray matter selective three-dimensional double inversion recovery images at the level of the optic chiasm (A) and interthalamic adhesion (B) in a dog. The region of interest (ROI) of gray and white matter were chosen from the thickest and most uniform area possible (solid line and dashed line). The ROI for CSF measurement was taken within the lateral ventricles (asterisk). Standard deviation of background was measured in a background air containing no image artifacts (dotted line).




2.4. Statistical analysis

All statistical analysis was conducted by one author with diagnostic imaging expertise and statistical training (MJ) using commercially available software (SPSS statistical program, IBM SPSS Statistics 25, IBM Corporation, NY). The ordinal data were presented as medians and ranges, while the continuous data were presented as means and SD. All the parameters were compared using the Kruskal-Wallis H test and post hoc test with Bonferroni correction. Interobserver agreements between the three observers were assessed using the intraclass correlation coefficient (ICC) test. Variables with P-values of <0.05 were considered statistically significant.




3. Results

Brain MR images were attained with each sequence in all dogs without any anesthetic complications. No significant abnormalities were identified in brain MR images of all dogs. The total scan time was between 25 and 30 min in each dog. The acquisition time of each sequence is presented in Table 1.

The score of gray-white matter distinction is displayed for each pulse sequence and each location (Table 2). In all six locations from the frontal lobe to the medulla oblongata level, gray-white matter distinction of the cerebral cortex was more clearly visualized on GM selective 3D DIR than T2W and FLAIR. GM selective 3D DIR also had statistically higher distinction score than WM selective 3D DIR at the level of the mesencephalic aqueduct and pons. WM selective 3D DIR did not have significant difference with T2W and FLAIR from the frontal lobe to the pons level, but showed significantly higher distinction score than T2W and FLAIR at the level of the medulla oblongata. T2W and FLAIR tended to blur gray-white matter distinction of the occipital lobe at the medulla oblongata level, and in three of five dogs, the border of gray and white matter of the occipital cortex was even not visible at all in FLAIR images at the level of the medulla oblongata. On the other hand, both GM and WM selective 3D DIR sequences clearly visualized gray-white matter distinction in that region (Figure 2). FLAIR generally showed poor gray-white matter distinction of the cerebral cortex except at the interthalamic adhesion level, and the distinction was particularly poor at the medulla oblongata level.



TABLE 2 Comparison of MR sequences for gray-white matter distinction score at six different locations.
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FIGURE 2
 Transverse T2-weighted (T2W, A), fluid attenuated inversion recovery (FLAIR, B), gray matter selective three-dimensional double inversion recovery (GM selective 3D DIR, C), and white matter selective three-dimensional double inversion recovery (WM selective 3D DIR, D) images at the level of the medulla oblongata in a dog. T2W and FLAIR images showed blurry gray-white matter distinction (arrow and arrowhead), while GM and WM selective 3D DIR images clearly visualized the border of gray and white matter (asterisk) at the level of the medulla oblongata.


The image quality according to the artifacts are displayed for each pulse sequence (Table 3). Motion and flow artifacts were absent, regardless of the sequence in all dogs. On the other hand, partial volume averaging artifacts were detected in all sequences. These artifacts were usually identified at the narrow sulci and gyri region. The severity of partial volume averaging artifacts was significantly lower at 3D DIR images, compared to T2W and FLAIR. In the images of conventional sequences, it was found that the gray-white matter junctions were blurred due to severe artifacts (Figure 3).



TABLE 3 Comparison of MR sequences for image quality according to the artifacts.
[image: Table3]
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FIGURE 3
 Transverse T2-weighted (T2W, A), fluid attenuated inversion recovery (FLAIR, B), gray matter selective three-dimensional double inversion recovery (GM selective 3D DIR, C), and white matter selective three-dimensional double inversion recovery (WM selective 3D DIR, D) images at the level of the mesencephalic aqueduct in a dog. Partial volume averaging artifacts at the gray-white matter junctions were more severe in T2W (arrow) and FLAIR (arrowhead) than GM and WM selective 3D DIR (asterisk) images, resulting in blurred gray-white matter distinction.


By the single-slab excitation, which simultaneously excites the entire slab, 3D DIR images had homogeneous signal intensity along the slab direction. Thus, the reconstructed sagittal and dorsal images of GM and WM selective 3D DIR sequences had same spatial resolution as the original transverse images, without any visible image degradation (Figure 4).

[image: Figure 4]

FIGURE 4
 Gray matter selective three-dimensional double inversion recovery (GM selective 3D DIR, A–C) and white matter selective three-dimensional double inversion recovery (WM selective 3D DIR, D–F) images in a dog. Because of the nearly isotrophic resolution, reconstructed dorsal and sagittal images of GM selective 3D DIR (B,C) and WM selective 3D DIR (E,F) had identical image quality with the original transverse magnetic resonance images (A,D).


For the measurements of quantitative parameters including CRs, SNRs, and CNRs, the intraclass correlation among the three readers showed excellent interobserver agreement (Table 4). The mean and SD for CR, SNR, and CNR of the GM, WM and CSF are displayed for each pulse sequence (Table 5). CRGM-WM was markedly higher for GM and WM selective 3D DIR than T2W and FLAIR, and FLAIR had the lowest CRGM-WM than other three sequences. CNRGM-WM of GM and WM selective 3D DIR sequences were significantly higher than FLAIR. Although the mean values of CNRGM-WM of both 3D DIRs were measured to be higher than T2W, differences were not statistically significant. There were no significant differences in CRGM-WM and CNRGM-WM between GM and WM selective 3D DIR. CRGM-CSF of GM selective DIR was significantly higher than T2W, but there was no significant difference with FLAIR. CRWM-CSF was significantly higher in WM selective DIR than both T2W and FLAIR. CNRGM-CSF of GM selective DIR and CNRWM-CSF of WM selective DIR have no statistical differences with T2W and FLAIR. No significant difference was found between sequences for SNRGM except WM selective DIR, which suppressed GM signals. Likewise, no significant difference was found between sequences for SNRWM except GM selective DIR, which suppressed WM signals.



TABLE 4 Intraclass correlation coefficient values for interobserver reliability of quantitative analysis.
[image: Table4]



TABLE 5 Comparison of MR sequences for contrast between brain tissues.
[image: Table5]



4. Discussion

Based on the author’s literature review, this is the first published study of the utility of 3D DIR sequences for brain imaging in clinically healthy dogs. In this study, we compared the brain images obtained by single-slab 3D DIR sequences with those of conventional sequences, T2W and FLAIR, qualitatively and quantitatively.

Our findings demonstrated that GM selective 3D DIR is superior to conventional T2W and FLAIR in delineating the boundaries between gray and white matter of the cerebral cortex in all six locations from the frontal lobe to the medullar oblongata level. These results are consistent with previous human studies, which have shown that GM selective DIR provides superior gray-white differentiation compared to T2W or FLAIR (4, 8). Whereas WM selective 3D DIR had no significant difference from the conventional sequences in visualization of gray-white matter distinction of the cerebral cortex, from the frontal lobe to the pons level. However, at the level of the medulla oblongata, where T2W and FLAIR images showed severe blurring of the gray-white matter junction of the cerebral cortex, not only GM selective 3D DIR but also WM selective 3D DIR provided much better visualization of the boundaries between gray and white matter. The narrow and tapered shape of the cerebral parenchyma at the level of the medulla oblongata resulted in severe partial volume averaging artifacts in conventional sequences. However, the utilization of two 3D DIR sequences with thin continuous slices effectively reduced the impacts of partial volume averaging artifacts, thereby resulting in improved distinction between gray and white matter of the cerebral cortex at the level of the medulla oblongata.

In a previous study, it has been reported that nonselective excitation of the single-slab 3D DIR can effectively prevent the occurrence of artifacts from blood flow or CSF pulsation (12). In our study, artifacts such as motion or flow artifacts were not visually apparent on 3D DIR images, except for mild partial volume averaging artifacts. But motion and flow artifacts were not visible in T2W and FLAIR images as well. In terms of the severity of artifacts, the only significant difference between conventional sequences and two 3D DIR sequences was observed in relation to partial volume averaging artifacts. The image quality of both two 3D DIR sequences was significantly less affected by partial volume averaging artifacts than T2W and FLAIR, because 3D DIR sequences obtained volumetric data and effectively overcame the artifacts.

An additional advantage of 3D DIR sequences is the isotrophic resolution, which enables the original images to be reconstructed in any orientation with same spatial resolution. This characteristic eliminates the need to repeat MR examinations with the same region in different planes.

In quantitative analysis, GM selective 3D DIR had significantly higher CRGM-WM than other conventional sequences, T2W and FLAIR. In addition, GM selective 3D DIR had higher mean value of CRGM-CSF than T2W and FLAIR, but showed no statistical difference with FLAIR, a sequence that suppresses the CSF signal. WM selective 3D DIR showed significantly higher CRGM-WM and CRWM-CSF than other conventional sequences. These results revealed that good degrees of unwanted signal suppression were achieved with both two 3D DIR sequences.

CNR, a parameter which takes into account the background noise, is regarded as clinically the most relevant parameter, and the ability to detect brain anatomy depends on CNR (16, 17). In our study, both GM and WM selective 3D DIR had significantly higher CNRGM-WM than FLAIR. It suggests that both two 3D DIR sequences provide better contrast resolution between gray and white matter than FLAIR. In addition, the mean values of CNRGM-WM of two 3D DIR sequences were higher than that of T2W, but differences were statistically non-significant. FLAIR showed significantly the lowest CRGM-WM and CNRGM-WM, which suggests that the ability of gray-white matter differentiation would be the worst. CNRGM-CSF of GM selective 3D DIR and CNRWM-CSF of WM selective 3D DIR had no significant differences with other sequences, and even T2W had higher mean values of CNRGM-CSF and CNRWM-CSF than 3D DIR sequences. Therefore, it should be noted that 3D DIR sequences may not be superior for delineating the boundary between CSF regions such as ventricles or subarachnoid space and brain parenchyma. In this aspect, it is unlikely that 3D DIR sequences will completely replace conventional sequences. However, they can serve as a valuable supplement, particularly in the assessment of the gray-white matter junction.

Previous studies have stated that long scan time of DIR sequences may limit their routine clinical use (4, 8). In our current study, the parameters of 3D DIR sequences were adjusted for the acquisition time to be clinically acceptable. During the initial examination conducted on a Beagle dog, it was found that reducing the number of excitations (NEX) from 4 to 2 did not result in a noticeable difference in image quality. As a result, the scan time was reduced by the half and both GM and WM selective 3D DIR acquired shorter scan time (5 min 24 s in GM selective 3D DIR and 5 min 23 s in WM selective 3D DIR) than FLAIR (8 min 1 s). We assumed that adjustment of the parameters for reducing the scan time might lead to a substantial loss of SNR. But in our study, SNRGM of GM selective 3D DIR and SNRWM of WM selective 3D DIR had no statistical difference with other sequences. This finding differs from previous studies that reported relatively low SNRs for DIR sequences (4, 12).

Our study had some limitations. First, the dogs in the study were considered as normal based on only few MR sequences, physical and neurological examination and absence of clinical signs. To reduce anesthetic time, a complete MRI protocol including pre- and post-contrast T1-weighted (T1W) sequences or CSF analysis could not be conducted. Second, the signal intensities of each brain tissue were measured in arbitrary units without the use of a phantom for reference. Since the signal intensity is dependent on several factors such as imaging parameters, scanner settings, and acquisition techniques, the values obtained are not directly calibrated to a specific physical quantity. Third, the assessment of the clinical feasibility of 3D DIR sequences was limited as clinical patients with brain lesions were not included. The parameters measured in this study were not lesion-related values, but rather aimed to evaluate the contrast between brain tissues within each sequence. Therefore, in order to assess the lesion conspicuity in 3D DIR sequences, additional parameters should be evaluated in further studies.

Several CNS diseases in human are known to cause changes in GM, and numerous studies have reported the utility of 3D DIR sequences in evaluating these diseases (11). Likewise, in veterinary medicine, there are diseases that cause changes in GM, and the representative one is epilepsy (18). A study found the reduction of GM in dogs with idiopathic and structural epilepsy, by using voxel based morphometry (VBM) analysis (18). For VBM to function properly, the MRI image should have good contrast between the different brain tissues. However, the tissue distinction is not accurate especially in the sulcus region where the contrast between GM and adjacent WM can be reduced. Another problem is that the voxels containing several tissues may not be interpreted accurately, because the VBM model assumes that each voxel contains only one type of tissue (19). Considering the characteristics of 3D DIR sequences, which provide high contrast between gray and white matter with less partial volume averaging, the utilization of 3D DIR images for VBM analysis could potentially resolve these problems. In addition, 3D DIR sequences are expected to provide superior conspicuity of brain lesions located at the gray-white matter junction, and the diagnostic efficacy of 3D DIR sequences for brain lesions such as meningoencephalitis should be studied further.

In conclusion, both GM and WM selective single-slab 3D DIR sequences provided higher contrast between gray and white matter with fewer imaging artifacts than conventional sequences, including T2W and FLAIR. Therefore, the addition of a single-slab 3D DIR sequences to a standard MR brain imaging protocol could enhance the depiction of anatomical contrast. This study can also provide valuable background data for further studies about DIR sequences for evaluating brain diseases in dogs, and further studies are warranted using dogs with brain lesions.
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Introduction: Dogs presenting as paraplegic without nociception due to a thoracolumbar intervertebral disc extrusion provide a difficult decision to both the clinician and the owner. The prognosis when performing surgical decompression remains guarded. Aside from significant extradural compression, these dogs often have a significant secondary spinal cord injury, which has shown to be an important factor in determining both the likelihood of developing progressive myelomalacia and the return to ambulation.

Materials and methods: This is a retrospective, observational, single centre study including 82 dogs presenting as paraplegic with absent nociception diagnosed with an intervertebral disc extrusion. Patients underwent MRI of the thoracolumbar spine, including a gradient echo sequence which was evaluated for the presence of intramedullary signal void artefacts. Decompressive surgery was performed, and patients were evaluated for the presence of nociception at short term follow up (at least four weeks post-surgery).

Results: Overall, 59.8% of patients regained nociception within the study period. This number was significantly reduced to 33.3% when multiple gradient echo signal voids were present (compared to 67.3% of dogs without signal voids). There was no significant difference in the rate of developing progressive myelomalacia between groups.

Conclusions: This paper adds to the existing literature and suggests that the gradient echo sequence may be of use when assessing acute spinal cord injury in the context of intervertebral disc extrusion and how it relates to prognosis.
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myelomalacia, nociception, gradient echo, intervertebral disc extrusion, magnetic resonance imaging


Introduction

Paraplegic deep pain-negative dogs and the possibility of progressive myelomalacia (PMM) provide a unique decision-making challenge to the veterinary surgeon and the client. The prognosis in dogs presenting as paraplegic with absent nociception remains guarded, with recovery rates reported to range from 30 to 75%, with an overall recovery rate of 61% (1–7). Previously, no correlation between the degree of compression and the initial neurological grade or eventual outcome had been found (8–10). This suggests that the degree of compression observed in dogs following an acute intervertebral disc extrusion (IVDE) may not be the most significant factor affecting the outcome. Research should therefore focus on intramedullary MRI changes in pre-surgery patients to better understand the probability of a positive or negative outcome.

PMM was first described clinically and histopathologically as the “ascending syndrome” in 1972. The authors identified extensive necrosis and ischaemic changes associated with marked extra and intramedullary haemorrhage of the spinal cords of eight dogs (11). PMM is characterised by progressive haemorrhagic necrosis of the spinal cord that ascends/descends over several spinal cord segments (12). More recently, dogs developing PMM have been demonstrated to exhibit an increase in biomarkers associated with oxidative stress (8-isoprostane F2α and acrolein), as well as decreased endogenous antioxidation of glutathione, thus suggesting that PMM may be the end point of cascading secondary injury that is unable to be regulated by the body following an acute spinal cord injury such as an IVDE (12). However, these tests are not available on the patient's side and thus cannot assist the clinician in decision-making prior to surgery.

Clinically, this condition is of great importance as PMM invariably proves fatal and can develop even after surgical decompression, with the majority of dogs being euthanised within 3 days of presentation (13).

PMM has been demonstrated to develop in dogs graded 3 (non-ambulatory paraparesis), 4 (paraplegic with intact nociception), and 5 (paraplegic with absent nociception) following an IVDE with a prevalence of 0.6, 2.7, and 14.5%, respectively (14). The prevalence of paraplegic deep pain-negative dogs developing PMM is generally accepted to be ~9–17.5% (4, 5, 15–17), although rates as high as 33% are reported in the French bulldog (2). Clinical factors associated with an increased risk of developing PMM in dogs include being <6 years of age, L5–L6 disc herniations, and rapidly progressive onset of clinical signs (2).

Despite the importance of identifying this condition prior to surgical decompression, few studies exist that assess the possible risk factors that may be identified on preoperative MRI. At present, the length of the T2-weighted hyperintensity within the spinal cord or the length of spinal cord swelling with the use of a HASTE sequence have been identified as risk factors for the development of PMM on preoperative MRI of the spinal cord. Initially, a T2-weighted hyperintensity longer than six times the length of the body of L2 was believed to be a characteristic of PMM (18). However, a more recent study concluded that a T2-weighted hyperintensity of more than 4.57 times the length of L2 was found in 84.6% of dogs with myelomalacia, and dogs with a T2-weighted hyperintensity over this length were 17.2 times more likely to develop myelomalacia (14). Dogs with a loss of CSF signal ratio of >7.4 times the length of L2 on HASTE sequences were shown to be more likely to develop PMM (19). Currently, to the authors' knowledge, one case report links the appearance of gradient echo signal void to histopathologically confirmed PMM post-mortem (20), and the presence of GRE signal void on preoperative MRI has not been evaluated in the context of short-term outcomes following surgery.

The pathology of naturally occurring acute spinal cord injury and PMM has previously been assessed, with varying degrees of intramedullary haemorrhage being identified (21). Gradient echo MRI creates a contrast between tissues based on T2*relaxation, which refers to the decay of transverse magnetisation caused by a combination of T2 decay (spin-spin relaxation) and the rate of net magnetization vector dephasing caused by external and local magnetic field inhomogeneities. Therefore, gradient echo or T2*-weighted imaging is able to highlight local inhomogeneities that can go undetected on spin echo sequences. T2*-weighted imaging is particularly sensitive to haemorrhage because certain haemoglobin breakdown products are paramagnetic and create local magnetic field inhomogeneities (22). Given that the main clinical application of the T2*-weighted GRE sequence is the identification of haemorrhage (23), it would stand to reason that this sequence would be useful when assessing haemorrhagic intramedullary spinal cord injury. The usefulness of GRE sequences has been evaluated retrospectively in canine and feline spinal cord diseases (24). This study did not evaluate intramedullary change, instead stating that the T2*-weighted GRE sequence may be useful in differentiating extradural haemorrhage from spinal cord parenchyma.

The presence of a GRE signal void within the spinal cord parenchyma has been shown to have a negative correlation with a successful outcome when managing an acute non-compressive intervertebral disc extrusion. However, this correlation was only significant when considering all dogs included in the study and became insignificant when grouping dogs by neurological grade (25). This highlights the possible importance of the GRE sequence as a measure of secondary spinal cord injury severity and its potential usefulness in assessing the risk of PMM.

Hence, this study aimed to evaluate the presence or absence of either single or multiple GRE signal voids on the preoperative MRI of patients presenting as paraplegic with absent nociception and their relationship to short-term outcomes. The hypothesis is that patients with single or multiple intramedullary GRE signal voids would be more likely to develop PMM and less likely to recover nociception.



Materials and methods


Study population

This was a retrospective, observational, single-centre study. Subjects were selected from dogs evaluated at Willows Veterinary Referral Hospital, Solihull between 2009 and 2021. The inclusion criteria were dogs referred for acute-onset paraplegia with absent nociception, as confirmed on neurological examination by an ECVN-certified or eligible veterinary neurologist or neurology resident under the supervision of an ECVN-certified or eligible veterinary neurologist. The sample size was determined by the number of patients evaluated during the study period. Patients must have undergone an MRI of the thoracolumbar spine, including at least T2-weighted sagittal, T2-weighted transverse, and T2*/GRE transverse sequences. Patients must have been diagnosed with intervertebral disc extrusions managed surgically via a hemilaminectomy or mini-hemilaminectomy. A follow-up period of at least 4 weeks with re-examination was required to confirm the presence or absence of PMM or nociception. The exclusion criteria were an incomplete MRI protocol (absence of the aforementioned sequences), the presence of MRI artefacts or a low-quality study, or insufficient follow-up information. Subject inclusion or exclusion decisions were made by an ECVN-certified veterinary neurologist (S.B.) and a resident in veterinary neurology (R.C.).



Patient demographics and clinical assessment at presentation and re-examination

Individual medical records were reviewed, and the following data were recorded: age, breed, sex, presenting complaints and neurological examination findings, neuroanatomical localisation, and outcome following surgical intervention with a follow-up period of at least 4 weeks. The selected patients were divided into subgroups for comparison: patients recovering nociception vs. those not recovering nociception and patients developing suspected PMM vs. those not developing suspected PMM. A diagnosis of suspected PMM was made based on the following previously described clinical findings: loss of pelvic limb reflexes (patellar and withdrawal) and loss of perineal reflex when distant from the site of extrusion, poor abdominal wall tone, and cranial advancement of the cutaneous trunci reflex more than four sites cranial to the site of extrusion. Evidence of progressive-onset thoracic limb weakness, Horner's syndrome, or respiratory compromise was also considered consistent with PMM (13, 14, 16, 18, 19, 26). Loss of pelvic limb reflexes was differentiated from spinal shock when there was a loss of both the patella and withdrawal reflexes in extrusions cranial to L4–S1 spinal cord segments at the time of the initial examination.



Image acquisition

Patients were anaesthetised as per protocols provided by the attending anaesthetist. All dogs were scanned using a standardised MRI protocol. Dogs were placed in dorsal recumbency for an MRI of the thoracolumbar spine using a 1.5-T system (Magentom Sola, Siemens Healthcare Limited, Erlangen, Federal Republic of Germany, or Signa HD, GE Healthcare, United States). Images were acquired in three standard planes, always including T2-weighted sagittal and transverse sequences and T2*-weighted GRE transverse sequences. In each case, a multichannel high-resolution spinal coil was used. When signal quality was considered poor, a multichannel high-resolution surface coil was used to improve image quality. Slice thickness ranged from 2.0 mm to 2.5 mm for T2-weighted sequences and from 2.0 mm to 3.5 mm for GRE sequences. The decision on which slice thickness to use was made by the attending radiographer at the time of imaging based on patient size (thicker slices for larger patients) and on the length of the spinal cord to be imaged (thicker slices for longer sections of the spinal cord).



Image review

Images were reviewed by a European College of Veterinary Diagnostic Imaging (ECVDI) board-certified veterinary radiologist (A.F.) on DICOM viewing software (OsiriX, Pixmeo, Switzerland). The reviewer was aware that patients presented for paraplegia with absent nociception but was blinded to the outcome data. Hyperintensity of the spinal cord on T2-weighted sequences was defined as higher than that of the standard signal intensity of the spinal cord parenchyma at a distant and unaffected site. When a linear T2-weighted hyperintensity was visible on the mid-sagittal image, its longitudinal length was measured and expressed as a ratio when compared to the length of the L2 vertebral body (T2HI: L2 ratio). T2*/GRE signal void was defined as a region of susceptibility artefact that was hypointense to the standard signal intensity of the spinal cord parenchyma at an adjacent portion of the spinal cord. The GRE signal voids were denoted as being either single or multiple. Single GRE signal voids were defined as occupying a single area on a single transverse slice. Please see Figure 1 for two representative case examples of patients with a single GRE signal void. Multiple GRE signal voids were determined as two or more separate areas of signal void on one transverse image and/or GRE signal voids that were present on more than one transverse image (i.e., present at more than one level or large enough to occupy multiple slices). Figure 2 represents a single patient that was considered to have GRE signal voids occupying both different areas of the spinal cord on a single transverse slice but also having GRE signal voids present on multiple transverse slices.


[image: Figure 1]
FIGURE 1
 T2-weighted transverse (A, D) and T2*-weighted gradient echo (GRE) transverse (B, C, E, F) MR images of the vertebral column of two different dogs. (A, B) Dog 1 at the level of the L2–L3 intervertebral disc and (C) at the level of the cranial vertebral body of L4. (D, E) Dog 2 at the level of the caudal vertebral body of L3 and (F) at the level of the L3–L4 intervertebral disc. Within the dorsal funiculus (B) and left lateral funiculus (E) there are single, small, subtle, T2*-weighted GRE signal voids (white arrows). (C, F) Are given as regions of spinal cord considered not to have T2*-weighted GRE signal voids present in the same patients for comparison.



[image: Figure 2]
FIGURE 2
 T2-weighted transverse (A, C, E) and T2*-weighted gradient echo (GRE) transverse (B, D, F) MR images of the vertebral column of the same dog classified as having multiple T2*-GRE signal voids. (A, B) At the level of the mid vertebral body of L2. (C, D) At the L2–L3 intervertebral disc space. (E, F) At the level of the cranial portion of the L3 vertebral body. Within the dorsal and both lateral funiculi (B), the dorsal funiculus (D) and the ventral funiculus (F) were areas of T2*/GRE signal void. The signal voids were considered multiple as they were present in more than one region on one transverse image and present at several different levels in the same patient.




Statistical analysis

Statistical analyses were performed by one author (R.C.) using commercially available statistical analysis software (SPSS, IBM Corp., Released 2020. IBM SPSS Statistics for Macintosh, Version 27.0. Armonk, NY: IBM Corp). Individual datasets were compared using the chi-squared test or Fisher's exact test with statistical significance set at a P-value of <0.05. Binary regression was used when assessing the T2HI: L2 ratio's significance in relation to the recovery of nociception or the development of PMM. For all data, averages were expressed as a median with an interquartile range (IQR). Receiver operating characteristic (ROC) curves were performed to assess the correlation and most optimal sensitivity and specificity of T2HI: L2 when compared to the outcome. The data were then categorised based on this calculation to allow for categorical comparison and odds ratio calculations.




Results


Patient demographics

A total of 116 paraplegic dogs without nociception that had an MRI of the thoracolumbar spine presented within the study period. Of these, 31 were excluded due to immediate euthanasia following MRI (and hence insufficient follow-up information) and 3 due to a lack of GRE sequence available for analysis, leaving a total study population of 82 dogs. Breeds included Miniature Dachshunds [33], French Bulldogs (10), small cross breeds (9), Cocker Spaniels (6), Yorkshire Terriers (3), two each of Standard Dachshunds, Chihuahuas, Staffordshire Bull Terriers, Shih Tzus, Jack Russell Terriers, and one each of medium cross breeds, Toy Poodles, German Shepherds, Nova Scotia Duck Tolling Retrievers, Border Collies, Basset Blue de Gascoignes, Cockapoos, Chinese Crested dogs, Basset Hounds, Border Terriers, and Papillons. The median age of presentation was 4.8 years (IQR = 2.3 years). A total of 52 were male dogs (28 neutered) and 30 were female dogs (24 neutered).



Prevalence of GRE signal voids

Within the study population, 21 dogs (25.6%) displayed multiple GRE signal voids, 12 dogs (14.6%) displayed single GRE signal voids, and 49 dogs (59.8%) did not display GRE signal voids.



Recovery of nociception

A total of 59.8% (49 out of 82) of patients recovered nociception within the study period. Patients exhibiting multiple intramedullary GRE signal voids were significantly less likely to regain nociception within the study period (P = 0.004). A total of 33.3% of patients with multiple signal voids recovered nociception vs. 67.3% of those without signal voids. Patients with a single signal void recovered nociception in 75% of cases, though this did not reach statistical significance (P = 0.608) when compared to patients without GRE signal voids.



Development of PMM

Moreover, 13.4% (11/82) of the total study population developed suspected PMM postoperatively. The presence of GRE signal voids (singular or multiple) was not significantly associated with the development of suspected PMM (P = 0.099 for multiple and P = 0.143 for single).



Assessment of the T2HI:L2 ratio

The ROC analysis produced a cutoff value of 5.2 to produce a sensitivity of 81.8% and a specificity of 70% for the development of PMM, with the area under the curve measured at 0.712, deeming the predictive value acceptable. When this cutoff was used, dogs with a T2W length ratio of >5.2 were 2.35 times more likely (95% CI 0.736–3.667) to develop PMM.




Discussion

Providing accurate prognostic information when evaluating paraplegic deep pain-negative dogs due to an IVDE represents a clinical challenge. The outcome following surgery for this cohort of dogs is consistent with previous results published in the literature based on the severity of the clinical examination (1, 3–7, 15). Reliable information pertaining to prognosis as determined by changes on an MRI is limited. The relative sensitivity and specificity of T2wHI:L2 and SSTSE sequence evaluation are considered low (18, 19), and new imaging features that inform on prognosis would prove invaluable in the selection of surgical cases and setting client expectations.

In human medicine, the presence of intramedullary spinal cord haemorrhage has been consistently associated with severe spinal cord injury and a worse prognosis (27). This has been investigated in naturally occurring spinal cord injury in dogs in the context of an intramedullary T2-weighted hypointensity representing haemorrhage and demonstrating a worse prognosis in dogs with intramedullary haemorrhage (28). The usefulness of GRE sequences in the imaging of canine and feline spines has been previously investigated. However, there were no cases in which intramedullary signal voids in the acute stages following an intervertebral disc extrusion were demonstrated (24). Only one published case report assesses the appearance of PMM when performing GRE sequences (20). The MRI appearance (including eight dogs with T2*-weighted GRE sequences) of the spinal cord in dogs with incomplete recovery after severe spinal cord injury has been assessed. There was no evidence of intramedullary haemorrhage (as identified by signal voids) present, though all the dogs included had MRIs at least 3 months following the initial injury (29). To the authors' knowledge, this is the first publication documenting the use of the GRE sequence in the context of acute spinal cord injury due to IVDE in dogs prior to surgery.

In the context of severe, acute spinal cord injury, there is little evidence comparing the appearance of the spinal cord on the GRE sequence to histopathological changes. In one case of a dog suffering from PMM, MRI demonstrated a severe and diffuse intramedullary GRE signal void artefact. When evaluated histopathologically, there was extensive liquefactive necrosis of the white matter with multifocal areas of haemorrhage at the junction between malacic and degenerated white matter (20). Although this represents an extreme example, given the noted histopathological appearance of areas displaying the GRE signal voids described, it would stand to reason that a similarly damaging process would occur in our dog populations, worsening their prognosis.

Multiple GRE signal voids were associated with a worsening prognosis, with only 33.3% of patients with multiple signal voids regaining nociception in comparison with 67.3% of patients without GRE signal voids in this study. Although this figure may not be used individually to predict the outcome, in the context of other previous imaging findings demonstrated to be associated with poor prognosis (6, 13), it may assist the clinician in setting client expectations. The presence of GRE signal voids failed to reach significance in the context of predicting PMM, though this may be due to a type II statistical error arising from low case numbers (n = 11). As per our previously outlined exclusion criteria, a number of dogs (n = 31) were excluded due to immediate euthanasia following an MRI. Had these patients not been euthanised, their inclusion may have altered the results.

One potential weakness in the way in which GRE signal voids were assessed in this study was that the classification did not allow for assessing the true extent of the voids reported (either in cross-sectional area or longitudinal length). When using GRE to identify small lesions (microbleeds) in human medicine, there was poor to moderate interobserver agreement (30). By differentiating single vs. multiple signal voids, an attempt was made to reduce the subjectivity present in the interpretation of the MRI studies and to identify lesions more objectively. Due to the potential implications of a patient being identified as having intramedullary haemorrhage (i.e., euthanasia following MRI in the clinical setting), it felt appropriate to differentiate the patients with more objective change and presumably more severe spinal cord injury.

The retrospective nature of the study was considered to have several limitations, including the accurate acquisition of data and patient enrolment. Paramount to this was the euthanasia of 31 patients under general anaesthesia following MRI. Within this population may have been patients considered to have the most severe MRI changes (as measured by T2-weighted hyperintensity, swelling of the spinal cord, and intramedullary GRE signal voids), with the inclusion of these patients perhaps altering our results. Unfortunately, the outcome of this population could not be assessed and was hence excluded from the current study.

When considering previously assessed MRI characteristics within our study population, it was found that a longer T2-weighted hyperintensity to L2 length ratio was significantly associated with developing PMM, as has been previously described. This prior publication considered dogs of all neurological grades and was performed on low field MRI images (14).

When assessing the outcome of this study, it was decided to use the recovery of nociception in the short term, although, ultimately, this does not mean the return of ambulation for all patients. In a previous study, 15% of patients regaining nociception failed to regain ambulation within a 12-week period. However, all were reported to have good voluntary movements (17). The selected outcome did allow for a greater number of patients to be included and for more objective data collection. The postoperative assessment of nociception and clinical presentation of PMM was always performed by an ECVN-certified or board-eligible neurologist or a neurology resident under the supervision of an ECVN-certified or board-eligible neurologist. A further prospective study in this area may generate adequate data to analyse the return to ambulation and gait analysis over long-term follow-up.

In conclusion, paraplegic dogs with absent nociception due to an IVDE were significantly less likely to recover nociception by short-term follow-up when multiple intramedullary GRE signal voids were identified. Based on these results, the authors would recommend the addition of this sequence in paraplegic deep pain-negative dogs due to IVDE to the standard T2-weighted sagittal, dorsal, and transverse sequences typically acquired to allow for a more accurate assessment of severe secondary spinal cord injury. Although no significant link was drawn between the presence of intramedullary GRE signal voids and the development of PMM, further prospective studies that include a more objective assessment of the nature of the intramedullary GRE signal voids with a larger number of dogs developing PMM may provide further insights.
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Introduction: A retrospective study to compare the classification, as normal, hypoplastic or aplastic, of thoracic (T10-T13) caudal articular process (CAP) morphology in Pug dogs with a thoracolumbar myelopathy as normal, hypoplastic or aplastic, between T2 weighted Turbo Spin Echo (T2W-TSE), in sagittal and transverse planes, and Volumetric Interpolated Breath-hold Examination (VIBE) Magnetic Resonance Imaging (MRI) sequences, in comparison to Computed Tomography (CT). We hypothesized a stronger agreement for VIBE in comparison to T2W-TSE.

Results: Diagnostic accuracy of T2W-TSE was inferior to VIBE for aplastic (60%, 95% CI 0.561–0.639 vs. 78%, 95%CI 0.744–0.815) hypoplastic (44%, 95%CI 0.427–0.452 vs. 62.5%, 95%CI 0.595–0.655) and normal CAP (70%, 95%CI 0.655–0.744 vs. 87%, 95%CI 0.848–0.892). Superior accuracy of classification using VIBE vs. T2W-TSE sequences using the McNemar Chi squared test was significant for aplastic (p = 0.0002) and normal CAP (p = 0.004). VIBE sequences had a sensitivity of 96% and specificity of 75% to detect CAP abnormality and with T2W-TSE imaging sensitivity 81% and specificity of 75%.

Discussion: Three-dimensionally reconstructable VIBE sequences were significantly more accurate than traditional T2W-TSE MRI sequences in classifying CAP morphology, which should reduce the need for CT for pre-operative assessment.
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1. Introduction

Pug dogs are a screw-tailed dog breed over-represented for thoracic vertebral malformations, including caudal articular process (CAP) dysplasia in the caudal thoracic region (1). CAP morphology classification has previously been defined, with hypoplasia being the partial absence of the CAP and aplasia as the complete absence of the CAP (2). These malformations are implicated in the development of pia-arachnoid fibrosis, sub-arachnoid diverticula, and constrictive myelopathy in the thoracolumbar region of T10-L1 (3, 4). Vertebral stabilization has been recommended in the management of these diseases, given the need to remove the dorsal lamina and interarcuate ligament to access the vertebral canal for spinal cord durotomy (5). Traditionally, a complete assessment of articular process morphology and in silico surgical planning requires computed tomography (CT) scans following magnetic resonance imaging (MRI). CT imaging prolongs anesthetic time, has financial implications, increases the number of transfers under anesthesia, requires the availability of two cross-sectional imaging modalities in one hospital, and administers a radiation dose to dogs. MRI is more sensitive at evaluating the primary spinal cord disease process, showing parenchymal detail that cannot be evaluated with CT. Therefore, we considered whether MRI sequences could be used for CAP classification and surgical planning so that the requirement for CT in these patients could be reduced/eliminated.

Three-dimensional (3D) volumetric MRI acquisitions have the advantage of improving through plane spatial resolution and generating high-quality reformatting to yield multiplanar images from the original dataset. Volumetric interpolated breath-hold examination (VIBE) is a form of volumetric imaging using fast 3D gradient-echo sequences that produces T1 images and was first introduced by Rofsky in 1999 (6). It has the advantage of improving Z-axis resolution, which makes it possible to obtain high-quality multiplanar and 3D reconstruction images. VIBE has been effectively used in breast (7), human abdominal (8), and musculoskeletal imaging (9), with use in veterinary medicine limited to assessing facial neuritis (10) and skull fractures (11). Hecht et al. (11) found that VIBE imaging was highly accurate in identifying animal postmortem skull fractures. MRI of the vertebral column for fracture identification has been previously compared with CT and moderate interobserver agreement was found, but up to 79% of fractures in some vertebrae were not recognized; however, this was using only single-plane MRI sequences (12).

The aim of this study was to quantify the accuracy of two MRI sequences, VIBE and T2W-TSE, when compared to the current gold standard of CT. The null hypothesis is: there will be stronger agreement between VIBE sequences and CT in comparison to standard T2W-TSE and CT, in the assessment of CAP dysplasia in the T10-T13 region.



2. Materials and methods

An estimated a priori sample size for this study indicated that between 60 and 120 observations (8–15 dogs) were required, with a significance level of 5% and a power of 80%. This calculation assumed a proportion of agreement under the null hypothesis between 0.80 and 0.85, and the expected difference between two proportions of agreement of the null and alternative hypothesis to be between 0.10 and 0.15.

An ethics proposal of protocols was submitted to and approved by the CVS internal ethical review board (Number CVS-2022-016) prior to the commencement of the study. Data were collected as part of clinical investigations into Pug dogs presenting with signs of T3-L3 myelopathy and consent was gained from their caregivers prior to these investigations. Informed owner consent was received for all diagnostic procedures prior to commencement for all animals and these were carried out in accordance with best practice veterinary care and following RCVS guidelines.

This was a retrospective comparative accuracy study. The practice electronic patient database (Robovet, Covetrus, v.5.53) was searched for Pug dogs presenting with thoracolumbar myelopathy from 2020 to 2022. These were then each searched for the inclusion criteria of MRI T2W-TSE sequences in sagittal and transverse plains, VIBE sequences, and CT, including CAP from T10-L1. Patients were excluded if they had an imaging diagnosis affecting articular process morphology, i.e., osteolytic/productive lesions related to suspected spinal neoplastic, inflammatory, or infectious disease, or if there were vertebral body malformations resulting in significant kyphoscoliosis in the caudal thoracic region.

MRI sequences were randomized and patient details blinded to the observer. There were four observers: one ECVN resident, two boarded veterinary neurologists, and one boarded veterinary diagnostic imager. Each observer received training on the definition of normal, hypoplastic, and aplastic CAP and was shown example CT images, as shown in Figure 1; they then classified each CAP in T2W-TSE and VIBE sequences as normal, hypoplastic, or aplastic, as shown in Figure 2. The primary observer then reviewed CT imaging and classified each CAP, and this was used as the control. This was provided to observers prior to MRI assessment as an example of normal, hypoplastic, and aplastic CAPs. An open-source DICOM viewer (HorosTM, version 3.3.) was used for image review (Apple Mac with macOS 11.5.1, Apple Inc., Cupertino, California), with sequence-linked transverse and sagittal planes being evaluated at the same time. The time taken for the review of sequences was not recorded; however, all observers commented on the increased evaluation time of T2W sequences compared with VIBE.


[image: Figure 1]
FIGURE 1
 CT images of vertebral morphology. (a) Bilaterally normal CAP (solid arrows). (b) Bilaterally hypoplastic CAP (dashed arrows). (c) Bilaterally aplastic CAP (asterisks). Images are taken from more than one dog.



[image: Figure 2]
FIGURE 2
 VIBE and T2W-TSE transverse images of vertebral morphology. (a) Bilaterally normal CAP (solid arrows). (b) Bilaterally hypoplastic CAP (dashed arrows). (c) Bilaterally aplastic CAP (asterisks). The T2W and VIBE images are from the same pug dog, although the slices are different due to the differing slice thicknesses for the two sequences. The images in (a–c) are taken from different dogs.


All MRI sequences were obtained using a high field system (1.5 Tesla Siemens Magnetom Essenza), with patients anesthetized and positioned in dorsal recumbency. The following settings were applied for T2W-TSE: a sequence slice thickness of 3 mm, a resolution of 0.33 × 0.72 × 0.62 mm, a matrix of 384 × 218, and a field of view of 129 × 159. The following settings were applied for VIBE: a slice thickness of 1 mm, a resolution of 0.74 × 0.82 × 0.82 mm, a matrix of 256 × 230, a field of view of 190 × 190, a phase field of view of 100, a slice oversampling of 100, a flip angle of 12, and averages of 2.

CT of the entire spine was performed using a 16-slice Siemens Somatom scope CT scanner with patients under anesthesia in sternal recumbency. A bone algorithm window was used for the reconstruction of images in 3D for control analysis of the caudal articular process. The following settings were applied: a total mAs of 5,580, a kVp of 130, a DLP of 486, a tube rotation time of 0.8 s, and a slice thickness of 0.75 mm.


2.1. Statistical analysis

Overall percentage agreement and percentage agreement by category was reported and compared using a McNemar chi-square test (SPSS 27.0, SPSS Inc., Chicago, IL, USA), and a P-value of < 0.05 was accepted as significant. The kappa statistic was calculated using an Online Kappa Calculator (RRID:SCR_021770) and used to assess the agreement of observer categorizations of the two MRI sequences. A zero value of kappa indicates no agreement above that expected by chance, a value of 1 indicates perfect agreement, and a negative value indicates agreement worse than that expected by chance.

The sensitivity and specificity of the two MRI methods to identify abnormal CAP classifications have been reported, with respect to CT as the gold standard. Qualitative/descriptive data will be presented as count numbers and percentages.




3. Results

Eleven pugs fit the inclusion criteria, contributing a total of 72 CAPs for classification by observers. The mean age of the pugs was 96 months (range, 52–140). The mean weight was 8.1 kg (range, 4.5–11.5).

Sixteen CAPs were classified as normal, with 12 hypoplastic and 44 aplastic CAPs identified using CT. Table 1 shows each reviewer's number and percentage agreement with CT for both VIBE and MRI sequences of each classification of CAP. Reviewer 1 correctly classified (VIBE/T2W-TSE) 13/7 normal (81%/43%), 7/5 hypoplastic (58%/41%), and 39/42 aplastic CAPs (88%/95%). Reviewer 2 correctly classified 14/12 normal (87%/75%), 9/6 hypoplastic (75%/50%), and 41/31 aplastic CAPs (93%/70%). Reviewer 3 correctly classified 16/13 normal (100%/81%), 6/5 hypoplastic (50%/41%), and 40/17 aplastic CAPs (90%/38%). Reviewer 4 correctly classified 13/13 normal (81%/81%), 8/5 hypoplastic (66%/41%), and 19/19 aplastic CAPs (43%/43%).


TABLE 1 Reviewer number and percentage agreement with CT using T2W-TSE and VIBE sequences.
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As summarized in Table 2, the mean accuracy for T2W-TSE sequences between all reviewers was 60.7%; for individual categories, the mean accuracy was 70% for normal (CI 95% 0.655–0.744), 44% for hypoplastic (CI 95% 0.427–0.452), and 60% for aplastic (CI 95% 0.561–0.639). The mean accuracy between all reviewers for VIBE was 80.5%; for individual categories, the mean accuracy was 87% for normal (CI 95% 0.848–0.892), 62.5% for hypoplastic (CI 95% 0.595–0.655), and 78% for aplastic (CI 95% 0.744–0.815).


TABLE 2 Percentage accuracy of reviewers regarding the classification of CAP using T2W-TSE and VIBE sequences.
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The McNemar chi-squared test revealed an overall test statistic of 23.7 with an odds ratio of 0.3 and p-value of 0. For aplastic CAPs, the test statistic was 12.44 with an odds ratio of 0.369 and p = 0.0002. For hypoplastic CAPs, the test statistic was 1.7 with an odds ratio of 0.5 and p-value of 0.09. For normal CAPs, the test statistic was 6.66667, with an odds ratio of 0.15 and p-value = 0.004.

Kappa statistics for T2W-TSE interobserver agreement for aplastic, hypoplastic, and normal were, respectively, 0.06 95% CI for free-marginal kappa (−0.12, 0.24), 0.00 95% CI for free-marginal kappa (−0.34, 0.34), and −0.08 95% CI for free-marginal kappa (−0.35, 0.18). These results are interpreted as slight, slight, and no agreement for the respective categories.

Kappa statistics for VIBE interobserver agreement for aplastic, hypoplastic, and normal were, respectively, 0.61 95% CI for free-marginal kappa (0.42, 0.79), 0.11 95% CI for free-marginal kappa (−0.26, 0.48), 0.75 95% CI for free-marginal kappa (0.49, 1.00). These results are interpreted as substantial, slight, and substantial agreement for their respective categories.

Comparing sensitivity and specificity to identify abnormal CAP classifications, CAP on VIBE sequences were classified with a sensitivity of 96% and specificity of 75%, whereas T2W-TSE sequences had a sensitivity of 81% and specificity of 75%. The time taken for each observer to review the T2W and VIBE sequences and reach a decision was not recorded.



4. Discussion

This study allows us to accept the hypothesis that “there would be stronger agreement between VIBE sequences and CT in comparison to standard T2W-TSE and CT, in the assessment of articular process malformations in the T10–T13 region”. Additionally, it confirmed a higher accuracy and interobserver repeatability of VIBE studies than T2W-TSE for the correct classification of caudal articular processes. This is consistent with previous findings in the assessment of other small animal bony changes, such as Hecht et al. (11) who found a 93.9% agreement of skull fracture identification of VIBE with CT; this also shows the transferrable use of MRI in observing bone morphology. Our findings suggest that VIBE sequences could potentially be considered in place of CT to identify CAP abnormalities. Considering the superior sensitivity of VIBE sequences (sensitivity of 96% and specificity of 75%) abnormal CAPs are unlikely to be misdiagnosed.

The McNemar statistical test shows a significant difference in the accuracy of classification of normal and aplastic CAPs; however, for the categorization of hypoplastic CAPs, there is no significant difference between VIBE and T2W-TSE sequences despite a higher accuracy of identification of hypoplastic facets with VIBE than with T2W-TSE. The lack of significance in the hypoplastic group may be due to the smaller number of hypoplastic CAPs in the study causing this number to fail to reach significance. Additionally, hypoplastic CAPs are more difficult to define, as a small number of CAPs can be challenging to identify in any sequence.

Our finding of 77.7% CAP abnormalities in the T10-L1 region in our study is also consistent with previous studies (1). Only one patient contributed only normal CAPs in our study, with the remaining eight normal facets coming from three of our other patients.

Limitations of this study include its retrospective nature, meaning that imaging protocols were not standardized and therefore the orientation angle of sequence to the CAP may affect the ability to correctly interpret T2W-TSE sequences, which cannot undergo 3D reconstruction. However, it is standard for transverse MRI sequences to be obtained perpendicular to the spinal cord in our hospital and therefore this effect was hopefully minimized. The number of CAPs could be increased to strengthen the power of this study. Of the observers in this study, two were ECVN-diploma-holding specialists, one was an ECVN resident, and one was an ECVDI-diploma-holding specialist who uses MRI frequently in clinical practice; this means extrapolation to others with experience in MRI interpretation would be highly likely.

Pug dogs were selected for this study, given their known propensity for CAPs in the thoracic spine. A limitation of this study is that thoracolumbar myelopathy in Pug dogs can be recognized more cranially in the thoracic spine than in the studied region, and therefore, imaging assessment for the surgical management of these areas would need further studies for evaluation. The application of the principle to other breeds was also not investigated in this study and may be more challenging for smaller breeds; therefore, further studies are needed to understand the value of different imaging sequences in these patients.

Our CAP reviewers subjectively commented that they had spent longer deciding the categorization of CAPs with T2W-TSE than with VIBE images, and this could be an important variable to be assessed in future studies as it would add weight to the benefits of using VIBE sequences.

Further investigations will help us to determine whether VIBE sequences could be used for in silico surgical planning, notably in the production of patient-specific 3D surgical drill guides, as is the case in total knee arthroplasty in humans, where studies have shown no significant difference in the accuracy of implant placement using MRI and CT imaging for in silico planning (13, 14). This would further negate the need for CT, reducing anesthesia time, transfers under anesthesia, and the radiation exposure of these patients.

The current study showed that three-dimensionally reconstructible VIBE sequences were significantly more accurate than traditional T2W-TSE MRI sequences in classifying CAP morphology, which could support the use of MRI assessment of CAPs for decisions on the necessity for stabilization and reduce the need for CT as part of the pre-operative assessment.
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A 1.5-year-old female entire French bulldog was referred for neurological evaluation, further diagnostic tests, and treatment 24 h after a road traffic accident. Initial emergency treatment, diagnostic tests, and stabilization had been performed by the referring veterinarian. Neurological examination revealed severe spastic non-ambulatory tetraparesis and was consistent with a C1-5 myelopathy. A magnetic resonance imaging (MRI) study revealed an irregular to elongated ovoid intramedullary lesion centered over the body of C2. The lesion showed marked signal heterogeneity with a central T2W and T2* hyperintense region, surrounded by a hypointense rim on both sequences. The lesion appeared heterogeneously T1W hypointense. The lesion was asymmetric (right-sided), affecting both white and gray matter. The C2-3 intervertebral disk appeared moderately degenerate with a Pfirrmann grade of 3. No evidence of vertebral fracture or luxation was found on radiographs or MRI of the vertebral column. Additional soft tissue abnormalities in the area of the right brachial plexus were suggestive of brachial plexus and muscle injury. A diagnosis of traumatic hemorrhagic myelopathy at the level of C2 and concurrent brachial plexus injury was formed. Conservative treatment was elected and consisted of physiotherapy, bladder care with an indwelling urinary catheter, repeated IV methadone based on pain scoring (0.2 mg/kg), oral meloxicam 0.1 mg/kg q24h, and oral gabapentin 10 mg/kg q8h. The dog was discharged after 4 days, with an indwelling urinary catheter and oral medication as described. The catheter was replaced two times by the referring veterinarian and finally removed after 10 days. Thereafter, voluntary urination was seen. During the 2 months after the road traffic accident, slow recovery of motor function was seen. The right thoracic limb recovery progressed more slowly than the left limb, also showing some lower motor neuron signs during follow-up. This was judged to be consistent with a right-sided brachial plexus injury. The dog was reported ambulatory with mild residual ataxia and residual monoparesis of the right thoracic limb at the last follow-up 3 months post-injury. This case report highlights the MRI-based diagnosis of traumatic hemorrhagic myelopathy in a dog. A fair short-term outcome was achieved with conservative treatment in this case.

KEYWORDS
 hemorrhage, hematomyelia, spinal cord, recovery, durotomy, short-term outcome


Introduction

Hemorrhagic myelopathy, also called hematomyelia, in dogs can be due to various etiologies. These include trauma associated with vertebral fractures/luxation [e.g., due to road traffic accidents (RTA)], trauma associated with congenital anomalies of the craniocervical region (e.g., odontoid process malformation and atlantoaxial instability), iatrogenic trauma (e.g., due to spinal cord puncture during cerebrospinal fluid taps), vascular malformations (e.g., arteriovenous malformation), intervertebral disk disease (e.g., intervertebral disk extrusion), neoplasia (e.g., metastatic hemangiosarcoma or lymphoma), inflammatory disease (e.g., steroid-responsive meningitis arteritis), and hemorrhagic diathesis (e.g., related to Angiostrongylus vasorum infections) (1–9). When no causes are identified, the terms primary hematomyelia or idiopathic hemorrhagic myelopathy may be applicable (9, 10).

In human medical literature, hemorrhages can be found in the spinal cord in cases of spinal cord injury (SCI) without radiographic abnormalities (SCIWORA) (11–15). This is defined as SCI without evidence of vertebral fractures or dislocation based on radiographic studies. Since this is a fairly rare clinical entity, much of its exact pathophysiology remains unknown. Clinically, human patients (often children) are presented with various degrees of neurological dysfunction (12–14). In one systematic review, “complete” SCI defined as a lack of motor and sensory function “below” the level of the lesion in the spinal cord was reported at initial presentation in almost 20% of patients (12). Recent studies have provided evidence for improved outcomes following early surgical intervention (15). No such studies are available regarding clinical canine patients.

In this case report, we describe the magnetic resonance imaging (MRI) based diagnosis of traumatic hemorrhagic cervical myelopathy in a dog without evidence of vertebral fractures or luxation.



Case description

A 1.5-year-old female entire French bulldog was referred for neurological evaluation, further diagnostic tests, and treatment 24 h after a road traffic accident (RTA). The dog was chasing a cat and collided with a moving vehicle head-on, hitting the side of that vehicle. Bystanders reported that the dog immediately collapsed. The dog was rushed to the nearest veterinary practice. The dog was presented there in lateral recumbency with increased extensor tone of all four limbs. Mucous membranes were noted to be slightly blueish. No voluntary movement of limbs was recorded at that time, consistent with spastic tetraplegia. The dog was noted to show reduced responsiveness, and a modified Glasgow coma scale (MGCS) score of 9 was recorded without further details. Initial emergency treatment, diagnostic tests, and stabilization were performed. This included an IV bolus of 15 mL/kg 0.9% sodium chloride, followed by 20 mL/kg/h Ringers solution, and a single IV bolus of 1 g/kg mannitol [based on concerns for increased intracranial pressure (ICP)]. For analgesia, several boluses of methadone (0.2 mg/kg IV) had been administered. Heart rate increased to 70–90 beats/min over the next hour and the dog became more responsive, with a MGCS score of 13, increasing to 18 during the rest of the day on repeat examinations. Pulse oximetry consistently showed a SpO2 of 99–100%. Further diagnostic tests included hematology (no significant abnormalities), biochemistry [hyperglycemia (11.72 mmol/L, reference range 4.11–7.95)] and increased blood lactate (5.26 mmol/L, reference range 0.50–2.50), ultrasound of the thorax and abdomen (possible signs of right-sided lung contusion), laterolateral radiographs of the thorax (signs suggestive of lung contusion), cervical vertebral column (Figure 1), and thoracolumbar vertebral column, and non-invasive blood pressure measurements (80–115 mmHg). Repeat testing of blood lactate showed values within the reference range. When the patient was stable the next day, the owners opted for a referral for further neurological examination, diagnostic testing, and treatment.

[image: Figure 1]

FIGURE 1
 Radiograph (laterolateral, right-sided recumbency) of the cervical vertebral column.


During the 2-h drive to the referral hospital, the dog had become hyperthermic (rectal temperature of 40.5 degrees Celsius) and was stabilized by the emergency department. Treatment at that point included active cooling, oxygen supplementation via nasal catheter and flow-by. After achieving normothermia, neurological examination revealed severe spastic non-ambulatory tetraparesis, worse in the thoracic limbs than the pelvic limbs. There was some voluntary movement of the limbs, more so in the pelvic limbs than the thoracic limbs. Spinal reflexes were intact in the pelvic limbs but decreased in the thoracic limbs on both sides. These findings were deemed consistent with a C1-5 myelopathy (likely involving the central cord). After discussion with the owners, an MRI study of the cervical spinal cord was performed, including bilateral brachial plexus regions. Additional imaging studies including an MRI of the brain and computed tomography (CT) of the vertebral column, thorax, and abdomen were declined due to financial restrictions. MRI sequences included T2-weighted (T2W) fast-spin echo (FSE) sagittal plane, T1W FSE sagittal plane, short-tau inversion recovery (STIR) sagittal plane, STIR dorsal plane, 3D fast gradient echo combined with water excitation technique (FFE3D combined with WET), T2W FSE transverse plane, T1W FSE transverse plane, T2*W gradient echo transverse plane, and 3D T1W magnetization prepared—rapid gradient echo (MPRAGE) sagittal plane post-contrast.

The MRI study revealed an irregular to elongated ovoid intramedullary lesion centered over the body of C2 (Figure 2). The lesion showed marked signal heterogeneity with a central T2W and T2* hyperintense region, surrounded by a hypointense rim on both sequences. The lesion appeared heterogeneously T1W hypointense. The lesion was predominantly right-sided and dorsolateral within the spinal cord, affecting both white and gray matter. The C2-3 intervertebral disk appeared moderately degenerate with a Pfirrmann grade of 3. No evidence of vertebral fracture or luxation was found on radiographs of the vertebral column or the MRI study. Additional findings in the area of the right brachial plexus were suggestive of brachial plexus and muscular injury. A diagnosis of traumatic hemorrhagic myelopathy at the level of C2 and concurrent brachial plexus injury was formed.

[image: Figure 2]

FIGURE 2
 Magnetic resonance images of the cervical spinal cord and surrounding structures. (A) T2W sagittal plane, (B) T1W sagittal plane, (C) STIR sagittal plane, (D) T2W transverse plane at the level of C2 vertebral body, (E) T1W transverse plane at the level of C2 vertebral body, (F) STIR dorsal plane, (G) T2*W transverse plane at the level of C2 vertebral body, (H) 3D T1W MPRAGE sagittal plane, and (I) 3D T1W MPRAGE transverse reconstruction at the level of C2 vertebral body.


Coagulation tests (activated partial-thromboplastin time and prothrombin time) were within the reference range. Repeated clinical examinations, focusing on signs or evidence of hemorrhagic diatheses (e.g., hemorrhages in mucous membranes) did not reveal any abnormalities. Conservative treatment was elected and consisted of fluid therapy, physiotherapy, an indwelling urinary catheter, repeated non-invasive blood pressure measurements, repeated IV methadone boluses based on pain scoring (0.2 mg/kg), oral meloxicam 0.1 mg/kg q24h, and oral gabapentin 10 mg/kg q8h.

Over the next 4 days, progressive signs of recovering motor function were observed in the left thoracic limb, both pelvic limbs, and, to a lesser degree, the right thoracic limb. Withdrawal reflexes were normal in the left thoracic and both pelvic limbs at that point but decreased in the right thoracic limb. Extensor muscle tone in all limbs had decreased, most notably in the right thoracic limb. The dog was discharged after 4 days, with an indwelling urinary catheter and oral medication as described. The catheter was replaced twice by the referring veterinarian and finally removed after 10 days. Thereafter, voluntary urination was seen. Meloxicam was discontinued a week later, and gabapentin was tapered and discontinued 2 weeks later. During the 2 months after the road traffic accident, slow recovery of motor function was seen. The right thoracic limb recovery progressed more slowly than the left limb, also showing some lower motor neuron signs (e.g., flaccid paresis) during follow-up at the referring veterinarian and was also visible on videos sent by the owners for remote evaluation by the neurology department of the referral hospital. The recovery was judged to be consistent with right-sided lateralization of the spinal cord hemorrhage and involvement of the brachial plexus on the right. The dog was reported to be ambulatory with mild residual ataxia and moderate to severe monoparesis of the right thoracic limb at the last follow-up 3 months post-injury. Physiotherapy including hydrotherapy had been commenced by the owners and is being continued long-term with the aid of orthopedic braces for the right thoracic limb. The owners were happy with the outcome at the time of writing and the patient remains under the care and supervision of the referring veterinarian.



Discussion

This case report describes the neurological presentation, MRI findings, conservative management, and short-term outcome of traumatic hemorrhagic cervical myelopathy in a French bulldog. Although the presenting clinical signs were severe directly after the traumatic event (RTA in this case), emergency treatment followed by conservative treatment for the cervical myelopathy and suspected brachial plexus injury resulted in a fair short-term outcome.

For the treatment of traumatic SCI in dogs, it is of vital importance to account for basic support measures and general stabilization before focusing on neurological signs and prognostication (15). In the case reported here, initial stabilization was performed by the referring veterinarian. The dog was transported for further work-up when it was deemed to be stabilized. However, hyperthermia developed during the drive to the referral hospital, and measures needed to be taken to stabilize the patient. Fortunately, there did not seem to have been any neurological deterioration as determined by the results of the neurological examination vs. the descriptions of the referring veterinarian.

As emphasized in several veterinary texts, maintaining adequate tissue (spinal cord) perfusion is a key factor in the treatment of traumatic SCI in dogs (16–18). Spinal cord perfusion pressure (SCPP) is not routinely clinically measured [i.e., calculated from measurements of intradural or “intraspinal” pressure (ISP) and mean arterial blood pressure (MAP)] in canine traumatic SCI cases. Human literature, reporting results in clinical patients, has shown that such measurements can contribute to guiding more efficient and objective treatment measures (19, 20). Even if SCPPs are not performed, maintaining blood pressure (MAP) within the reference range can be and is regarded as a cornerstone of treatment (16, 17). This makes good sense, as low blood pressure will be detrimental to SCPP. High blood pressure is also to be avoided, as the blood-spinal cord barrier (BSCB) and local vascular autoregulation in the injured spinal cord is affected (16–23).

Numerous other possible avenues of treatment are discussed in veterinary as well as human literature (16–18, 23). These include, but are not limited to stem cell therapy, hypothermia, pharmacological treatment (e.g., the dubious role of corticosteroids), and surgery. The role of the latter deserves specific attention based on recent veterinary literature and human literature. As an option for maintaining or increasing SCPP, surgery would provide a way of removing restrictions to the expansion of the spinal cord parenchyma and/or removing compressive lesions. That is to say, surgical opening of the vertebral column and durotomy can provide the spinal cord with space to expand in case of swelling, causing a direct decrease in ISP. Indeed, the role of durotomy in canine spinal cord injury due to intervertebral disk extrusion (IVDE) is the subject of recent studies (24–27). These studies have reported positive effects on outcomes in dogs with severe grades of thoracolumbar spinal cord dysfunction. Durotomy and duraplasty has been studied in humans with SCIWORA as well (15, 20, 28). Myelotomy has also been described in animal models of SCI and is sporadically reported with positive effects in humans (28). Other types of surgery, including stabilization procedures, are reported for the management of SCIWORA in humans as well (29).

With regard to pharmacological treatment, the dog reported here received a variety of intravenous medications and fluids as emergency treatment which included mannitol and methadone. At that point in time, the diagnosis of traumatic hemorrhagic cervical myelopathy had not yet been reached. Importantly, and justly, treatment was focused on stabilizing the trauma patient (16). After the diagnosis of traumatic hemorrhagic cervical myelopathy and concurrent traumatic brachial plexus injury was determined, treatment consisted of fluid therapy, physiotherapy, an indwelling urinary catheter, repeated non-invasive blood pressure measurements, repeated IV methadone boluses based on pain scoring, oral meloxicam, and oral gabapentin. The latter three medications were used with the aim of providing adequate analgesia. Non-steroidal anti-inflammatory drugs (NSAIDs), or cyclooxygenase (COX) inhibitors are particularly preferred for the treatment of SCIWORA in human patients based on animal models and clinical experience (23). However, there are no large prospective, blinded studies assessing the effect of NSAIDs or COX inhibitors in clinical human patients, let alone canine patients with SCIWORA. Nevertheless, the use of these medications would be supported by the importance of inflammatory cascades in SCI pathophysiology as well as the need for analgesia in trauma patients in general (8, 16, 17, 23). Monitoring for side effects, such as gastrointestinal complications, is always advisable. Specifically when corticosteroids have been administered preceding or concurrently. The use of mannitol for SCI is debatable, but as SCPP would benefit from increased blood volume as well as reduction of spinal cord edema, a beneficial effect is not excluded. Future studies may provide the opportunity to develop more evidence-based guidelines. In this trauma patient, mannitol was administered due to concerns of increased ICP. Finally, the use of opioid receptor agonists may be detrimental for SCI patients. Indeed, the use of opioid receptor antagonists (such as naloxone) has shown some positive results in SCI models (16, 23). However, the use of opioid antagonists is not recommended as it would prevent adequate analgesia for a trauma patient such as reported here, and its effectiveness is not adequately supported by evidence in clinical (human or canine) acute trauma patients.

While hemorrhage is a common feature of traumatic SCI in humans in general (30), it is only reported in a minority of cases of cervical SCIWORA in humans (31–33). Up to 67% of human cases of traumatic SCI have signs compatible with spinal cord hemorrhage on MRI (30). In contrast, one study including 59 patients with SCIWORA described MRI findings consistent with hemorrhage in only two cases (31). The finding of an intramedullary hemorrhagic component is considered a robust indicator of irreversible injury and predictor of injury severity (32). Indeed, intramedullary changes including hemorrhage have been shown to negatively affect prognosis in human SCIWORA patients (12). That being said, conservative management of cervical SCIWORA with hematomyelia may still lead to a positive outcome (33). In our case, conservative management resulted in a fair outcome in the short-term, where most of the remaining deficits affected the right thoracic limb. Those deficits were best explained by a concurrent brachial plexus injury, rather than the traumatic cervical hemorrhagic myelopathy in this dog.

In dogs, the use of T2* gradient echo sequences has been reported of value in assessing hemorrhagic lesions of or affecting the spinal cord (34). In the case reported here, this sequence was instrumental for the identification of an intraparenchymal hemorrhage. No signs of linear tracts extending into the spinal cord were found and the lesion epicenter was located over the C2 vertebral body, making an intradural/intramedullary disk extrusion unlikely. There were no signs of vertebral fractures or dislocation on laterolateral radiographs or the MRI study. However, it has been reported that MRI is less sensitive than CT in the identification of vertebral fractures (35). Orthogonal radiographs also have limited sensitivity (36), let alone single-view radiographs which only provide a two-dimensional evaluation of the vertebral column as was available in this case. Thus, a limitation to this case report is the lack of orthogonal radiographs and CT to definitively exclude vertebral fractures. Still, the lack of extraparenchymal hemorrhage and perivertebral muscle abnormalities makes a concurrent vertebral fracture unlikely in this case.

Other limitations to this case report include the lack of further diagnostic tests for the evaluation of the brachial plexus injury (e.g., electromyography, nerve conduction testing) and lack of histopathological confirmation.

In conclusion, we reported the MRI based diagnosis of traumatic hemorrhagic cervical myelopathy in a dog. Conservative management may be considered in such cases, though the role of surgical treatment (including durotomy) deserves attention and consideration in future studies and cases.
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Introduction: Diffusion-weighted magnetic resonance imaging is increasingly available for investigation of canine brain diseases. Apparent diffusion coefficient (ADC) of normal canine brains is reported only in small numbers of subjects. The aim of the study was to investigate the ADC of different anatomical regions in the morphologically normal brain in a large population of canine patients in clinical setting. Additionally, possible influence on the ADC value of patient-related factors like sex, age and body weight, difference between the left and right side of the cerebral hemispheres, and between gray and white matter were investigated.

Methods: Brain magnetic resonance studies including diffusion-weighted images of dogs presented at the Vetsuisse Faculty-University Zurich between 2015 and 2020 were reviewed retrospectively. Only morphologically normal brain magnetic resonance studies of dogs presented with neurological signs or non-neurological signs were included. Apparent diffusion coefficient values of 12 regions of interest (ROIs) in each hemisphere and an additional region in the cerebellar vermis were examined in each dog.

Results: A total of 321 dogs (including 247 dogs with neurological signs and 62 dogs with non-neurological signs) of various breeds, sex and age were included. Apparent diffusion coefficient significantly varied among most anatomical brain regions. A significantly higher ADC was measured in the gray [median 0.79 (range 0.69–0.90) × 10−3 mm2/s] compared to the white matter [median 0.70 (range 0.63–0.85) × 10−3 mm2/s]. No significant differences were found between the left and right cerebral hemispheres in most of the regions, neither between sexes, different reproductive status, and not consistently between body weight groups. Age was correlated first with a decrease from dogs <1 year of age to middle-age (⩾3 to <8 years) dogs and later with an increase of ADC values in dogs ⩾8 years.

Discussion: Apparent diffusion coefficient values of 25 ROIs were described in 321 morphologically normal canine brains in clinical setting. Apparent diffusion coefficient differences depending on the brain anatomical region are present. Apparent diffusion coefficient differences among age classes are present, likely consistent with brain maturation and aging. The described data can be a reference for future studies in clinical settings on the canine brain.
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Introduction

Diffusion-weighted imaging (DWI) is gaining popularity in advanced imaging in veterinary medicine and allows quantification of water molecule movement in tissue based on Brownian motion (1). Two diffusion sensitizing gradients – a dephasing and a rephasing gradient - of the same strength, are used next to a 180° radiofrequency pulse. Missing signal return is the result of moving water molecules not being rephased, causing a quantifiable reduction of the magnetic resonance (MR) signal. Movement of water molecules is anti-proportional to tissue cellularity, therefore signal loss can be used to evaluate water molecule’s degree of restricted diffusion (2). The strength of the diffusion sensitizing gradient is defined by its b-value (s/mm2).

Hence, DWI provides information about integrity and to some extent functionality of tissue, and consequently potential pathology (3–5). Based on DWI sequences, apparent diffusion coefficient (ADC) maps can be generated, and the ADC quantified (in mm2/s) in specific regions of interest (ROIs). Variations in ADC can be used to detect and characterize pathological processes (6).

In human medicine DWI is widely used not only with diagnostic purposes to evaluate infarction (7–10), trauma (11) and infection (12) but also for assessment of different neoplasia and individual treatment response (13–16). Further studies investigate mapping of brain regions for identification of epileptogenic zones (17, 18). Moreover, DWI has been used to describe brain maturation and aging in the human brain (19–23) and ADC is known to vary in different regions of the human brain (24). In veterinary medicine, earlier studies mainly describe the use of DWI investigating cerebrovascular incidents in dogs (25, 26), cats (27), rats (28) and brain edema in cats (29). Potential use of DWI also includes evaluation of neoplastic, inflammatory, and epileptic disorders (30–36). Studies evaluating ADC values in the morphologically normal canine brain are rare, (4, 5, 37) with reported differences depending on the anatomical region and on the side of the cerebral hemisphere (4, 5) in small numbers of dogs.

The present study aimed to investigate regional ADC in selected brain regions in the morphologically normal dog brain in clinical setting. No influence of sex, reproductive status and body weight (BW) on ADC has been hypothesized. Difference in ADC depending on the side of the brain hemisphere, on age of the patients, between gray and white matter, and among anatomical regions have been hypothesized.



Materials and methods


Animals

Clinical records of the small animal clinic, Vetsuisse Faculty of the University of Zurich, were reviewed retrospectively. Dogs that underwent magnetic resonance imaging (MRI) examination of the brain, including DWI sequences (see MRI technique), between January 2015 and February 2020 were reviewed. Only dogs with a morphologically normal brain MR examination (absence of abnormalities in morphology and signal intensity in all provided sequences) were included in the study. The diagnosis of a morphologically normal brain study had been stated by a board-certified radiologist, and the images were reviewed by another board-certified radiologist (FDC) at the time of inclusion in the study. If cerebrospinal fluid (CSF) tap was performed, only dogs with normal CSF tap were included. Mildly blood-contaminated samples that were marked by our laboratory, but considered diagnostic, were also included. The analysis consisted of: cell count (reference value: <5 cells/μL), protein concentration (reference value: ≤30 mg/dL) and cytological analysis of cell type as well as serological analysis if indicated. Dogs with any laboratory records of CSF tap abnormalities were excluded. As of the retrospective nature of this study, there was no need to inquire ethical consent. However, a consent form for the use of the dogs’ data for academic purposes was signed by the owners of all dogs included.



Magnetic resonance imaging technique

The MRI examinations of all dogs were performed at the Vetsuisse Faculty, University of Zurich. A 3 T MRI scanner (Philips Ingenia 3.0 T scanner, Philips AG Healthcare, Zurich, Switzerland) and a 32-channel coil (dStream HeadNeck, 32ch MR coil; Philips AG Healthcare) or 16-channel coil (dStream HandWrist, 16ch MR coil; Philips AG Healthcare) for small dogs was used. The dogs were positioned in dorsal recumbency under general anesthesia, using case-by-case anesthetic protocols. Images of the brain including the olfactory lobes to at least the second cervical vertebrae were acquired. The standard brain protocol included the sequences with the parameters listed in Supplementary Table S1. Diffusion-weighted (DW) images were acquired in a transverse plane, setting the two b-values at 0 s/mm2 and 1,000 s/mm2, respectively, and using sensitivity encoding (SENSE) technique and diffusion gradients in all three planes (x-, y- and z-plane). Contrast medium was injected after the DW sequence (DOTAREM 0.2 mL/kg IV [Gadoteric acid; Guerbet Gmbh, Sulzbach, Germany]) followed by saline solution (NaCl 0.9% 5 mL IV).



Data analysis

The signalment, including breed, sex, reproductive status, age, BW, and the symptomatology at presentation was recorded from the medical records of all dogs. Further, body temperature as well as duration of the MRI examination was recorded. All acquired MR images were assessed using a dedicated software (Philips IntelliSpace Portal version 10.1.1; Philips AG, Amsterdam, NL). After acquisition of the DW images, using the IntelliSpace software diffusion package, if necessary, motion correction has been performed. From the DWI sequence, the B0-treshold was adjusted to exclude background pixels from the functional map calculations. The used b-values were selected, and a new imaging series (ADC iso map) generated. Anatomical co-registration (align registration) with the T2W sequence was performed and visually controlled to ensure quality of registration prior to ROI placement.

A total of 13 anatomical brain regions were defined as ROIs and manually drawn in the transverse plane on the ADC map as follows: caudate nucleus, internal capsule (two locations, one rostral and one caudal), piriform lobe, thalamus, hippocampus, occipital lobe (white and gray matter combined and separate), cerebellar lobe (white and gray matter combined and separate), cerebellar vermis (Figure 1). With exception of the cerebellar vermis each ROI was drawn in both left and right hemisphere of the brain, leading to a total of 25 ROIs drawn in each dog. Each ROI was drawn on the slice representing the structure most accurately. Whenever a structure was visible on more than one slice (e.g., thalamus), the slice representing the region with the subjectively largest extent was chosen. Images of all the other sequences and planes and co-registration were used as reference to better identify the anatomy while drawing the ROI. Typically, the ROIs were drawn as follows: on the head of the caudate nucleus; on the rostral and caudal internal capsule (rostral at the level of the head of the caudate nucleus or one slice caudally; and caudal, one or two slices apart from the rostral localization); on the thalamus hemisphere as published in cats (38). The other ROIs were drawn at the level of the best definition and largest extent of the corresponding anatomical structure. ROIs were drawn excluding adjacent brain regions or CSF. ROIs were not drawn in the presence of any kind of artifacts. Considering the different anatomical structures and dogs’ sizes, the position and size of the ROI was adapted to each animal. Therefore, the size of the ROI varied strongly among the different brain regions and among dogs. Drawn regions of interest underwent an internal alignment control: in the first 20 cases, all ROIs were drawn by consensus of two of the authors (BL, a veterinarian specifically trained and FDC, an experienced board-certified radiologist). ROIs of the remaining cases were drawn by only one of the authors (BL). In case of uncertainty, the ROIs were placed by consensus of the two authors. ROI ADC values were expressed in 10−3 mm2/s and size in mm2.

[image: Figure 1]

FIGURE 1
 A total of 13 anatomical regions were defined as regions of interest (ROI) and drawn on both cerebral hemispheres in the transverse plane, except for the cerebellar vermis, only drawn in the center. (A) Right piriform lobe; left rostral internal capsule, (B) Right caudate nucleus; left caudal internal capsule, (C) Right hippocampus; left thalamus, (D) Left occipital lobe, gray and white matter combined, (E) Right cerebellum gray and white matter combined; left occipital lobe, gray and white matter separate, (F) Right cerebellar hemisphere gray and white matter separate; central vermis, gray and white matter combined. Note the limited spatial resolution of the apparent diffusion coefficient (ADC) map. The left side is on the right side of the image. Border ROI thickness has been increased for representative purposes. Only one side per ROI for representative purposes depicted.


To assess possible influence of age on ADC values, the study population was grouped in four age classes selected to match different dog life stages: <1 year – early and late puppyhood; ⩾1 to <3 years – young adults; ⩾3 to <8 years – mature adults; and ⩾8 years – senior dogs. Depending on BW, animals were grouped into three BW groups: ⩽10 kg, >10 – ⩽25 kg, >25 kg. Dogs were grouped depending on the reason for MR examination at presentation. Dogs presented with neurological signs were compared to dogs presented with non-neurological signs. Dogs with unclear neurological status were excluded for this analysis. Classifications were based on medical records.



Statistical analysis

Data were collected in a spreadsheet software (Microsoft Excel version 16.45; Microsoft, Redmond, WA, United States) and analyzed using statistical software (IBM SPSS Statistics version 27.0; SPSS, IBM Corp, Armonk, NY, United States). Data for ADC values were not normally distributed and analyzed as non-parametrical. Descriptive statistic was performed, data reported as median (range) and mean ± SD was added when appropriate. The ADC values were tested for statistical difference according to sex and reproductive status, BW group and age classes; as well as differences between right and left cerebral hemisphere and between white and gray matter regions. The ADC between ROIs was analyzed using Friedman’s test for dependent variables, followed by Bonferroni post-hoc correction for multiple pairwise tests. Independent variables were analyzed with the Kruskal–Wallis test (for multiple comparisons) or the Mann–Whitney test (for pairwise comparisons), followed by Bonferroni post-hoc correction for multiple pairwise tests. Overall, the level of significance was set at p < 0.05.




Results

A total of 321 dogs met the inclusion criteria and were included in the study (Table 1). Eighty-eight different pure breeds were represented including: French Bulldog (n = 22), Labrador Retriever (n = 16), Chihuahua (n = 13), Pug (n = 9), Australian Shepherd (n = 8), Border Collie (n = 7), German Shepherd (n = 7), Dachshund (n = 6), Maltese (n = 6), Miniature Spitz (n = 6), Yorkshire Terrier (n = 6), Bernese Mountain Dog (n = 5), Golden Retriever (n = 5), Jack Russel Terrier (n = 5), Beagle (n = 4), Cocker Spaniel (n = 4), Papillon (n = 4), Rhodesian Ridgeback (n = 4). Other pure breeds were represented by less than 3 dogs per breed. Sixty-four dogs were of mixed breed and 7 of unknown breed (breed information not disclosed in patient history). Of the pure breeds 63 were brachycephalic, 145 mesocephalic and 42 dolichocephalic (39, 40). One hundred and ninety-seven dogs were male (61.4%) and 122 (38.0%) were female. Eighty-two (25.6%) were intact male dogs, 115 (35.8%) were castrated males. Thirty-five (10.9%) were intact females and 87 (27.1%) were spayed females. Two dogs were of unknown sex (0.6%). Median age was 71.8 months (range 4.1–194.4 months). Dogs were grouped depending on the age as follows: <1 year (n = 21); ⩾1 to <3 years (n = 41); ⩾3 to <8 years (n = 142); and ⩾8 years (n = 117). BW was recorded for 320 dogs (median 16.7 kg and range 1.4–72 kg) and grouped as follows: ⩽10 kg (n = 104), >10 – ⩽25 kg (n = 109), >25 kg (n = 107). In one dog the BW was unknown.



TABLE 1 Demographic table of dogs included in the study.
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The study population included clinical patients and consisted of dogs with neurological signs (n = 247) and with clinical signs other than neurological signs (n = 62). Dogs were presented for MRI examination with neurological signs (n = 247) including seizures (epileptic n = 114, non-epileptic n = 15), cranial nerve dysfunction (n = 25) vestibular dysfunction (peripheral n = 33, indistinguishable n = 6, central n = 1), balance impairment and gait disturbances other than vestibular dysfunction (n = 39), and impaired consciousness (n = 14). Sixty-two dogs underwent MRI examination for reasons other than neurological signs, including behavioral changes (n = 27), ophthalmologic disease (n = 13), head/neck pain (n = 11), ear disease without neurological deficits (n = 6), musculoskeletal disorder (n = 2), endocrine disease (n = 2) and one dog with nasal discharge. In 12 dogs the neurological status remained unclear, and they were excluded for the analysis of comparison between dogs with neurological signs and those presented for non-neurological signs. In 225 dogs, CSF was tapped from atlanto-occipital (n = 224) or lumbar site (n = 1). Body temperature was recorded in 253/321 dogs at the time of induction of general anesthesia (median 38.2°C; range 34.5–39.8°C) and at the end of the MR examination (median 37.0°C; range 33.5–40.5°C). The median examination time was 48 min (range 23–121 min). Typically, the DW sequence was performed in the second half of the examination. A total of 7,921 ROIs were drawn. The ADC values (mean ± SD and median and range) and the ROIs size are reported in Table 2. Artifacts prevented the drawing of one or more ROIs in 11 dogs (for a total of 100 ROIs).



TABLE 2 Apparent diffusion coefficient (ADC) and the region of interest (ROI) size in 321 dogs of the right and left hemisphere separately and averaged.
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The highest ADC values (details in Table 2 and overview in Figure 2) were recorded in the piriform lobe [0.84 (0.70–0.97) × 10−3 mm2/s], followed by the occipital lobe gray matter [0.83 (0.61–1.06) × 10−3 mm2/s] and the hippocampus [0.82 (0.63–0.96) × 10−3 mm2/s]. The lowest ADC value was recorded in the cerebellar white matter region [0.69 (0.57–0.82) × 10−3 mm2/s]. The largest ROI size was drawn in the thalamus [19.9 (9.5–37.4) mm2] and the smallest in the white matter of the occipital lobe [8.1 (3.9–14.7) mm2; Table 2]. For most of the analyzed ROIs, the difference in ADC was statistically significant (Table 3). Significantly higher ADC (p < 0.001) were measured in the gray [0.79 (0.69–0.90) × 10−3 mm2/s] compared to the white matter [0.70 (0.63–0.85) × 10−3 mm2/s]. Statistically significant difference was present between right and left hemisphere in 5 ROIs (p < 0.001–p = 0.047): the caudate nucleus [left 0.75 (0.56–0.86) × 10−3 mm2/s, right 0.77 (0.55–0.91) × 10−3 mm2/s], internal capsule caudal [left 0.71 (0.60–0.91) × 10−3 mm2/s, right 0.72 (0.59–0.88) × 10−3 mm2/s], piriform lobe [left 0.83 (0.71–0.98) × 10−3 mm2/s, right 0.83 (0.68–0.96) × 10−3 mm2/s], hippocampus [left 0.81 (0.63–0.97) × 10−3 mm2/s, right 0.82 (0.62–0.98) × 10−3 mm2/s] and cerebellum gray matter [left 0.73 (0.62–0.95) × 10−3 mm2/s, right 0.73 (0.56–0.91) × 10−3 mm2/s]. No hemisphere side had consistently higher ADC values. No statistically significant difference in ADC values between male and female dogs or depending on reproductive status was present.
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FIGURE 2
 Box-plot comparison of apparent diffusion coefficient (ADC; × 10−3 mm2/s) among anatomical regions of interest. For each plot, the box represents the 25th to 75th percentiles, the horizontal line represents the median. Whiskers indicate the highest value within 1.5-times the interquartile range (IQR) and the lowest value within 1.5-times the IQR. Dots represent the outliers. CN, caudate nucleus; ICr, internal capsule rostral; ICc, internal capsule caudal; PiL, piriform lobe; Th, thalamus; Hip, hippocampus; OLc, Occipital lobe combined; OLg, occipital lobe gray matter; OLw, occipital lobe white matter; Cbc, cerebellum combined; Cbg, Cerebellum gray matter; Cbw, cerebellum white matter; Vr, vermis. Except for vermis, right and left hemisphere values are averaged.




TABLE 3 Statistical comparison (Friedman test with post-hoc test Bonferroni correction for multiple testing) of ADC values among anatomical regions of interest.
[image: Table3]

Depending on the BW classes, differences were found in 3 ROIs (occipital lobe combined matter, cerebellum gray matter, cerebellar vermis; p < 0.001–p = 0.011). In 1 ROI (occipital lobe combined matter) the median values were higher within the ⩽10 kg group whereas in 2 ROIs (vermis, cerebellum gray matter) the median values were higher within the >25 kg group. No BW group had consistently higher ADC. Statistically significant differences were mainly but not consistently found between the age class <1 year to the middle-aged class (⩾3 to <8 years) with highest median values within dogs <1 year of age (Figure 3). Overall, median ADC values within gray and white matter decreased from dogs under 1 year of age to middle-aged dogs (⩾3 to <8 years) and increased again in dogs over 8 years of age.
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FIGURE 3
 Boxplot of the apparent diffusion coefficient (ADC; × 10−3 mm2/s) in the different age classes: <1; ⩾1 to <3 years; ⩾3 to <8 years; and ⩾8 years. Grey boxes represent gray matter; white boxes represent white matter. For each plot, the box represents the 25th to 75th percentiles, the horizontal line represents the median. Whiskers represent the highest value within 1.5-times the interquartile range (IQR) and the lowest value within 1.5-times the IQR. Dots represent the outliers.


Statistically significant differences were found in the internal capsule (rostral and caudal) in dogs presented with neurological signs compared to dogs presented with non-neurological signs. In both ROIs the ADC values were higher in the group with neurological signs. No difference was found between ADC drawn by consensus and values from the single observer.



Discussion

The study describes the regional ADC values in morphologically normal brains in a large population of canine patients in clinical settings. The highest ADC values were measured in the piriform lobe followed by the occipital lobe and the hippocampus. Other studies report the highest ADC values in the hippocampus followed by the piriform lobe (4); in the cortex of the frontal and parietal lobes followed by the occipital lobe and hippocampus (5). The lowest ADC value was found in the cerebellar white matter, similar to findings in cats (3). As shown in Table 4, ADC values of the present study were substantially similar as reported (5), except for the gray matter of the cerebellum. Higher regional ADC values have also been reported (4). However, different ADC values of different studies should be compared cautiously because they are strongly influenced by differences in equipment and technology used. This includes the system type, the strength of the magnet and the applied scanning protocol. Even using the same coil, variations in ADC values are reported (41). To minimize these variations, the same magnet, coils, and protocol were used in the present study. Similar ADC values were reported with identical magnet strength and b-values (5).



TABLE 4 Comparison of ADC values between current and previous studies.
[image: Table4]

Apparent diffusion coefficient values of white matter regions were significantly lower compared to gray matter. This is expected since white matter, contrary to gray matter, mainly consists of myelinated axons, which act as diffusion barriers and lead to lower ADC values (5). Moreover, myelinated axons are responsible for a directional diffusion pattern, parallel to the axonal pathways, called anisotropy (5, 42). This finding is reproducible in dogs and humans (4, 5, 23, 43) and has been recently described also in cats (3).

The median ADC significantly differed in 5 ROIs between right and left cerebral hemisphere. Apparent diffusion coefficient was not consistently higher on one hemisphere side: significantly higher ADC was found in the right caudate nucleus, internal capsule and hippocampus, and in the left piriform lobe and cerebellum gray matter. Statistically higher ADC values in the left cerebral hemisphere have been reported (4), as well as higher, but not significantly different values in the right hemisphere (5) in a smaller number of dogs. Asymmetry in ADC values in several regions has been described in humans, with some correlation to age and gender (44). One of the most accredited explanations is that asymmetry in cerebral structures or neuronal density could influence cell density and therefore diffusivity, causing differences in ADC depending on the side. Higher neuronal density leads to lower diffusion and the right canine brain hemisphere has been reported being heavier than the left (45). Handedness is a discussed explanation for laterality in human brains (46) influencing cell density and therefore diffusivity, causing differences in ADC depending on the side (47). Pawedness in dogs and associated brain asymmetry is also described. However, in studies on dogs that do show pawedness, no overrepresentation of the left or right paw was found (48–50) This could support the lack of consistency for higher ADC values in one side of the hemispheres in our study.

Similarly, to our results, no difference in ADC values depending on the sex has been found in cats (3). Studies in canines and humans showed an effect of age on diffusivity in the brain. In humans ADC values decrease until adulthood and increase during the senescence period. Myelination during adolescence and, inversely, loss of extracellular volume and demyelination during senescence have been discussed as underlying causes. (5, 44, 51, 52) In our study, median ADC values decreased from dogs younger than 1 year of age to middle aged dogs (⩾3 to <8 years) and increased again in the age class of dogs older than 8 years. The changes in myelination would support our results, considering the different life span between humans and dogs, and likely according to different pace of age-relating changes of the brain.

Similarly, as reported (5), no consistent differences between BW groups and median ADC values were found in our study. There is no convincing explanation for the described difference in three ROIs depending on the BW. Two of these ROIs (caudal internal capsule and gray matter of the cerebellum) were among the smaller sized ROIs. It can be speculated that through limited spatial resolution in the ADC maps, further decreasing in smaller animals, ROI placement in smaller dogs may be more inaccurate than in larger animals. In smaller dogs, pixels may represent a larger proportion of the optically resolved patient anatomy and a mismatch between morphological sequences, with higher spatial resolution, might lead to inaccurate ROI placement. Therefore, differences to smaller sized dogs may simply be an inaccuracy effect.

The majority of the dogs were, as expected, presented with neurological signs (n = 247), less than the half of them with epileptic seizures. In dogs diagnosed with idiopathic epilepsy, the ADC values during the interictal phase are described to be higher in the piriform lobe and the semioval center, compared to values of healthy dogs. This fact might be explained by cell loss and an increased intercellular space (35). During ictus the opposite is found, and regional ADC decreases in human patients and canine experimental model of status epilepticus (53, 54). Our data did not confirm this variation in the ADC of the piriform lobe in dogs depending on the clinical signs. No ADC differences were found between dogs presented with neurological signs vs. dogs presented with non-neurological signs in all ROI, except for the internal capsule. In our patient population, dogs presented with neurological sings included highly heterogeneous etiology and the difference in ADC in the internal capsule cannot be clearly interpreted. It can be only speculated if the different ADC could suggest a possible link between neurological signs and region integrity or if this variation could represent a cause or the sequela of the neurological signs. Since a final histological diagnosis was not available in these dogs, caution should be used in the interpretation of these results.

Many other patient related factors can influence the ADC. In rats and mice, ADC is described to correlate positively with body temperature (55, 56). The patient temperature was recorded when available and was maintained in the physiological range. The exact temperature at the time of the acquisition of the DW images was not recorded though, and its influence on the ADC remains unknown. Anesthesia and its effect on neuronal activity can also influence water diffusivity. This phenomenon may cause increased ADC in specific brain regions, reflecting decreased neuronal activity (57). In our study, anesthesia was not standardized, and the anesthetic protocol elected on case-by-case evaluation by the anesthetist in charge. The possible influence of anesthesia was therefore not investigated.

The major limitation of this study is the examined population, consisting of clinical patients. Even though only dogs with morphologically normal MR brain studies were included, non-visible or microstructural pathological processes cannot be ruled out since most of the dogs were presented with neurological signs and obviously, no histopathological examination was possible. Pathologies of different nature beyond the optical resolution of the standard morphological MR images might go undetected (58, 59) but could potentially affect the ADC. Moreover, the analyzed population suffers the selection bias of a clinical population. The age groups are unequal in size, being older dogs presented more often for MRI examination. This disproportionate distribution of age group size could have had an impact on the results.

Another limitation consists in the retrospective nature of the study. Individual case management and the time between MRI examination and presence of clinical signs was neither investigated nor standardized and could influence ADC values in relation to the onset of the clinical signs. Apparent diffusion coefficient values were analyzed in the context of the clinical patient work-up. The influence of technically related factors potentially affecting the ADC, phantom reference values or signal-to-noise ratio in every single examination, as well as influence of non-optically visible artifacts were not investigated. The reported ADC based on the images acquired with described technique does not allow quantification of the anisotropy, particularly marked in the white matter of the brain. ADC ROI placement was largely performed by a single observer and no repetition of measurements was performed. Possible inter-observer variabilities should be therefore considered a limitation.



Conclusion

The present study investigates the ADC in different regions of canine brain with morphologically normal MRI examination. Three-hundred and twenty-one dogs of varying breeds, sex, reproductive status, and age were included in the study. Apparent diffusion coefficient significantly varies among most anatomical brain regions. Apparent diffusion coefficient was significantly lower in the white than in the gray matter. The left and right cerebral hemispheres had similar ADC values in most of the regions, and no differences depending on sex or reproductive status were observed. No consistent correlation between body-weight groups and ADC values was found. Age was correlated first with a decrease and later increase of ADC values, likely consistent with brain maturation and aging. The described data can be reference for future studies in clinical settings on the canine brain.
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Introduction: Intervertebral disc protrusion (IVDP) is a neurological disorder commonly observed at the lumbosacral junction of old, medium-to-large breeds, non-chondrodystrophic dogs. Although uncommon, lumbosacral IVDP can also be seen in chondrodystrophic dogs, among them French Bulldogs (FBs) and could be associated with congenital vertebral malformations in this breed. This study aims to evaluate the prevalence, clinical features, and MRI characteristics of lumbosacral IVDP and congenital vertebral malformations in FBs diagnosed with thoracic or lumbar intervertebral disc extrusion (IVDE) and to evaluate the possible interference of the neurologic deficits related to chronic IVDP on neurological examination.

Materials and methods: This is a single-center, retrospective case series. A search for FBs diagnosed with IVDE affecting the thoracic or lumbar regions is done on the database of the AniCura I Portoni Rossi Veterinary Hospital (Zola Predosa, Bologna, Italy). Eligible dogs have a complete medical report and a high-field MRI of the lumbosacral junction. MRIs of the lumbosacral junction are evaluated to determine the position of IVDP, cranial intervertebral foraminal stenosis, and signs of nerve root involvement. Radiographs, when available, are reviewed to identify the presence of lumbosacral congenital vertebral malformations.

Results: Eighty FBs are included in the study. The prevalence of lumbosacral IVDP among FBs is 91.3%. Among FBs with lumbosacral IVDP, 45.0% show concurrent cranial intervertebral foraminal stenosis, 28.8% exhibit concurrent nerve root involvement, 56.2% appear to be asymptomatic for lumbosacral changes, while 15.1% manifest a decreased or absent withdrawal reflex as a supposed consequence of chronic lumbosacral IVDP. Congenital vertebral malformations are detected in 10 dogs.

Conclusion: The results of this study support the hypothesis that lumbosacral IVDP is frequent in FBs presenting with thoracic or lumbar IVDE. In over half the dogs lumbosacral IVDP appears to be asymptomatic; however, in other cases, chronic lumbosacral IVDP seems to cause neurological deficits that may lead to erroneous localization of acute IVDE, representing a confounding factor for clinicians.

KEYWORDS
 congenital vertebral malformations, chondrodystrophic dogs, intervertebral disc protrusion, intervertebral disc extrusion, lumbosacral junction, magnetic resonance imaging


1 Introduction

Intervertebral disc herniation (IVDH) is a well-documented pathological condition in dogs, encompassing intervertebral disc extrusion (Hansen type I herniation; IVDE) and intervertebral disc protrusion (Hansen type II herniation; IVDP) (1–5). IVDE is most commonly seen in chondrodystrophic (CD) breeds affecting the cervical and thoracolumbar regions (3, 5). French Bulldogs (FBs) are highly prone to developing IVDE, with a reported prevalence of 45.5% among all neurological conditions (6).

In contrast, IVDPs are commonly observed in older, medium-to-large, non-chondrodystrophic (NCD) breeds and broadly represent the most common type of IVDH affecting the lumbosacral (LS) junction (2, 4, 7–10). LS IVDP can result in compressive radiculopathy of the cauda equina and intervertebral foraminal stenosis. Abnormal findings upon neurological examination are LS pain, paresthesia, proprioceptive deficits, lameness of the pelvic limbs, stiffness during physical activity, difficulty in jumping, a depressed withdrawal reflex and muscle atrophy, especially of the gluteal and hamstring muscle groups (8, 11, 12).

Albeit uncommon, IVDP can occur in CD dogs. IVDPs affecting the LS junction are poorly reported in CD dogs (4). A recent study found 72/149 dogs with LS IVDH within a population of neurologically normal FBs, English Bulldogs, and pugs; among FBs alone, the same study recorded a prevalence of 52.8% for LS IVDH (13). Another study reported a prevalence of 77.4% within a population of FBs, both with and without neurological disorders (14).

Furthermore, the LS junction has been reported to be affected by congenital vertebral malformations (CVMs) in CD dogs based on CT examination and a possible association between CVMs and LS IVDP has been suggested (13, 14).

To the best of our knowledge, no studies have focused on MRI characteristics of LS IVDP and the resulting involvement of nerve roots in FBs. It is the authors’ opinion that LS IVDP in FBs is a frequent, underdiagnosed, chronic condition that can cause neurological deficits possibly interfering with neurological evaluation when these dogs are presenting with acute thoracic or lumbar IVDE. Therefore, this study aims to evaluate (1) the prevalence and MRI characteristics of LS IVDP, cranial intervertebral foraminal stenosis, root involvement, and CVMs in FBs diagnosed with thoracic or lumbar IVDE and (2) the possible interference of the neurologic deficits related to chronic IVDP on neurological examination performed when dogs are evaluated for acute IVDE.

It is hypothesized that a high prevalence of LS IVDP may be a confounding factor at the time of neuroanatomical localization of acute myelopathy and an association between LS CVM and IVDP may exist.



2 Materials and methods


2.1 Case recruitment criteria

This is a single-center, descriptive, retrospective case series. The database of the AniCura I Portoni Rossi Veterinary Hospital (Zola Predosa, Bologna, Italy) was searched for FBs that were diagnosed through MRI with IVDE affecting the thoracolumbar (T3–L3) or LS (L4–S3) regions between April 2018 and February 2023. All the animals used in the study were client-owned and underwent MRI examinations of the vertebral column as part of their diagnostic workup. Dogs were eligible if they had (1) a medical report including signalment and a neurological examination performed by a European College of Veterinary Neurology (ECVN) board-certified veterinary neurologist or an ECVN resident and (2) an MRI of the vertebral column extended to the LS junction, imaged in the T2-weighted sagittal plane and at least one other plane. If multiple MRI studies of the same dog were performed at different times, only the oldest one including the LS junction was examined. Patients with multiple IVDEs, LS IVDE, or other concurrent pathological conditions affecting the spinal cord or acquired disease processes of the vertebral column between T3 and S3 were excluded. Radiographs of the LS junction were also evaluated when available.



2.2 Medical records review

Details regarding signalment (sex, age, and neutered/spayed status), neurological examination, and location of IVDE were collected. Information obtained from neurological examination included: (1) analysis of the gait graded from 1 (spinal hyperesthesia only) to 5 (paraplegia without deep pain) according to a grading system described elsewhere (15); (2) assessment of the withdrawal reflex of pelvic limbs (normal/increased or reduced/absent); (3) level of cutaneous trunci muscle reflex (CTMR) cut-off; and (4) assessment of thoracic/lumbar or LS pain (present or absent). Dogs were divided into two groups based on the localization of IVDE: group A (cranial to the fourth lumbar vertebra [L4]), and group B (caudal to L4). Dogs in both groups were further subdivided into cases with normal withdrawal reflexes and cases with reduced/absent withdrawal reflexes.



2.3 Images analyses

Radiographs and MRI were reviewed by two European College of Veterinary Diagnostic Imaging board-certified radiologists (A.C. and S.M.), two interns (C.L.R. and T.D.), and an ECVN board-certified neurologist (M.B.) using a DICOM viewer program (Horos DICOM viewerTM).1 All the reviewers were blinded about the findings of neurological examinations.

MRI scans of the LS junction were evaluated for LS IVDP, cranial intervertebral foraminal stenosis, and involvement of spinal nerve roots. IVDP was classified as canalar, left or right intervertebral foraminal, bilateral intervertebral foraminal, canalar + right/left intervertebral foraminal, and all positions (canalar + bilateral intervertebral foraminal) (Figure 1). The degree of LS IVDP was scored as grade 1 when obstruction of the spinal canal was <25%, grade 2 when obstruction was 25–50%, and grade 3 when the obstruction was >50% (10, 16). Cranial intervertebral foraminal stenosis was defined as an abnormal conformation and/or signal changes of the edge of the cranial part of the LS intervertebral foramen leading to a reduction in size (Figure 2). Spinal nerve root involvement was defined as occurring when nerve roots were compressed, enlarged, showed MRI signal changes, or were not detected due to the presence of degenerative material along the nerve root path (Figure 3) and estimated as absent, left/right lateral, or bilateral. Radiographs were reviewed for the presence of LS CVM such as butterfly vertebra, transitional vertebra, block vertebrae, and spina bifida. When radiographs were not available, we analyzed MRI for the same alterations. The above findings were recorded in a spreadsheet (Microsoft Excel for Mac, Version 16.74). A descriptive analysis was performed by C.L.R. for all these variables: IVDPs at the level of the intervertebral foramina, cranial intervertebral foraminal stenosis, spinal nerve root involvement, and LS CVM were classified as present or absent; IVDPs at the level of spinal canal were classified as absent, grade 1, grade 2 or grade 3 as described above.

[image: Figure 1]

FIGURE 1
 Parasagittal (A) and sagittal (C) T2W images of the lumbar vertebral column and the LS junction; transverse T2W at the level of L4 vertebra (B) and at the level of LS junction (D). A severe extrusion of the L4-L5 IVD in seen on the right side of the vertebral canal (long arrow). An IVDP affecting both the vertebral canal and the intervertebral foramina is seen at the LS junction (short arrows).
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FIGURE 2
 Parasagittal (A) and transverse (B) T2W images of the LS junction showing cranial intervertebral foraminal stenosis (arrows).


[image: Figure 3]

FIGURE 3
 Sagittal T2W image (A) of the T11-S1 vertebral column; transverse T2W images at the level of L4 caudal epiphysis (B) and at the level of LS junction (C); dorsal STIR (D) image of the L6-S1 vertebral column. A T12-T13 IVDE is seen (long arrows); a LS IVDP (short arrow) is associated with an enlargement and signal change of the right L7 nerve root (arrowheads).





3 Results


3.1 Case recruitment criteria and medical records review

Initially, 173 dogs were considered for inclusion. Seven cases were excluded because of an incomplete medical report, 77 cases because the LS junction was either not included in the MRI or not imaged as required, and 9 cases because of concurrent pathological conditions affecting the spinal cord, multiple IVDEs, or LS IVDE. Consequently, 80 FBs fulfilled the inclusion criteria. These FBs comprised 54 males (67.5%) of which 10 were neutered and 26 females (32.5%) of which 21 were spayed. Age at presentation ranged from 15 months to 9 years, with a mean of 2.9 years and a median age of 4 years.

Neurological examination findings and sites of IVDE are summarized in Table 1. Forty-nine out of 80 dogs (61.3%) were diagnosed with an IVDE cranial to the fourth lumbar vertebra L4 (group A), and 31/80 dogs (38.8%) with an IVDE caudal to L4 (group B). Within group A, 34/49 dogs (69.4%) had a normal withdrawal reflex bilaterally and 15/49 dogs (30.6%) had bilateral (12/15; 80%) or unilateral (3/15; 20%) reduced/absent withdrawal reflex. Within group B, 12/31 dogs (38.7%) had bilaterally normal withdrawal reflexes, while 19/31 dogs (61.3%) had either bilateral (16/19; 84.2%) or unilateral (3/19, 15.7%) reduced/absent withdrawal reflex.



TABLE 1 Distribution of thoracic and lumbar IVDE and clinical neurological findings in all dogs included.
[image: Table1]



3.2 Imaging analysis

Radiographs were available for review in 70/80 cases (87.5%), with both lateral and ventrodorsal projections available in 52/70 cases (74.3%), and only 1 projection in 18/70 cases (25.7%). MRI was conducted under general anesthesia, with dogs placed in dorsal recumbency. All studies were performed with a 1.5T MR scanner (Vantage Elan, Canon Medical Systems Europe B.V., Netherlands) with the best-fitting 16-channel flexible receiving coil from the 2 available. MRI of the LS junction was available in 2 planes in 53 cases (66.3%) (48 cases on sagittal and dorsal planes and 5 cases on sagittal and transverse planes) and in all 3 spatial planes in 27 cases (33.7%). MRI sequences available for review are summarized in Supplementary Table 1.

At least one abnormality (IVDP, cranial intervertebral foraminal stenosis, or nerve root involvement) at the level of the LS junction was observed in 76/80 dogs (95%). Of the 76 dogs, 6 (7.9%) showed all the 3 types of LS abnormalities bilaterally. Seventy-three out of 76 dogs (96.1%) presented with LS IVDP in at least 1 position, and 45% of these dogs (33/73) showed concurrent cranial intervertebral foraminal stenosis while 28.8% of these dogs (21/73) had concurrent nerve root involvement. IVDPs that affect all the positions were observed in most patients (53/73; 72.6%) (Figure 1), less frequently at both the canalar and unilateral intervertebral foraminal level (11/73; 15.1%) and rarely at the intervertebral foraminal position (7/73; 9.6%) or the canalar position (2/73; 2.7%). LS IVDPs were graded 1 in 34/73 dogs (46.6%), 2 in 19/73 dogs (26.0%), and 3 in 20/73 dogs (27.4%). Moreover, 36 out of 76 cases (47.4%) showed cranial intervertebral foraminal stenosis (Figure 2), while 37 cases (48.7%) presented with the involvement of spinal nerve roots in at least 1 side (Figure 3).

In both group A and group B, IVDPs affected at least one position (43/49, 87.8% and 30/31, 96.8%, respectively). In both groups, most IVDPs affected all the positions, while IVDPs at both canalar and unilateral intervertebral foraminal level, or bilateral intervertebral foraminal level, or canalar position or unilateral intervertebral foraminal level were seen less frequently. The distribution of IVDP, cranial intervertebral foraminal stenosis, and nerve root involvement within the population and within each group is summarized in Table 2.



TABLE 2 LS changes within the entire population.
[image: Table2]

CVMs were detected in 10 cases (12.5%). A butterfly vertebra affecting the last lumbar and the first sacral vertebra was seen in 3 and 4 cases, respectively. An LS transitional vertebra was observed in 3 cases. No dogs presented with spina bifida or block vertebrae. All the 10 dogs with CVM had a concurrent LS IVDP.



3.3 Association between clinical and MRI findings

Among the 34 dogs in group A with a bilaterally normal withdrawal reflex, 30 (88.2%) showed LS IVDP with or without concurrent LS alterations. Of the remaining 4 dogs, 2 (5.9%) revealed cranial intervertebral foraminal stenosis without spinal nerve root involvement, and the other 2 (5.9%) displayed no LS abnormalities. Among the 15 dogs in group A with decreased/absent withdrawal reflex, 13 (86.7%) manifested LS IVDP with or without concurrent LS alterations; in this subgroup, 7 dogs were neurologically graded 2, 4 dogs were neurologically graded 3, and 2 dogs were neurologically graded 4. One of the two remaining dogs exhibited only cranial intervertebral foraminal stenosis without spinal nerve root involvement and the other showed no LS abnormalities; these two dogs were neurologically graded four and five, respectively. Among the 12 dogs in group B with bilateral normal withdrawal reflex, 11 (91.6%) showed LS IVDP and 1 showed no LS abnormalities. All 19 dogs in group B with decreased/absent withdrawal reflex showed an LS IVDP with or without concurrent LS abnormalities. Details about LS changes within each group are summarized in Table 3.



TABLE 3 Prevalence of LS changes within each group.
[image: Table3]

Among the 73 dogs with LS IVDP, only 4 (5.5%) were found to have LS spinal pain upon neurological examination. All the 4 dogs revealed bilaterally decreased/absent withdrawal reflex; among these dogs, 3 were in group A and 1 was in group B. Of the remaining 69 dogs, 44 (63.8%) showed hyperesthesia at the caudal thoracic or lumbar levels that matched with the IVDE site upon MRI examination, 20 (29%) revealed no spinal pain and a bilaterally normal withdrawal reflex or a CTMR cutoff that could suggest thoracolumbar localization and 5 (7.2%) exhibited no spinal pain, decreased/absent withdrawal reflexes, and no CTMR cut-off.




4 Discussion

The results of this study support our hypothesis that LS IVDP is frequent in FBs presenting with thoracic or lumbar IVDE. LS IVDP affecting at least 1 position (canalar, intervertebral foraminal, or both) was observed in 91.3% of the FBs in our population, a percentage much higher than that reported in 2 previous studies [77.4%; (14) and 52.8% (13)] and more than half of the FBs in our population were graded ≥2. This difference may be due to several factors. First, the FBs in our population were older (median age = 4 years) than the dogs described in the paper written by Bertram et al. (median age 16 months) (13). Second, the positioning of the patient for MRI may have played a role. Our patients were placed in dorsal recumbency while in the study of Bertram et al. patients were examined under sternal recumbency (13). The supine position has the effect of extending the LS junction, leading to an exacerbation of IVDP with respect to the neutral position (1, 16, 17). Thus, positioning may have partially led to an overestimation of the real severity of LS IVDP in our population. However, in our study, 45% of the FBs with LS IVDP showed concomitant cranial intervertebral foraminal stenosis, a degenerative condition frequently reported with LS IVDP, and 28.8% revealed concurrent nerve root involvement. These findings decrease the likelihood of positioning-related bias (17, 18). Third, the contrast between epidural fat and a degenerated disc is stronger in MRI than in CT, allowing MRI to offer a precise detection of mild IVDPs. This property of the MRI may also be useful in defining the spatial distribution of IVDPs (3, 19). The latter point may explain the greater prevalence (87.6%) of large LS IVDPs affecting both the vertebral canal and at least one foramen in our population compared to a previous study (14).

The presence of LS CVMs has been considered to be a predisposing factor for LS IVDH. An association between LS IVDH with both LS transitional vertebra in a population of non-CD dogs (20) and hemivertebra at L7 or S1 (13) has been described. The prevalence of LS CVMs in our population study was much lower (12.5%) than that reported in recent papers based on CT examination (49.1 and 56.3% in neurological and non-neurological FBs, respectively) (13, 14) and similar to that reported in studies based on radiographs (0 to 17.5%) (21–23). We can suppose that LS IVDPs in FBs are a common finding even in absence of LS CVMs. However, MRI and radiography are not the best imaging modalities for diagnosing CVMs. CT is reported to be far more sensitive in the identification of the number of CVMs when compared to both radiography (24, 25) and MRI (1). Therefore, it is likely that the diagnostic modalities used in the present study may have underestimated the real prevalence of CVMs in our population.

The vertebral column outgrows the spinal cord in length, and the degree of elongated growth of spinal cord segments varies regionally (26). Thus, positions of most spinal cord segments reside in the vertebral canal cranial to the vertebra of the same number. This phenomenon is most pronounced in the caudal lumbar and sacrocaudal segments of the spinal cord. Generally, the three sacral spinal cord segments lie within the fifth lumbar vertebral foramen, albeit with some variation between breeds: in small breeds, these segments extend approximately one vertebra further caudally (2, 26). As a result, the segments involved in the withdrawal reflex of the pelvic limbs (L6–S2) likely reside in the vertebral canal caudal to the L4 vertebra. Therefore, the withdrawal reflex could be decreased/eliminated by an IVDE at the L4–L5 intervertebral space or caudally. For this reason, in order to compare clinical findings (normal, decreased, or absent withdrawal reflexes) with the presence/absence of LS changes, the L4 vertebrae were taken as a cut-off point to classify the population into 2 groups: 61.3% of dogs were diagnosed with an IVDE cranial to L4 (group A) and 38.8% with an IVDE caudal to L4 (group B).

Forty-one out of the 73 FBs with LS IVDP (30 in group A and 11 in group B) had a bilaterally normal withdrawal reflex and none of them showed LS pain upon neurological examination. Therefore, in all these dogs, LS IVDP appears to be asymptomatic. This finding is in accordance with the 52.8% of neurologically normal FBs with LS IVDH reported in the literature (13).

Thirty-two out of 73 dogs with LS IVDP (13 in group A and 19 in group B) had a decreased or absent withdrawal reflex. In group A, 2 dogs were paraplegic (one graded 4 and the other graded 5); and the remaining 11 dogs showed variable degrees of paraparesis. Paraplegic dogs have increased odds of spinal shock, a condition characterized by impaired spinal reflexes and muscle tone caudal to an injury to the spinal cord, compared to dogs with persistent motor function (2, 27). Therefore, the impaired withdrawal reflex in the two paraplegic dogs was likely a consequence of the spinal shock caused by IVDE rather than due to the LS IVDP. In contrast, the 11 paraparetic dogs are more likely to have shown a decreased or absent withdrawal reflex as a consequence of LS IVDP. This is an important fact from a clinical point of view.

When performing a neurological examination in FBs, clinicians should be aware that chronic neurological deficits caused by LS IVDP might interfere with the neurological deficits due to acute IVDE, potentially leading to a wrong localization. In group B, a decreased or absent withdrawal reflex could be due to both acute IVDE and chronic LS IVDP. Both types of IVDH could contribute to a clinical presentation. This fact might not have an important impact in making immediate surgical decisions, since IVDE is likely to play a major role. However, a possible persistent flexor impairment in the follow-up could be erroneously attributed to irreversible spinal cord damage at the level of IVDE rather than to IVDP—especially in dogs where an L7 nerve root involvement has been seen using MRI.

LS pain is reported to be the most frequent and first presenting clinical sign in dogs diagnosed with LS degenerative stenosis (8). Approximately half of the FBs with LS IVDP in our population were graded at least 2 regarding the severity of IVDP, but only 5.5% of the FBs with LS IVDP in our population exhibited LS spinal pain upon neurological examination. One possible explanation could be that most dogs presented with severe thoracic or lumbar hyperesthesia related to acute IVDE and the pain possibly arising at the LS junction could be masked or overlooked under neurological examination. Therefore, it is advisable to carefully evaluate FBs with thoracic or lumbar IVDE for the presence of LS hyperesthesia.

The main limitations of this study are due to its retrospective nature. The first concerns the different MRI protocols used to investigate the LS region. This lack of standardization may have influenced the assessment of LS changes, especially with regard to nerve root involvement. However, as an inclusion criterion, all dogs were at least examined in the sagittal plane, which is considered an accurate approach in evaluating canalar and foraminal involvement. Another limitation is the lack of clinical follow-up. A long-term assessment of the hind limb withdrawal reflex after recovery from IVDE might have allowed for gathering of additional information about the role of LS IVDP in FBs with an IVDE caudal to L4.

In conclusion, LS IVDP is frequently reported in FBs, with or without cranial intervertebral foraminal stenosis, nerve root involvement, or CVMs, which often causes neither deficits upon neurological examination nor evident LS pain. In some dogs, chronic LS IVDP may cause neurological deficits that may lead to incorrect neurolocalization, representing a possible confounding factor for clinicians even in young and middle-aged subjects. Therefore, FBs need to be carefully examined at the level of the LS junction even when a patient is presenting with thoracic or lumbar IVDE.
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Introduction: Porencephaly is defined as a fluid-filled cavity of variable size in the brain cortex. It is regarded as a congenital condition and is typically considered a developmental or an encephaloclastic defect. Our hypothesis is that postnatal traumatic events in the first few months of life may represent a cause of canine and feline porencephaly that is more common than generally suspected. The aims of this study were to retrospectively investigate porencephaly in a large population of dogs and cats, detect MRI features that might be useful to differentiate postnatal acquired traumatic forms from congenital/perinatal porencephaly, and define the prevalence of seizure activity in porencephalic patients.

Materials and methods: This is a double-center, descriptive, retrospective case series. Databases were searched for cases within a 17-year time span that involve dogs and cats with an MRI-based diagnosis of cerebral cavitary lesions. Animals were included if a complete signalment and an exhaustive MRI of the brain were available. Besides the porencephalic lesions, MRIs of the head were reviewed to detect concomitant musculoskeletal abnormalities.

Results: Thirty-two cases involving nine cats and twenty-three dogs were selected. Of all the cases, 21.9% were aged six years or older at the time of diagnosis. All patients in which the neuroanatomical localization was available showed clinical signs of a prosencephalic disorder. Epileptic seizures were observed in 71.8% of cases. A single porencephalic cavity was found in 78.1% of cases. The most affected cerebral lobe was the parietal lobe (n = 20). The defects involved both the grey and white matter in 78.1% of cases. Twenty cases showed concomitant musculoskeletal abnormalities overlying the porencephalic cavities. Fourteen of twenty cases showed evidence of fractures, of which thirteen showed depression of the calvarium and twelve masticatory muscle abnormalities. Of these, seven of fourteen had a history consistent with a head trauma in the first period of life.

Conclusion: The recognition of skull fractures and muscular abnormalities closely associated with the porencephalic cavity may support a diagnosis of a postnatal traumatic origin of porencephaly. Therefore, this study highlights the importance of evaluating musculoskeletal structures in the MRIs of the heads of porencephalic cases.

KEYWORDS
 Porencephaly, cavitary lesions, cyst-like lesions, congenital brain disease, cerebrospinal fluid (CSF), trauma, magnetic resonance imaging (MRI)


1 Introduction

Cerebral cystic lesions have been described in humans as well as large and small animals. By definition, these brain lesions include extensive lesions such as hydranencephaly, where the neopallium is reduced to a thin, nearly transparent pial-glial-membrane with no associated parenchyma (1), and focal lesions, such as porencephaly. Porencephaly is a less extensive defect, usually represented by a single, cystic, fluid-filled cavity of varying size in the wall of the cerebral hemispheres and typically involves mainly the white matter; connections between the defect and both or either the ventricular and subarachnoid space (2, 3) may be present. In veterinary literature, hydranencephaly and porencephaly are often considered together (4, 5) since parameters for differentiation are not defined, and subjective criteria are sometimes used (6). From an etiopathogenetic point of view, porencephaly is regarded as a congenital disorder and can be classified as a developmental or an encephaloclastic defect. Developmental porencephaly represents a neuronal migration disorder that leaves a defect in the developing cerebral parenchyma. Encephaloclastic porencephaly is a cerebral cavity that results from a destructive process of various etiologies including cerebral ischemia, trauma, and infection (7). Porencephaly is known since decades in veterinary medicine and most of the literature focuses on infectious and metabolic diseases, such as Border disease and copper deficiency, during the fetal life of ruminants and laboratory animals (2, 3, 8–10). In recent years, a few retrospective papers and case reports have been published on canine and feline porencephaly and its diagnosis through magnetic resonance imaging (MRI) (6, 7, 11–14). Certain acquired conditions, including traumatic insults to the brain parenchyma, may also result in focal loss of brain tissue, resulting in cavities that are filled with cerebrospinal fluid (CSF) (“ex vacuo” lesions) and that share the same imaging features as the truly congenital lesions (15). The authors’ hypothesis is that traumatic events in the first weeks or months of life may constitute a cause of canine or feline porencephaly that is more common than generally suspected. The aims of this retrospective study were to (1) investigate a large population of dogs and cats with MRI diagnosis of porencephaly, (2) detect MRI features that might be useful to differentiate presumed postnatal, acquired traumatic from congenital, and (3) define the prevalence of seizure activity.



2 Materials and methods

This is a double-center, descriptive, retrospective case series. The medical record databases of the neurology units of two referral veterinary hospitals (AniCura I Portoni Rossi Veterinary Hospital, Zola Predosa, Italy, and Veterinary Teaching Hospital, University of Padua, Legnaro, Italy) were searched for cases between February 2007 and January 2023 of dogs and cats with an MRI-based diagnosis of cerebral cavitary lesions. Terms such as “cysts,” “cavitary lesions,” “ex-vacuo lesions,” “porencephaly,” and “hydranencephaly” were used for the search.

To be eligible for inclusion, dogs and cats needed to have a complete signalment and an MRI of the brain available for reviewing. Data from history and neurological examination, performed by either an ECVN board-certified neurologist or an ECVN neurology resident, were collected when available. In particular, information extracted from the medical records included neuroanatomic localization and neurological signs.

MRIs of the brain were acquired under general anesthesia with either a low-field MRI scanner (0.22 Tesla MrVet, Paramed Medical Systems, Genoa, Italy) or a high-field MRI scanner (1.5 Tesla Vantage Elan, Canon Medical Systems Europe B.V., Netherlands).

All MRI studies were reviewed independently by a European College of Veterinary Diagnostic Imaging (ECVDI) board certified radiologist (C.M.), an American College of Veterinary Radiology (ACVR) board certified radiologist (S.S.), two neurology interns (T.D. and C.L.R.), and a European College of Veterinary Neurology (ECVN) board certified neurologist (M.B.) using a dedicated Digital Imaging and Communications in Medicine viewer program (2020 Horos Project TM). Any discrepancies among observers were resolved by discussion to reach a consensus. Criteria for exclusion from the study were as follows: 1) MRI studies lacking images in all the spatial planes and 2) evidence in the MRI studies of other concomitant brain diseases.

All cases were classified as affected by porencephalic cavities (PCs) when a presumed CSF-filled cystic cavity was located in the wall of a cerebral hemisphere and surrounded at least partially by brain parenchyma (white matter, grey matter, or both). If loss of brain parenchyma for an extension of at least two lobes, associated with a partial loss in other lobes, for an entire hemisphere, or for both hemispheres (6), was identified, the lesion was defined as hydranencephaly and not further considered.

MRI images were assessed for the following: PC number (single, multiple); lateralization (left, right, bilateral); lobar involvement (olfactory, frontal, parietal, piriform, temporal, occipital); communication with CSF spaces (lateral ventricle, subarachnoid space, both, none); involvement of white matter (WM), grey matter (GM), or both; and contrast enhancement (CE – present, absent). When present, concomitant musculoskeletal abnormalities were noted: fractures, thickening or thinning of the overlying calvarium, depression of the calvarium, and ipsilateral masticatory muscle changes (atrophy and fat infiltration). Based on these abnormalities, patients with musculoskeletal abnormalities were classified into two categories: 1) presumed acquired traumatic forms, when fractures and other musculoskeletal changes were visualized, and 2) non-traumatic forms.

When present, further concomitant parenchymal abnormalities were reported. If performed, additional diagnostic tests, such as CSF examination, were registered.

All the findings were entered into a spreadsheet software (Microsoft Excel for Mac, Version 16.74). Descriptive statistics were performed by one of the neurology interns (T. D.).



3 Results

Thirty-eight patients were selected after the first search in the medical records. Of these, one case was excluded because it was classified as hydranencephaly, and five cases were excluded because MRIs showed evidence of other concomitant disorders (three suspected necrotizing meningoencephalitis and two neoplasias). Thirty-two cases met the inclusion criteria and were then considered porencephalic cases.


3.1 Signalment

Twenty-three cases were dogs, and nine were cats. There were fifteen different dog breeds, with mixed breeds being the most common (8/23). All canine breeds included in the study are listed in Table 1. Thirteen dogs were females (6 neutered), and ten were males (3 neutered). The mean age of the dogs was forty-one months (range 3–142 months), and the median age was twenty-four months. All of the nine cats were domestic shorthairs. Six were neutered females, and three were neutered males. The mean age of the cats was thirty months (range 9–98 months), and the median age was twenty-one months.



TABLE 1 Breeds included in the study.
[image: Table1]



3.2 Medical records review

The neuroanatomical localization was available in 28/32 cases. A forebrain localization was made in 28/28 cases, of which it was the only localization in 25/28 cases; in 3/28 cases, it was part of a multifocal localization (peripheral vestibular due to otitis media/interna (n = 2) and T3-L3 spinal cord segments due to spinal cord compression secondary to severe congenital malformations (n = 1)). Sixteen of 28 patients (9 dogs and 7 cats) showed both seizure activity and other neurological deficits. Seven of 28 patients (6 dogs and 1 cat) had a normal neurological examination, and the forebrain localization was hypothesized on the history of seizure activity. Five of 28 cases (4 dogs and 1 cat) were seizure free but showed abnormalities at neurological examination. Table 2 lists all the neurological abnormalities detected in the porencephalic patients. The mean age of the patients at the time of seizure onset was 26.1 months.



TABLE 2 Main clinical signs among the porencephalic patients.
[image: Table2]

CSF was collected in 11/32 cases and found within normal range (< 5 cell/μL, protein <30 mg/dL) in all cases but one. This was a 9-year-old Pekingese dog showing an albuminocytological dissociation.



3.3 MRI features

Twenty-one of 32 patients were examined with a low-field MR scanner and 11/32 with a high-field MR scanner. At least a T2 weighted (T2W) or a T1 weighted (T1W) spin echo (SE) sequence was available in all spatial planes for each MRI study. T1W SE sequences after intravenous administration of 0.2 mL/kg of gadoteric acid were available in all cases. Fluid-Attenuated Inversion Recovery (FLAIR) sequences were available in 27/32 cases. The MRI features of the PCs and musculoskeletal changes are presented in Table 3. A total of thirty-nine PCs were seen. All cases showed either one or two PCs. A single PC was found in 25 (78.1%) cases. In this group, a clear communication with both the ventricular system and the subarachnoid space was seen in 16/25 cases and with the subarachnoid space alone or the ventricular system alone in 7/25 and 2/25 cases, respectively. Two PCs were found in 7 (21.9%) cases (Figure 1), of which both lesions showed a communication with both the ventricular system and the subarachnoid space in four of seven cases. In each of the remaining 3/7 cases, there was a lesion communicating with both the CSF spaces and the other lesion communicating with the subarachnoid space alone (1 case), the ventricular system alone (1 case), or showing no communication at all (1 case). The PCs were confined in a single lobe (6/39) or involved multiple lobes (33/39). The most affected cerebral lobe was the parietal lobe (n = 20), and the least affected was the olfactory lobe (n = 10). The defects involved both the GM and WM in 25/32 cases (78.1%). Contrast enhancement was absent in 27/32 cases and present in 5/32 cases.



TABLE 3 Counts and percentages (in brackets) of the evaluated MRI features within the population study.
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FIGURE 1
 Dorsal T1-weighted (A) and transverse 3D-Gradient Echo in Steady State at the level of the thalamus (B) MR-images of the brain of a cat revealed two CSF-filled cavities consistent with bilateral porencephaly. A focal lesion located in the right parietal lobe (long arrow) showed communication with neither the ipsilateral lateral ventricle nor the sub-arachnoid space. A second, extensive lesion extending from the left lateral ventricle to the cortical surface at the level of the parietal and temporal lobes (short arrow) is seen.


Musculoskeletal changes were observed in 20/32 cases. Fourteen of 20 cases showed evidence of fractures. All these abnormalities were closely related to the PCs.

All fourteen cases with fractures presented at least two further musculoskeletal changes and then were classified as presumed acquired traumatic forms (Figure 2). Thinning of the calvarium overlying the PC was seen in 3 cases (Figure 3). None of them presented further musculoskeletal abnormalities. Depression of the calvarium was seen in 13 cases, all but one of which were associated with fractures. Thirteen cases showed masticatory muscle changes, all but one of which were associated with fractures.

[image: Figure 2]

FIGURE 2
 Dorsal T1-weighted MR-images of the brain of a dog showing a porencephalic cavity in the right temporal lobe at level of the caudal collicoli (A) and a slice below (B). A temporal bone fracture (long arrow) associated with a mild depression of the overlying calvarium is appreciated. Abnormal signal of the right temporal muscle (fat infiltration) is also present (short arrow).


[image: Figure 3]

FIGURE 3
 Dorsal (A) and transverse at the level of the inner ears (B) T1-weighted MR-images of the brain of a dog with an extensive unilateral cavity extending from the left lateral ventricle to the cortical surface. A severe mass effect leading to a right midline shift is present. The cranial vault over the porencephalic cyst is stretched and thinned (arrow).


Four of five patients where CE was observed have been classified into the presumed trauma category.

In seven of fourteen cases classified as presumed acquired traumatic forms in MRI, there was a history reporting a head trauma in the first weeks or few months of life: hit by a car (n = 2), bitten/crushed by the mother (n = 1), fell from a height (n = 1), horse kick (n = 1), or clinical evidence of head trauma of unknown origin (n = 2). Two of fourteen cases had no history of trauma, and five of fourteen patients were adopted in adulthood; therefore, history related to the first period of life was not available.

Concurrent abnormalities are listed in Table 3. Meningocele (MC) or meningoencephalocele (MEC) was seen in four cases, all located at the level of the parietal lobe (Figure 4).

[image: Figure 4]

FIGURE 4
 Parasagittal T2-weighted (A) and transverse T1-weighted (B) MR-images of the brain of a dog showing a porencephalic cavity in the left parietal lobe and associated meningoencephalocele (arrow).





4 Discussion

This study describes porencephaly in a large population of dogs and cats. Porencephaly is frequently described together with hydranencephaly (5, 6). However, the loss of brain parenchyma in hydranencephaly is severe and differentiates from porencephaly, which is a cavitary lesion with smooth and well-defined borders surrounded by brain tissue (16). Establishing a clear demarcation between these two conditions is challenging, and different definitions have been proposed in both human and veterinary literature in the last decades (4, 17–21). In this study, dogs were considered hydranencephalic when presented with a total parenchymal loss involving at least two lobes and a partial loss in other lobes, as proposed in a recent paper (6).

Porencephaly is poorly described in small animal medicine, especially in cats, with only five cases reported for this species in literature (7, 11, 22, 23). In this study population, 28.1% of the patients were cats, most of them two years old or younger at the time of diagnosis, suggesting that porencephaly should be considered a differential diagnosis in young cats with neurological signs, especially with history of seizure activity.

Moreover, in our population, 21.9% of the patients were 6-year-old or older at the time of diagnosis. Then, independently of the pathogenesis of porencephaly in each of our cases (congenital versus acquired), the related clinical signs could appear late in life (5). Porencephaly may simply represent an incidental finding, as supposed in a previous paper, mainly when the neurological localization of the clinical signs does not match the localization of the PCs (6, 7). However, all twenty-eight patients with an available neuroanatomical localization showed clinical signs of a prosencephalic disorder; in addition, all animals with concurrent neurological disease were previously excluded from this study. This lowers the likelihood that PCs may be an incidental finding.

The main clinical manifestation observed in our population was epileptic seizures (71.8%), as reported in veterinary literature (6, 7, 13, 22). This percentage could even be underestimated since in four cases, information about neurological status was not available. Among the epileptic patients, almost one third had a normal neurological examination, and all but one were aged between twenty-one and seventy-two months. Therefore, our study suggests the importance of considering an MRI of the brain even in patients with an age between six months and six years at seizure onset and a normal neurological examination, for which the first differential diagnosis is idiopathic epilepsy.

Porencephaly is regarded as a congenital anomaly, but it could actually result from a focal injury (vascular accident or trauma) having caused complete loss of a part of the cerebral hemispheres during the perinatal period (16). The World Health Organization defines the perinatal period in human beings as the time frame from twenty-two completed weeks of pregnancy to the first seven days of life (24). A similar definition is lacking in canine and feline medicine. Half of the fourteen patients in our population with MRI abnormalities suggestive of skull fractures had a history of a severe head trauma between the third week and fifth month of life. Concomitant depression of the calvarium was appreciated in all patients but one, and adjacent masticatory muscle lesions were seen in all but two of them, supporting the traumatic etiopathogenesis. These data may be potentially underestimated due to the fact that in this category, the remote history was not available for five of the fourteen cases. On the basis of these findings, if one week of life is accepted as the limit of perinatal conditions in small animals as is the case with humans, then postnatal traumatic events should be considered a possible etiology of this condition.

The association between skull fractures and porencephaly seen in this population could be comparable to the growing skull fractures (GSFs) seen in children as a consequence of head trauma. The pulsatile force of the growing brain causes the skull fracture to enlarge; in addition, interposition of neural tissue prevents healing, inhibiting the migration of osteoblasts to the fracture site. The resorption of the adjacent bone by the continuous pressure from brain tissue herniation through the bone gap adds to the progression of the fracture line; this is the reason why in human medicine, this complication must be corrected early. Porencephaly has been described as a late radiological and surgical finding in patients affected by GSFs (25–27). The same pathogenetic mechanism could explain the relationship between PCs and MC or MEC, as seen in four patients in our study. The congenital lack of the calvarial bone could act as a least resistant point similarly to the skull fracture, allowing the herniation of brain tissue and the developing of the PC. All these malformations occurred at the level of the parietal region; this finding is in accordance with a previous study (28) in which porencephaly was seen in all cases with parietal MC in dogs and with a case report (23) describing a cat with frontoparietal MEC. Another finding that supports a strict relationship between postnatal traumatic brain injury and PCs is that four of the five cases where CE was seen have been classified as presumed acquired traumatic. In these cases, the presence of contrast enhancement could be the result of a chronic blood–brain-barrier dysfunction secondary to traumatic brain injury as reported in both humans and rats in a recent study (29).

The principal limitations of the present study are its retrospective nature and the fact that in almost two thirds of cases, head MRIs were performed with a low field unit. The lack of history for five of the dogs prevents a more exhaustive establishment of a relationship between a possible traumatic event and MRI findings. All the studies were lacking proton density weighted sequences, which are considered the most useful sequences for detecting bone traumatic lesions (30). In addition, the quality of the MRIs obtained with a low field unit could limit the recognition of subtle signs of head trauma, causing one to underestimate the real number of presumed acquired traumatic cases. An additional limitation is the lack of histopathological confirmation in all cases, which might be useful to differentiate congenital from postnatal porencephaly; nonetheless, porencephalic patients are often acceptable pets with a good quality of life, and the diagnosis of porencephaly is generally MRI-based.

In conclusion, this study investigated porencephaly in a large population of dogs and cats. Establishing a possible underlying cause responsible for this condition is often challenging. MRIs can help detect neurological and musculoskeletal abnormalities of the head that support a postnatal, traumatic etiology of the PCs. On the basis of our results, traumatic events are likely to be a more frequent cause of porencephaly than generally reported in literature. Finally, seizure activity is common in porencephalic dogs and cats; porencephaly might be related to seizure activity even when its onset appears in adulthood.
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Introduction: The understanding of epileptic seizure pathogenesis has evolved over time, and it is now generally accepted that not only are cortical and subcortical areas involved but also the connection of these regions in the white matter (WM). Recent human neuroimaging studies confirmed the involvement of the WM in several epilepsy syndromes. Neuroimaging studies investigating WM integrity with diffusion tensor imaging (DTI) in canine idiopathic epilepsy are lacking. This study aimed to test the hypothesis that WM diffusion changes can be found in dogs affected by idiopathic epilepsy.

Method: Twenty-six dogs with idiopathic epilepsy (15 Border Collies and 11 Greater Swiss Mountain dogs) and 24 healthy controls (11 Beagle dogs, 5 Border Collies, and 8 Greater Swiss Mountain dogs) were prospectively enrolled. Most dogs with idiopathic epilepsy (17/26) were enrolled within 3 months after seizure onset. Diffusion tensor imaging of the brain with 32 diffusion directions (low b value = 0 s/mm2; maximal b value = 800 s/mm2) was performed in a 3 Tesla scanner. Tract-based spatial statistics (TBSS), a voxel-based approach, was used to investigate changes in fractional anisotropy (FA) and mean diffusivity (MD) in the idiopathic epilepsy group compared to the healthy control group. Additionally, FA and MD were investigated in the region of corpus callosum and cingulate white matter in both groups.

Results: We observed subtle changes in WM DTI between the idiopathic epilepsy group and the healthy control group limited to cingulate WM, with a significantly lower FA in the idiopathic epilepsy group compared to the healthy control group in the region of interest (ROI) approach (p = 0.027). No significant changes were found between the idiopathic epilepsy group and the healthy control group in the TBSS analysis and in the corpus callosum in the ROI approach.

Conclusion: This study supports the cingulate area as a target structure in canine epilepsy. The subtle changes only might be explained by the short duration of epilepsy, small sample sizes, and the higher variability in canine brain anatomy. Furthermore, all included dogs showed generalized tonic-clonic seizures, possibly affected by generalized epilepsy syndrome, which are also associated with less pronounced DTI changes in humans than focal epilepsy syndromes.
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1 Introduction

Canine idiopathic epilepsy is diagnosed based on the age of the dog at the onset of the epileptic seizure, unremarkable inter-ictal physical and neurological examination, and exclusion of metabolic, toxic, and structural cerebral disorders by means of diagnostic investigations (1). Magnetic resonance imaging (MRI) of the brain is routinely used as an important diagnostic step for idiopathic epilepsy, and the diagnosis is based on a normal structural brain MRI (2). However, epilepsy is increasingly recognized as a disease of the brain network, involving both gray matter and white matter, which cannot be assessed from conventional MRI sequences, but only with advanced MRI techniques (3–5). Diffusion tensor imaging (DTI) offers a unique opportunity to investigate the white matter structures non-invasively in vivo (6).

In order to detect diffusion within tissues, magnetic field gradients are used to create an image that is sensitized to diffusion in a particular direction, and thus, diffusion can be measured by estimating a three-dimensional diffusion model or tensor (7). This tensor is characterized by three orthogonal vectors. The average diffusivity of all three vectors in DTI represents the mean diffusivity (MD) value (8). The MD can be used to measure the microstructural properties of the gray and the white matter and is dependent on the amount of extracellular water (7).

A preferential diffusion in a particular direction is called anisotropic diffusion. White matter is organized in tracts that consist of axonal bundles. The cellular membranes of these axons with some contributions from the myelination and the packing of the axons give a preferential direction of diffusion along the orientation of the axons leading to an anisotropic diffusion within the white matter (7). The most widely used metric for assessing anisotropy is fractional anisotropy (FA), and it is often considered a measure of white matter integrity (7). In cases of compromised white matter integrity, such as demyelination or axonal loss, reduced FA and increased MD values are expected (Figure 1).


[image: Figure 1]
FIGURE 1
 Schematic representation of normal water molecule diffusion along the direction of intact axonal bundles (A) and reduced anisotropy caused by axonal loss and demyelination (B).


In 2020, the ENIGMA Epilepsy study investigated DTI data of 1,249 human patients affected by a variety of epilepsy syndromes, including temporal lobe epilepsy, genetic generalized epilepsy, and non-lesional extratemporal epilepsy (5). Across all these epilepsy syndromes, the FA was lower in most fiber tracts. This effect was most prominent in the corpus callosum, cingulum, and external capsule. The reduction in FA was accompanied by a less robust increase in MD (5).

So far, a single study has been performed in veterinary medicine to investigate diffusion changes in dogs with idiopathic epilepsy. This study focused on apparent diffusion coefficient (ADC) metrics, a technique that describes the overall diffusion within a voxel but lacks a tensor imaging technique (9). Although DTI of the canine brain has been used to detect age-related changes (10), to detect differences between humans and dogs in Krabbe's disease (11), and to investigate the white matter in a compulsive behavioral disorder in dogs (12), the involvement of microstructural white matter changes in canine idiopathic epilepsy remains an unexplored field. Characterizing microstructural white matter changes, which are otherwise undetected in conventional MRI, could release the potential of establishing prognostic non-invasive biomarkers or objective quantitative monitoring parameters for the brain tissue in patients treated with novel treatment strategies such as epilepsy surgery or deep brain stimulation (13, 14).

The study aimed to investigate white matter diffusion changes in dogs affected by idiopathic epilepsy with generalized tonic-clonic seizures. We hypothesized that dogs with idiopathic epilepsy would have lower FA and higher MD in several white matter tracts compared to healthy controls and that this effect would be most pronounced in the corpus callosum and cingulate white matter.



2 Methods


2.1 Animals

Border Collies and Greater Swiss Mountain dogs diagnosed with idiopathic epilepsy according to the veterinary epilepsy task force criteria (15) and healthy controls of the same breeds were prospectively enrolled in this study during a period of 5 years (2017–2022). Additionally, 11 research Beagles were included in the healthy control group. These Beagle dogs have been part of a preliminary study investigating the feasibility of resting state network detection under general anesthesia (16). Functional MRI and magnetic resonance spectroscopy data from the same scan of most of the Border Collies and Greater Swiss Mountain dogs with idiopathic epilepsy and healthy controls have also been analyzed in previous studies (17–19). This study was approved by the Swiss Federal Veterinary Office Zurich (animal license numbers ZH272/16 and ZH046/20). The authors complied with the Animal Research: Reporting of In Vivo (ARRIVE Experiments) guidelines.

A physical and neurological examination was conducted by a board-certified veterinary neurologist in all dogs. Minimum database information was collected as recommended by the international veterinary epilepsy task force (IVETF) for investigations of idiopathic epilepsy, including a seizure history and family seizure history for idiopathic epilepsy, complete blood cell count, and serum biochemistry panel, electrolytes as well as fasted ammonia, bile acids, and urinalysis (1). Information on seizure semiology was collected from all owners in a personal interview based on the questionnaire recommended by the IVETF (1, 15).

Border Collies and Greater Swiss Mountain dogs with idiopathic epilepsy were included only, if they fulfilled the IVETF Tier II criteria and suffered from generalized tonic-clonic seizures (1). Healthy controls were included if they had no history of seizures.

Exclusion criteria were age younger than 1 year [to exclude the influence of incomplete maturation (20)] and older than 10 years [to exclude changes from aging (10)], DTI of insufficient quality, abnormal clinical or neurological examination, abnormal cerebrospinal fluid analyses, and identification of an underlying cause for the epilepsy or structural brain lesion on MRI.

Dogs were divided into two groups: the healthy control group and the idiopathic epilepsy group.

For the region of interest (ROI) analysis, the healthy control group was further subdivided into a healthy control group with a first-degree relative with idiopathic epilepsy and a healthy control group with no family history of idiopathic epilepsy.



2.2 Imaging acquisition

All dogs underwent an MRI scan of the brain with a 3 Tesla MRI (Philips Ingenia scanner, Philips AG, Zurich, Switzerland) and a 16-channel receive–transmit head coil (dStream HeadSpine coil solution, Philips AG, Zurich, Switzerland) under general anesthesia with a standardized anesthetic protocol (16).

Conventional morphological MR images included T2-weighted (T2W) turbo spin-echo sequences in transverse, dorsal, and sagittal planes, a transverse fluid-attenuated inversion recovery (FLAIR), a transverse T2* or a susceptibility-weighted sequence, and a 3D T1W gradient echo sequence.

In the dogs with idiopathic epilepsy, the 3D T1W sequence was repeated after intravenous injection of contrast media [Gadodiamide (Omniscan) GE HealthcareAG, Glattbrugg, Switzerland, or Gadoteric-acid (Dotarem), Guerbet AG, Zürich, Switzerland].

The echo-planar DTI sequence was performed in a transverse plane (TR 8,191 ms; TE 81 ms) with 32 diffusion directions (single low b value = 0 s/mm2; maximal b value = 800 s/mm2; isometric voxel size of 1.5 mm, in-plan field of view of 160 × 160 mm, and acquisition matrix of 108 × 105).



2.3 Postprocessing

DICOM images were converted to 4D NIFTI format using dcm2niix (University of South Carolina, South Carolina, USA). Further processing was performed using FSL (FMRIB Software Library v6.0.5.1, Oxford, UK).

Using FSL commands, data were corrected for eddy current and motion distortion, and an automated mask was used to remove extraneural tissues. Then, a diffusion tensor model was fitted to the processed images using the FSL “dtifit” command, which provides a matrix-valued tensor for each voxel. Diffusion tensor maps for each diffusivity parameter were generated for each subject and visually inspected to ensure the quality of the preprocessing, volume registration, and orientation.



2.4 Tract-based spatial statistics

A modified tract-based spatial statistical (TBSS) analysis (21, 22) adapted to dogs (10) was conducted. As previously described by Barry et al. (10), the subjects' FA images were processed according to the human TBSS pipeline until step three (tbss_3_postreg).

Each subject's FA image was registered using a non-linear transformation to the target FA image (the most representative subject identified in step three of the human TBSS pipeline) with FNIRT (23). A mean FA image was created by concatenating the target space FA images into a single 4D file that was then averaged using fslmaths. A mean FA skeleton was created by thresholding the mean FA at a lower threshold of 0.2 and an upper threshold of 0.8. This thresholded FA skeleton was then binarized to create an FA skeleton mask. The skeleton mask was then applied to a 4D FA file to create a 4D FA skeleton image. MD was processed according to the same steps outlined above and extracted using the FA skeleton. FA and MD values at the location of the FA skeleton mask were then exported for statistical analysis.



2.5 Region of interest analysis

ROI analysis was performed for two regions compromised across all epilepsy syndromes in humans, the corpus callosum and the cingulate white matter (5). The ROIs were selected in the mean FA skeleton mask overlaid with a T1W image of the target dog allowing visualization of the corpus callosum and cingulate white matter. The created mask included the cingulate region bilaterally (Supplementary Figure 1). The corpus callosum mask was created following Barry et al. (10), but with all regions of the corpus callosum in a single mask (Supplementary Figure 2). Using fslstats, these ROIs were then applied to the 4D FA skeleton and to the 4D MD skeleton image (24).



2.6 Statistics

For a voxel-based TBSS analysis, permutation testing using FSL's randomize tool was used to conduct an independent t-test to evaluate differences in diffusion metrics between the idiopathic epilepsy group and the healthy control group using both threshold-free cluster enhancement and family-wise error correction to control for multiple comparisons (25–27).

For the ROI analysis, statistics were performed using R (2023.06.0 in RStudio) (28). In the first step, a Kruskal–Wallis test was performed to investigate differences in FA and MD values in the corpus callosum ROI and the cingulate ROI for two distinct groups: the idiopathic epilepsy group and the healthy control group. In a subsequent step, a Kruskal–Wallis test was conducted to examine the differences in FA and MD values in the corpus callosum ROI and the cingulate ROI across three distinct groups: the idiopathic epilepsy group, the healthy control group with a first-degree relative with idiopathic epilepsy, and the healthy control group with no family history of idiopathic epilepsy. Post-hoc pairwise comparisons among the groups were carried out using the Dunn test. To mitigate the issue of multiple comparisons, the Bonferroni correction was applied to adjust the p-values. In the event of statistical significance, an effect size (r) was computed to quantify the magnitude of differences observed between the group means. Overall, p < 0.05 was considered statistically significant.




3 Results


3.1 Study population

A total of 59 dogs were prospectively enrolled. Nine dogs were excluded because of insufficient imaging quality. A total of 50 dogs were included in the data analysis. Population characteristics are given in Table 1. In the healthy control group, all Greater Swiss Mountain dogs, and all but one Border Collie had a first-degree relative with idiopathic epilepsy. Information regarding the seizure semiology is reported in Table 2. Unfortunately, in cases with focal onset, the owners could not reliably report the side of the focal onset in most cases.


TABLE 1 Population characteristics.

[image: Table 1]


TABLE 2 Seizure semiology.

[image: Table 2]



3.2 Voxel-based analysis with TBSS

No significant differences in FA and MD were identified between the idiopathic epilepsy group and the healthy control group using TBSS. The results from TBSS are displayed in Figure 2.


[image: Figure 2]
FIGURE 2
 Light green overlay of the average white matter mask over sample FA template slices in sagittal, dorsal, and transverse planes. TBSS detected no significant differences from p < 0.05 to p < 0.0001 for FA (coolmap) and MD (heatmap).




3.3 ROI analysis

The ROI analysis showed a significant difference in the FA of the cingulate white matter in the idiopathic epilepsy group compared to the healthy control group (p = 0.027) with lower FA in the idiopathic epilepsy group. The effect size was moderate (r = −0.313). No significant differences were found in the FA of the corpus callosum and MD of the corpus callosum and the cingulate white matter between the idiopathic epilepsy group and the healthy control group. The results are displayed in Figure 3.


[image: Figure 3]
FIGURE 3
 Boxplots featuring bilateral FA and MD differences in the corpus callosum and cingulate white matter with significance levels highlighted with an asterisk featuring the relevant p-value. The boxes on the left side represent the healthy controls (1), and the boxes on the right side (2) represent dogs with idiopathic epilepsy.


The Kruskal–Wallis test of FA and MD values of the corpus callosum ROI and the cingulate ROI across the three distinct groups revealed a significant difference in the cingulate FA and MD values (p = 0.012 and p = 0.001) but not in the callosal FA and MD values (p = 0.644 and p = 0.122).

For FA of the cingulate white matter, a pairwise comparison of the healthy control group with no familiar history of idiopathic epilepsy and the idiopathic epilepsy group showed a significant difference (p = 0.009) with a lower FA in the idiopathic epilepsy group (effect sizes r = −0.48).

For MD of the cingulate white matter, a pairwise comparison of the healthy control group with no familiar history of idiopathic epilepsy and the healthy control group with a first-degree relative with idiopathic epilepsy showed significant difference (p = 0.0007) with a large effect size (r = −0.748) as well as a significance between the healthy control group with a first-degree relative with idiopathic epilepsy and idiopathic epilepsy group (p = 0.036) with a moderate effect size (r = −0.408). The results are displayed in Figure 4.


[image: Figure 4]
FIGURE 4
 Boxplots featuring bilateral FA and MD differences in the corpus callosum and cingulate white matter with significance levels highlighted with an asterisk featuring the relevant p-value. Boxes on the left side indicate healthy controls with no familiar history of epilepsy (1), boxes in the middle indicate healthy controls with a first-degree relative with idiopathic epilepsy (2), and boxes on the right side indicate dogs with idiopathic epilepsy (3).





4 Discussion

In this single-center prospective study, we investigated white matter integrity in Border Collies and Greater Swiss Mountain dogs with idiopathic epilepsy. We hypothesized that we would find impaired white matter integrity in dogs with idiopathic epilepsy compared to healthy controls manifesting as a decrease in FA and an increase in MD. While a voxel-based analysis (TBSS) did not detect any significant differences between the idiopathic epilepsy group and the healthy control group, the ROI analysis of the corpus callosum and cingulate white matter showed significant differences in the FA in the cingulate white matter between the idiopathic epilepsy group and the healthy control group only, with lower FA values in the idiopathic epilepsy group.

Note that in general voxel-based analysis and ROI analysis in DTI do correlate well, but they do not always provide the same results (29). Automated voxel-based analysis offers the advantage that no prior assumption needs to be performed and the whole brain can be analyzed. However, in our study, the whole brain TBSS includes all 73,713 voxels in the analysis. The analysis is performed with a multiple comparison correction to prevent false-positive results. If the effect is very subtle, these multiple comparison corrections may mask small changes. In contrast, the ROI analysis first combines the signal across multiple voxels within the ROI (645 voxels for the cingulate gyrus ROI and 316 voxels for the corpus callosum ROI) leading to an increased signal-to-noise ratio. Second, as only two analyses are performed in the ROI analysis, the effect of multiple comparisons correction is minimal. Furthermore, voxel-based analysis heavily depends on the exact anatomical registration of each voxel to the study template, and the more diverse shape of the canine brain and a not as well validated processing pipeline might have had an influence on the voxel registration and therefore on the voxel-based analysis (29).

In contrast to canine epilepsy, plenty of DTI studies have been performed in human epilepsy and microstructural compromises of the white matter have been identified in a wide variety of epilepsy syndromes using DTI (5). Decreased FA and increased MD were seen across all epilepsy syndromes in a variety of white matter structures including the corpus callosum and cingulum (5).

While this effect has been very clearly identified in the large-scale ENIGMA human epilepsy study, including more than 1,000 individuals, the results from smaller studies with fewer patients have been less conclusive (5, 30, 31). In smaller studies like ours, with smaller sample sizes, it is more difficult to account for a heterogenic study population and it is more difficult to compensate for additional contributing factors, such as lateralization of the diseases, age, or gender. For example, we did not have information regarding lateralization of the seizure signs in most dogs included in the study, and gender and age were not matched between the idiopathic epilepsy group and the healthy control groups. Furthermore, a stringent classification of epilepsy into a subcategory was lacking in our canine patients. All these factors might have led to the detection of reduced FA in the cingulate white matter only.

In humans, the DTI changes were most pronounced in ipsilateral to mesial temporal lesions and the changes were less pronounced in non-lesional epilepsy (5). We included dogs with generalized epileptic seizures and no visible lesions on MRI, where the effect might be less pronounced compared to focal lesional epilepsy syndromes in humans.

Furthermore, most dogs included in our study were newly diagnosed. In humans, it has been speculated that the white matter changes represent secondary effects, rather than being causal, but large longitudinal studies are lacking (5). Therefore, enrolling dogs with idiopathic epilepsy at the first stages of clinical manifestation of the disease might have had an impact on the ability to detect white matter microstructural abnormalities, and eventually, long-term follow-up examinations could lead to different results.

Previously, inter-ictal brain diffusion in canine idiopathic epilepsy has been investigated with simple diffusion-weighted imaging and a ROI-based approach only. Gray and white matter ROIs have been investigated, but neither the corpus callosum nor the cingulate white matter were included (9). Increased ADC values in dogs with idiopathic epilepsy have been identified in the semioval center and the piriform lobe in this study (9). In contrast to this former study, with our ROI-based approach, we have focused on the white matter structures most commonly involved in human epilepsy (corpus callosum and cingulate white matter). Additionally, we have performed a voxel-based whole-brain approach, which did not depict increased MD in the semioval center or in the piriform lobe.

A more recent retrospective multicentric study focused on peri-ictal imaging findings and found mixed ADC results, including normal, increased, and decreased diffusivity in affected areas (32). The cingulate gyrus was affected in 6/19 cases and had either decreased ADC values in the cortex and increased ADC values in the white matter, or increased ADC values in the white matter only (32). The cingulate gyrus was commonly affected by peri-ictal imaging changes, which supports the cingulate gyrus as a target area in dogs with idiopathic epilepsy. However, in our study, we investigated MD as a measure for overall diffusion and could not detect any significant difference in the MD, but significantly reduced FA in dogs with idiopathic epilepsy compared to healthy controls in the cingulate white matter. While both studies suggest the cingulate white matter as a target structure in canine idiopathic epilepsy, the microstructural changes might differ inter-ictally and peri-ictally and longitudinal studies including peri-ictal and inter-ictal time points could give insights into the time course of such changes.

The pathophysiology of white matter changes and its correlation with DTI changes in epilepsy is not well understood. It is still unknown whether the identified white matter abnormalities predate the development of epilepsy or whether they are a secondary effect of ongoing seizures (5). No histological examination was performed to look for a correlation between the reduced FA and possible histological changes in the brains of the dogs with idiopathic epilepsy included in our study. However, various mechanisms have been suggested, including changes related to the underlying epileptogenic process, axonal degeneration, and compensatory white matter reorganization (31, 33). Correlation between histopathological changes and DTI changes in epilepsy is sparse and is derived from rat models and surgically removed brain tissue in humans (34, 35). In the rat model of status epilepticus, myelin staining was reduced in the fimbria of the fornix in correlation with reduced FA 8 weeks after induced status epilepticus (34). In humans with temporal lobe epilepsy, increased extra-axonal fraction, and reduced cumulative axonal membrane circumference and myelin area were found in the surgically extracted fimbria of the fornix (35). Studies investigating histopathological changes in canine epilepsy are sparse (36). In contrast to humans, there is less evidence of temporal lobe involvement in dogs (36). Similar to humans with epilepsy originating from the limbic system, neuronal loss and gliosis were found in the limbic system, including the cingulate gyrus, amygdaloid nucleus, dorsal and ventral parts of the hippocampus, and dorsomedial nucleus of the thalamus in an epileptic Shetland Sheepdog family (37, 38). Involvement of the cingulate cortex would make an effect on the cingulate white matter a reasonable possibility. In contrast, Buckmaster et al. failed to identify any neuropathological changes in the temporal lobe of dogs with medically intractable epilepsy (39). In addition, guidelines for pathological examination of epileptic canine brains have been redefined (40); large studies reporting pathological abnormalities are still lacking.

We investigated idiopathic epilepsy in Border Collies and Greater Swiss Mountain dogs, two dog breeds with a suspected genetic background for epilepsy (41–43). Over the last decade, idiopathic epilepsy with a proven or suspected genetic background has been reported for a number of dog breeds with most studies focusing on clinical characteristics and genetic aspects. Nevertheless, most studies have not yet identified causative gene mutations, suggesting that inheritance may be complex (44). We have chosen Border Collies and Greater Swiss Mountain dogs because of their severe form of epilepsy and because these are commonly affected breeds in the author's institution. Choosing dog breeds with well-known epilepsy offered the advantage of more narrowly defined, more similar seizure phenotypes. Furthermore, the true prevalence of epilepsy in these breeds is currently unknown, but based on the literature, it is assumed that it is rather high (42–44). In pursuit of generating comparable data from groups of animals as homogeneous as possible, healthy first-degree relatives from the affected dogs with idiopathic epilepsy were recruited. What seemed to be an advantage when we designed the study might have had a negative impact on our results. Of the healthy Border Collies and Greater Swiss Mountain dogs included in our study, all but one had a first-degree relative with idiopathic epilepsy. In humans, heritability of the white matter microstructure has been demonstrated (45, 46), and in patients with MRI-negative temporal lobe epilepsy, an increase in MD has been identified even in asymptomatic siblings (47). Increased MD was also found in the healthy control dogs with a first-degree relative with idiopathic epilepsy compared to healthy controls without a first-degree relative with idiopathic epilepsy (Figure 4). It is therefore possible that in close relatives of dogs with suspected genetic idiopathic epilepsy, white matter could be compromised even in unaffected animals. Unfortunately, all but one healthy control dog without a first-degree relative with idiopathic epilepsy were from a different breed (Beagle dogs), and to test the concept of hereditary white matter changes, we would have needed more dogs of the same breed without a family history of epilepsy. Furthermore, the high number of close relatives included in our study may have hidden differences in MD between dogs with idiopathic epilepsy and healthy controls because of heritable white matter changes. Such heritable white matter changes could even turn out to be diffusion-based endophenotypes for epilepsy in dogs. Such diffusion-based endophenotypes might support an imaging-based diagnosis for genetic epilepsy in the future (47).


4.1 Limitations

One of the strongest limitations of our study is the heterogenicity of the study population. We were not able to recruit a control group with the same age and gender profile as the idiopathic epilepsy group. The median age in the control group was almost twice as high as in the idiopathic epilepsy group. Barry et al. have shown significant differences in FA and MD between dogs of <7 years and dogs of >10 years of age (10). We did not include dogs older than 10 years of age, but we cannot rule out that the different ages in both groups had an influence on the results. The gender ratio was reversed between the two groups. The idiopathic epilepsy group included mainly male dogs, while the control group included more females than males. The influence of sex on the microstructure has been proven in humans; for example, one study has shown increased FA in male participants compared to female participants in all subregions of the corpus callosum (48). Such gender-related differences could mask differences due to illness as there was a higher percentage of male dogs in the idiopathic epilepsy group compared to the control group.

We also have different breed distributions in both groups, but to date, it is not known whether there is any regional difference between FA and MD in different dog breeds.

In humans, countless DTI studies have been conducted over the last decade, and post-processing has evolved massively. Well-tested and adapted pipelines exist. In contrast, in veterinary medicine, an adapted version of the TBSS pipeline has just recently been published (10), and although we followed this pipeline in the main, we had to do without the distortion correction due to our imaging acquisition. This might be of even more compromise in dogs than in humans. Dogs have larger frontal sinuses compared to humans, which can cause problems in susceptibility-sensitive sequences (49). In DTI post-processing, it is possible to account for these susceptibility-induced field distortions (50, 51). Unfortunately, the data in our study were acquired with one B0 image only, and at least two B0 images with opposite phase encoding directions are needed for field estimation (50). Therefore, no correction for susceptibility-induced distortions was performed, and diffusion images were displayed with geometric mismatches compared to the structural images. We cannot rule out that the different degrees of distortion in the individual images potentially influenced our results.




5 Conclusion

We aimed to investigate white matter diffusion changes in dogs affected by idiopathic epilepsy with generalized tonic-clonic seizures. We observed subtle changes in DTI between dogs with idiopathic epilepsy and healthy controls limited to cingulate white matter, with a significantly lower FA in dogs with idiopathic epilepsy compared to healthy controls using a ROI approach. No significant changes were found between dogs with idiopathic epilepsy and healthy controls in the TBSS analysis and in the corpus callosum in the ROI approach between both groups. This study supports the cingulate area as a target structure in canine epilepsy. The subtle changes only might be explained by the small sample size and the higher variability in canine brain anatomy. Furthermore, all included dogs showed generalized tonic-clonic seizures, possibly suffering from generalized epilepsy syndrome, which is also associated with less pronounced DTI changes in humans than focal epilepsy syndromes.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal studies were approved by Swiss Federal Veterinary Office Zurich. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

KB: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Validation, Visualization, Writing—original draft, Writing—review & editing. AW-L: Methodology, Writing—review & editing, Writing—original draft. FS: Writing—review & editing. HR: Formal analysis, Project administration, Writing—review & editing. MD: Writing—review & editing. RB: Writing—review & editing. IC: Conceptualization, Methodology, Writing—review & editing. SH: Conceptualization, Investigation, Methodology, Supervision, Writing—review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was partially financially supported by the Albert-Heim-Stiftung and the Stiftung für Kleintiere der Vetsuisse-Fakultät Universität Zürich.



Acknowledgments

Preliminary data of these studies were presented at the 35th ECVN Symposium 2023 in Venice by KB. We are grateful for the support of our colleagues from the Department of Neurology and the Clinic for Diagnostic Imaging from the Vetsuisse Faculty Zurich. We also must thank Manuela Wieser (Section of Anesthesiology, Vetsuisse Faculty Zurich) for her assistance in the conduction of the study. We would also like to thank Jeanne Peter (Vetcom team, Vetsuisse Faculty, University of Zurich) for creating Figure 1.



Conflict of interest

IC was employed at Vet Oracle Teleradiology.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1325521/full#supplementary-material

SUPPLEMENTARY FIGURE 1
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Subtraction magnetic resonance imaging (MRI) has been reported to increase accuracy in the diagnosis of meningeal and inflammatory brain diseases in small animals. 3D T1W gradient recalled echo (GRE) techniques have been proposed as a suitable alternative to conventional spin echo sequences in imaging the canine brain. The aim of this study was to compare subtraction images and paired pre- and post-contrast 3D T1W GRE fat suppressed (FS) images in canine and feline MRI studies using clinical diagnosis as the gold standard. Paired pre- and post-contrast T1W 3D FS GRE images and individual subtraction images of 100 small animal patients were randomized and independently evaluated by 2 blinded observers. Diagnosis categories were “normal,” “inflammatory,” “neoplastic,” and “other.” Clinical diagnosis was made in the same categories and served as the gold standard. Image interpretation results were compared to the clinical diagnosis. Interobserver agreement was determined. Clinically, 41 studies were categorized as “normal,” 18 as “inflammatory,” 28 as “neoplastic,” and 13 as “other.” The agreement of the pre- and post-contrast GRE images with the gold standard was significantly higher than that of the subtraction images (k = 0.7491 vs. k = 0.5924; p = 0.0075). The largest sources of error were misinterpretation of “other” as “normal” and “normal” as “inflammatory.” There was no significant difference between the two observers (p = 0.8820). Based on this study, subtraction images do not provide an advantage to paired pre- and post-contrast FS GRE images when evaluating the canine and feline brain.
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1 Introduction

Due to the difficulty of obtaining histopathologic samples for the antemortem diagnosis of canine and feline brain disease, clinicians frequently combine signalment, clinical signs, advanced imaging findings, cerebrospinal fluid analysis results, and treatment response to formulate differential diagnoses and treatment plans. Heavy reliance is placed on non-invasive measures such as magnetic resonance imaging (MRI) to obtain presumptive diagnoses. Previous studies have shown that MRI is highly sensitive and specific for inflammatory and neoplastic brain lesions in dogs and has high interobserver agreement (1–3).

Subtraction is a post processing procedure performed after MR images have been acquired and involves one image being digitally subtracted from another. This can be done for follow-up studies (e.g., subtracting images obtained at different points in time to assess for disease progression), or during the same scan (e.g., for improved visualization of contrast enhancing structures by subtracting pre- from post-contrast images). Most studies in subtraction techniques are reported in human neuroimaging. Applications include detection of multiple sclerosis plaques and evaluation of changes over time (4–7), evaluation of tumor growth in gliomas and prediction of cleavage planes in surgical resection of meningiomas (8, 9), detection of amyloid-related imaging abnormalities with edema in patients with Alzheimer’s disease (10), evaluation of subtle changes in the brains of human infants and children (11), improved delineation of contrast-enhancing tumors adjacent to hemorrhagic lesions (12, 13), improved sensitivity for the detection of ischemic lesions in post-surgical cardiac patients undergoing brain MRI (14), and improved identification of subtle meningeal disease in people (15–17). Added advantages of using subtraction images may include a decrease in image reviewing time (4, 14), and a reduction of intravenous contrast medium dosages in people (18).

Studies on using subtraction techniques in veterinary MRI are limited to date. One study concluded that subtraction images increase the conspicuity of normal canine meninges (19). One case report describes subtraction images being used to differentiate chondroma and squamous cell carcinoma in two beagle dogs (20). Another study reports improved detection of meningeal, articular and muscular contrast enhancement in the spine of dogs afflicted with steroid responsive meningitis arteritis (21). Inflammatory brain diseases in dogs can have variable imaging manifestations including subtle meningeal changes. Granulomatous meningoencephalitis specifically has been likened to multiple sclerosis in people in its leptomeningeal pathophysiology (22). While subtraction images have proven helpful in people with meningeal lesions secondary to multiple sclerosis, reports in canine patients with inflammatory encephalopathies are conflicting. One study found that subtraction images were not superior to T1-weighted post contrast images and that, overall, MRI was poor at detecting meningeal pathology (23). A subsequent study compared subtraction images vs. pre- and post-gadolinium T1-weighted spin echo (SE) image pairs in dogs with intracranial inflammatory conditions. This study concluded that the subtraction images performed better than the pre- and post-contrast imaging pairs, primarily due to their ability to detect intra-axial lesions (24).

Three-dimensional T1-weighted gradient recalled echo (3D T1W GRE) sequences with fat suppression have recently gained popularity as an alternative to standard SE sequences and other techniques (25). Fat suppression alone can increase subtle lesion detection. In a study on meningeal enhancement in dogs, chemical fat suppression significantly increased detection of meningeal enhancement and was associated with the highest inter-observer agreement (26). An added advantage of 3D GRE sequences is their thin slice thickness and lack of an interslice gap. In one study, the 3D T1W GRE images (1 mm slice thickness) had superior anatomic detail when evaluating canine patients for facial nerve pathology compared to conventional T1W SE images (3–3.5 mm slice thickness) (27). In a human study, the same 3D T1W GRE technique, which does not have an inversion recovery pulse, had superior performance in detecting brain tumor enhancement when compared to the more traditional post-contrast inversion recovery fast GRE sequence (28). A canine study found that a 3D T1W GRE sequence is a suitable alternative to the more traditional two-dimensional T1W SE sequence for brain MRI (29).

The aim of this study was to compare subtraction images and paired pre- and post-contrast 3D T1W GRE fat suppressed (FS) images to the gold standard of clinical diagnosis in 100 canine and feline MRI studies. The secondary purpose was to assess inter-observer agreement for both techniques. The hypothesis was that there would be no difference in diagnostic yield and interobserver variability between subtraction images and paired pre- and post-contrast 3D T1W FS GRE images.



2 Materials and methods


2.1 Patients

A retrospective study was performed at The University of Tennessee College of Veterinary Medicine on 100 canine and feline patients receiving a brain MRI study. Medical records were reviewed by the first author (HS), a senior resident in veterinary neurology/neurosurgery. Medical record data recorded were age, gender, breed, weight, clinical history, clinical and neurologic examination findings, cerebrospinal fluid (CSF) analysis results, ancillary test findings, histopathology (if available), treatment response, and follow-up. All patients had current (within 1 month) blood analysis including complete blood count and serum chemistry and a complete neurologic exam within 24 h of imaging. Patients may or may not have had thoracic radiographs, cerebrospinal fluid (CSF) analysis, infectious disease titers, histopathology, or other additional testing. Inclusion criterion was availability of pre- and post-contrast T1W 3D FS GRE sequences and dynamic subtraction images of diagnostic quality. Diagnosis codes were designated for patients by the first author, using all available information (medical record data, clinical history, physical and neurologic examination findings, cerebrospinal fluid analysis results, ancillary test findings, imaging findings, treatment response, follow-up, and histopathology). Diagnosis codes were divided into four groups: 0 for normal, 1 for inflammatory disease, 2 for neoplasia, and 3 for other (any disease entity outside of these categories such as vascular, congenital, toxic/metabolic, etc.). The category of inflammatory disease included infectious and non-infectious causes. The neoplastic category included primary and metastatic disease.



2.2 Imaging protocol

MRI was performed using a 1.5 T MRI system (MAGNETOM Espree TM, Siemens Medical Solutions, Malvern, PA). All patients were anesthetized and positioned in dorsal recumbency. MRI protocols were tailored to individual patients and typically included the following sequences: Sagittal T2W SE; transverse T1W SE, T2W SE, T2*W GRE, T2W 3D TSE with variable flip angle (Sampling Perfection with Application optimized Contrasts using different flip angle Evolution; “SPACE”), T2W Fluid Attenuated Inversion Recovery (FLAIR), Proton Density-W SE, and diffusion weighted imaging (DWI) with ADC map; transverse pre- and post-contrast 3D T1W gradient recalled echo (GRE) sequence with fat suppression (Volume Interpolated Body/Breath hold Examination; “VIBE”) and subtraction; post contrast sagittal and transverse T1W SE; and post contrast dorsal T1W SE with fat saturation. Pre- and post-contrast 3D T1W GRE FS sequences were acquired with 1 mm slice thickness. Contrast medium was administered intravenously at 0.1 mmol/kg (Omniscan TM; Gadodiamide, GE Healthcare Inc., Marlborough, MA 01752, United States).



2.3 Image evaluation

Pre- and post-contrast T1W 3D FS GRE images and subtraction images were separately randomized and anonymized by the first author (HS) and were provided to each reviewer blinded to other imaging sequences and the clinical information. Two experienced board-certified veterinary radiologists (SH, CF) were separately provided with the subtraction images and the pre- and post-contrast T1W 3D FS GRE image pairs and asked to designate a diagnosis code of 0, 1, 2, or 3 (same categories as above) for each scan.



2.4 Statistical analysis

The statistical analysis was performed by a university employed statistician (XS). Chi square test and kappa coefficient test were performed to determine agreement between the subtraction images and the paired pre- and post-contrast T1W 3D FS GRE images, respectively, with the clinical diagnosis. Kappa statistics were also used to determine interobserver agreement. Statistical significance was set at p < 0.05. Analyses were conducted in SAS 9.4 TS1M6 for Windows 64× (SAS institute Inc., Cary, NC).




3 Results

To achieve the target of 100 patients to be included in the study, 117 MRI studies were reviewed. Seventeen cases were excluded due to inadequate quality of the subtraction images due to misregistration error (change in patient position between pre- and post-contrast images).

There were 9 cats and 91 dogs. Overall, there were 51 females (45 neutered) and 49 males (34 neutered). The cats were all domestic short hair. The canine breeds included were mixed breed dog (n = 26), Chihuahua (n = 5), Golden Retriever (n = 4), Boxer (n = 4), Corgi (n = 3), Labrador Retriever (n = 3), Australian Shepherd (n = 3), Shih Tzu (n = 3), Dachshund (n = 3), Pug (n = 3), English Bull Dog (n = 2), Yorkshire Terrier (n = 2), Cavalier King Charles Spaniel (n = 2), Havanese (n = 2), Boston Terrier (n = 2), Miniature Schnauzer (n = 2), and one each of the following: Australian Kelpie, Bassett Hound, Belgian Malinois, Blue Tick Hound, Border Collie, Cairn Terrier, Australian Cattle Dog, Cocker Spaniel, Coonhound, Dalmatian, French Bulldog, German Shepherd Dog, Otterhound, Maltese, Miniature Pinscher, Pitbull, Pomeranian, Rat Terrier, Rhodesian Ridgeback, German Shorthair Pointer, Staffordshire Terrier and Toy Poodle. Ages ranged from 3 months to 13 years.

Clinical diagnosis codes (gold standard) were as follows: 41/100 normal, 18/100 inflammatory, 28/100 neoplasia, and 13/100 other.

Of the patients in category “normal,” the diagnoses were as follows: idiopathic/cryptogenic epilepsy (n = 20), idiopathic vestibular disease and/or facial nerve paralysis (n = 8), presumed primary cardiac or syncopal episodes (n = 4), primary behavioral abnormalities (n = 2), otitis media (n = 2), and one case each of primary ocular disease, canine cognitive dysfunction, tooth root abscess, portosystemic shunt, and intermittent apnea.

Of the patients in category “inflammatory,” the diagnoses were as follows: meningoencephalitis of unknown etiology (n = 15), focal meningitis secondary to extension of otitis media/interna (n = 2), and idiopathic cerebellitis (n = 1).

Of the patients in category “neoplasia,” the diagnoses were as follows: extra-axial tumor/presumptive meningioma (n = 13), intra-axial tumor/presumptive glioma (n = 8), aggressive nasal mass (n = 2), pituitary mass (n = 2), and one case each of choroid plexus tumor, trigeminal nerve sheath tumor, and infiltrative mass along the carotid artery.

Of the patients in category “other,” the diagnoses were as follows: cerebrovascular accidents (n = 5), hydrocephalus (n = 3), cerebellar hypoplasia (n = 2), and one case each of metabolic/toxic bilaterally symmetric brain lesions, multiple skull fractures, and supracollicular fluid accumulation.

The agreement of the pre- and post-contrast T1W GRE images with the gold standard was significantly higher than that of the subtraction images (k = 0.7491 vs. k = 0.5924; p = 0.0075).

There was similar agreement between the pre- and post-contrast T1W GRE and the subtraction images with the clinical diagnosis in patients with intracranial neoplasia (88% vs. 88%; Figure 1). The largest discrepancies between agreement of pre- and post-contrast T1W GRE and subtraction images with the clinical diagnosis were misinterpretation of “other” as “normal” (65% vs. 23%; Figure 2) and “normal” as “inflammatory” (17% vs. 7%; Figure 3). There was no significant difference between the two observers (p = 0.8820). Details of the individual interpretation by the two readers can be found in Figures 4, 5 and Supplementary Figures S1–S4.

[image: Figure 1]

FIGURE 1
 Example of good agreement of both the pre- and post-contrast T1W 3D FS GRE images (A,A’) and the subtraction image (B) with the gold standard. This patient was diagnosed with an extra-axial brain tumor (meningioma, presumptive). Both reviewers made the correct diagnosis of “neoplasia” on both image sets. Note the large heterogeneously contrast enhancing mass in the left rostral cranial vault.


[image: Figure 2]

FIGURE 2
 Example of good agreement of the pre- and post- contrast T1W 3D FS GRE images (A,A’) but poor agreement of the subtraction image (B) with the gold standard. The pre- and post-contrast GRE images were correctly interpreted as “other” by both reviewers, while a false positive diagnosis of “normal” was made based on the subtraction image. This patient was diagnosed with a hydrocephalus, likely congenital.


[image: Figure 3]

FIGURE 3
 Example of good agreement of the pre- and post-contrast T1W 3D FS GRE images (A,A’) but poor agreement of the subtraction image (B) with the gold standard. The pre- and post-contrast GE images were correctly interpreted as “normal” by both reviewers, while a false positive diagnosis of “inflammatory” was made based on the subtraction image which has evidence of meningeal contrast enhancement. This patient was diagnosed with idiopathic vestibular disease.


[image: Figure 4]

FIGURE 4
 Schematic representation of the percent agreement between the MRI Diagnosis based on paired pre- and post-contrast T1W FS GRE and the gold standard clinical diagnosis. There was no significant difference between the two readers.
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FIGURE 5
 Schematic representation of the percent agreement between the MRI Diagnosis based on subtraction MR image and the gold standard clinical diagnosis. There was no significant difference between the two readers.




4 Discussion

With subtraction imaging, tissues that remain static between successive scans will null out, while tissues that have changed will be highlighted. When using subtraction for pre- and post-contrast images, contrast-enhancing tissues will be accentuated. Based on this study, MRI subtraction images did not provide an advantage to paired pre- and post-contrast GRE images when evaluating the canine and feline brain.

One major source of discrepancy between subtraction images and the gold standard was misinterpretation of “normal” studies as “inflammatory.” This may be attributable to normal meningeal contrast enhancement being mistaken for pathology. It has been reported that the degree of meningeal enhancement in subtraction images of normal canine brains is greater than expected, and that some degree of enhancement in the pachymeninges and leptomeninges is physiologic due to their lack of a blood-brain-barrier (19). Another less likely explanation may have been instances of false positive identification of intra-axial lesions. 12% of dogs with idiopathic epilepsy had evidence of intra-axial enhancing lesions on subtraction images in a prior study, attributed to either false positive lesions or possibly representing true pathology (24). A third possibility for false positive results with subtraction images is artifact secondary to large slice thickness (10). However, we feel that this is less likely since our images were created with thin slices and no interslice gap. Finally, even though both radiologists involved in image interpretation in this study have experience in neuroimaging, they did not have enhanced training at interpretation of subtraction images which may have affected the results.

The other major source of error was misinterpretation of “other” as “normal.” This can easily be explained by “other” lesions often being static/non-enhancing between scans (e.g., skull defects, intracranial fluid accumulations) and thus being nulled on subtraction images. While it is unlikely that these lesions would be missed in clinical practice where other sequences (e.g., T2-weighted images) are acquired in the frame of a complete brain MRI examination, it is important to recognize the limitations of subtraction images to identify non-contrast-enhancing lesions.

The major limitation of our study is the lack of a definitive diagnosis (histopathology) in most cases. Brain biopsies are not frequently performed in veterinary medicine due to their invasiveness, cost, and potential need for special navigational equipment. The diagnoses in our patient cohort were based on a combination of signalment, history, neurologic exam findings, imaging findings, results of further tests, and follow-up, similar to the methodology used in other studies (30, 31). MRI alone has a sensitivity and specificity of 94.4 and 95.5%, respectively, for the diagnosis of brain disease in dogs (1). The diagnosis of certain brain tumors (e.g., pituitary tumors, nerve sheath tumors, and meningiomas), congenital anomalies (e.g., hydrocephalus), and traumatic lesions can be made with fairly high confidence based on characteristic imaging features. Similarly, even though histopathology is the gold standard in the diagnosis of inflammatory brain lesions, a presumptive diagnosis of meningoencephalomyelitis of undetermined etiology can be made based on a combination of signalment, neurological examination results, magnetic resonance imaging (MRI) findings, cerebrospinal fluid analysis, and negative infectious disease testing results (32). Nevertheless, it is possible that isolated cases in our patient cohort may have been misclassified. In a previous report, 24% of dogs with inflammatory CSF had a normal MRI study (33). It is theoretically possible that some cases of inflammatory disease may have been missed. We believe that this possibility is low, since at our institution patients with a normal brain MR examination almost always have CSF analysis performed as an ancillary diagnostic test. Similarly, even though cerebrovascular lesions may resemble intra-axial brain tumors, diffusion-weighted imaging (DWI), apparent diffusion coefficient (ADC) map, and T2*W GRE sequence are included in our standard MRI brain protocol, increasing confidence in the diagnosis of ischemic and hemorrhagic intra-cranial events (34). Another study limitation is that there was no requirement to have patient follow-up for a specific length of time. It is possible that the clinical diagnosis may have been different for some cases if extended follow-up had been available.

In previous studies that included histopathology, there may have been a bias for patients that had more severe disease and had to be euthanized or died. Without the inclusion criterion of histopathology, our study cohort was more representative of the spectrum of encephalopathies and of the caseload routinely imaged. Furthermore, since the categories were kept broad (i.e., radiologists did not have to specify the tumor type in the “neoplasia” category or the type of brain disease in the “other” category), this allowed for simplified categorization, decreased the number of variables, and helped keep the numbers in each category amenable to statistical analysis. In previous studies where radiologists were asked to interpret brain MRI studies in dogs, they may not have agreed with specific imaging features, however, they satisfactorily agreed on the category of brain disease (3).

Our study included both dogs and cats. It is difficult to draw specific conclusions for cats given their small number in our patient cohort. However, we felt that including all patients as they presented to the hospital for advanced imaging was a better representation of the natural population without bias.

Another possible source of bias may have been if the attending radiologist at the time of study interpretation would have had access to one of the MRI techniques under investigation (e.g., pre- and post-contrast T1W GRE images) but not the other (e.g., subtraction images), and that thus one of the two actors might have contributed more than the other to the MRI diagnosis and ultimately clinical diagnosis. We believe that this was not a significant factor in our study. Subtraction images were generated by the MRI technologist on the MRI scanning platform while the study was ongoing, and were sent to the reading platform (PACS) at the same time as the post contrast T1-W GRE images. The attending radiologist therefore had access to both and was free to base his/her interpretation on the study sequences and/or the standard pre- and post-contrast spin echo sequences also acquired in all cases.

One last limitation is that the two readers in our study were from the same institution where the MRI studies were originally acquired. A total of eight radiology residents and radiologists share the responsibility for clinical MRI case interpretation at our institution. It cannot be entirely excluded that there may have been isolated cases of re-call bias if a reader was asked to interpret an MRI study of a patient they may have previously seen while on clinical duty. However, we believe that this is negligible as the readers were blinded to patient identity, clinical findings, and other MRI sequences, as the images were randomized, and as there was a time gap of multiple months between presentation of a given patient to the hospital and the image evaluation.

Previous studies investigating the use of subtraction images in the evaluation of canine CNS disease were focused on inflammatory diseases and yielded conflicting results. One study found that subtraction images did not have advantages over T1W post contrast images and that, overall, MRI was poor at detecting meningeal pathology (23). Another study comparing subtraction images vs. pre- and post-gadolinium T1W spin echo (SE) image pairs concluded that the subtraction images performed better than the pre- and post-contrast imaging pairs (24). A possible explanation is that fat within the calvarium is hyperintense on standard SE sequences, which may mimic or obscure adjacent contrast enhancement. Subtraction imaging not only highlights contrast enhancing tissues in these cases, it also results in effective suppression of non-contrast-enhancing fat similar to the effect of chemical fat saturation. Chemical fat suppression resulted in significantly increased detection of meningeal enhancement in a previous study in dogs (26). The GRE sequence used in our study already included fat suppression, possibly negating this positive effect of subtraction images. One study evaluating the utility of MRI in the assessment of dogs with steroid responsive meningitis arteritis found improved depiction of meningeal contrast enhancement in the spine when using subtraction techniques, attributed to effective suppression of non-contrast-enhancing spinal epidural fat similar to the effect of chemical fat saturation (21). The same study found increased conspicuity of contrast enhancement associated with the articular facet joints and paraspinal musculature in some cases. Our study was focused on intracranial pathology only, and, unlike prior studies, included non-inflammatory encephalopathies. MRI subtraction images did not provide an advantage to paired pre- and post-contrast FS GRE images. Misinterpretation of “other” encephalopathies as “normal” is unlikely to represent a clinical problem as those diseases are likely going to be identified on other MRI sequences. However, misinterpretation of physiologic meningeal enhancement as abnormal, yielding an erroneous diagnosis of meningitis and inflammatory brain disease, represents a clinical pitfall.

This study leaves room for future investigation. In clinical practice, presence or absence of contrast enhancement would likely not be assessed by choosing pre- and post-contrast images or subtraction images in isolation, but would most likely being done by evaluating both in conjunction with other sequences. Providing reviewers with pre- and post-contrast image pairs first, and with pre-and post-contrast image pairs along with subtraction images later, may provide interesting insight if subtraction imaging provides meaningful additional information to the interpretation of T1W images alone.



5 Conclusion

Based on this study, subtraction images do not provide an advantage to paired pre- and post-contrast T1W FS GRE images when evaluating the canine and feline brain. The study results may not apply to instances where fat suppressed images are not available, when evaluating for concurrent extracranial abnormalities (e.g., muscle lesions), and when evaluating the canine and feline spine.
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Introduction: Modic changes (MC) are signs of vertebral pathology visible on magnetic resonance (MR) images that have been associated with low back pain (LBP) and disc degeneration in people. Multiple breeds of dogs also develop MCs and coincident back pain. However, the association between breed, MC, and spinal pathologies has yet to be fully elucidated. This study aimed to identify the prevalence of MC that occur spontaneously in the lumbar vertebral column of dogs diagnosed with intervertebral disc disease (IVDD) and examine their association with demographic criteria and the disc width index (DWI).

Methods: Medical records and lumbar vertebral column MR images were examined from 104 dogs (831 intervertebral disc spaces and adjacent vertebrae), which were divided into three groups: chondrodystrophic dogs (CD; n =54) and non-chondrodystrophic dogs (NCD; n =30) with IVDD as the primary diagnosis, and control dogs (n =20) with other spinal diseases as their primary diagnosis.

Results: Increasing age and a diagnosis of IVDD were significantly associated with MC in dogs (p <  0.001 and p = 0.0062, respectively). In CD dogs with IVDD, Type 2 MC were most prevalent, whereas, in NCD dogs, Type 3 MC were the most prevalent type. Type 2 MC were distributed nearly equally across the lumbar vertebral column, while Type 3 MC were primarily detected at the level of L7-S1.

Discussion: This study demonstrated that MC developed spontaneously in dogs, are common in dogs diagnosed with IVDD, and the type observed varies by breed. Further research is needed to understand the pathogenesis of MC; however, the increased presence of Type 2 MC in CD dogs, similar to what is found in people with disc degeneration, suggests that CD dogs could serve as models for MC in people.
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Introduction

Low back pain (LBP) is a worldwide leading cause of disability with a growing socioeconomic impact and rising incidence (1). Intervertebral disc disease (IVDD) is the most common cause of LBP (2, 3). In addition, both IVDD and LBP are some of the most common diseases of the vertebral column in both human and veterinary patients, particularly in dogs (4–6). Given the high prevalence of these conditions in clinical settings, a better understanding of the pathophysiology of these conditions and drivers of associated pain is needed to help develop new treatment strategies (3). Both people and dogs experience similar degenerative mechanisms that result in nucleus pulposus (NP) and anulus fibrosus (AF) structural alterations and associated IVDD (7). The clinical and biological similarities between people and dogs suggest that what is known about various contributors to LBP in people might have relevance to dogs and, conversely, that dogs with naturally occurring IVDD might serve as a spontaneous canine model for translational research (8).

Modic changes (MC) are pathologies of the vertebral column reflected as abnormalities of vertebral and cartilage endplates, leading to changes in signal intensity on magnetic resonance (MR) imaging studies (Figure 1). In people, MC are classically linked to LBP and IVDD (9). Three types of MC have been described, which are differentiated based on the type of signal changes observed: Type 1 MC are hypointense on a T1-weighted image and hyperintense on a T2-weighted image, Type 2 MC are hyperintense on both T1 and T2-weighted images, and Type 3 MC are hypointense on both T1 and T2-weighted images (10). The pathologic processes associated with the development of MC involve inflammation, fatty marrow infiltration, bone remodeling, and fibrosis (10, 11). These changes are correlated with back pain and putatively associated with chemical and mechanical stimulation of nerve fibers induced by the damaged vertebral body (12, 13). Disruption in the cartilage endplate and subchondral bone also contributes to loss of function and destabilization of the NP, which can lead to nerve compression and cause pain in dogs with IVDD (14).

[image: Figure 1]

FIGURE 1
 Modic changes as seen on T1-weighted and T2-weighted MR images of the canine vertebral column. The arrows indicate the signal changes in the vertebral body and endplate. (A) Type 1 MC, hypointensity on T1W and hyperintensity on T2W images. (B) Type 2 MC, hyperintensity on both T1W and T2W images; and (C) Type 3 MC, hypointensity on both T1W and T2W images.


Few studies have previously evaluated MC in dogs with spontaneous IVDD (15–17). The lumbosacral region has been previously noted as the most prevalent location (15, 17). The presence of hyperintense endplate lesions in T1-weighted and T2-weighted images of the thoracolumbar vertebral column has also been reported, indicating fatty infiltration of bone, a finding consistent with Type 2 MC (15). This finding was particularly prevalent in Dachshunds, raising the question of whether chondrodystrophic breeds might have a higher incidence of certain types of MC (15). Type 2 and Type 3 MC have also been previously reported as the most frequent endplate changes found in the canine vertebral column (16, 17). However, little is written about the influence of breed on types of MC observed in dogs (15–17). Therefore, further research is needed to understand better the etiology, prevalence, and distributions of MC in the canine vertebral column.

The goal of this study was to evaluate the prevalence and types of MC that occur spontaneously in the lumbar vertebral column of both chondrodystrophic (CD) and non-chondrodystrophic (NCD) client-owned dogs presented to a veterinary neurology referral center and ultimately diagnosed with IVDD. We also aimed to examine the association between the presence of MC and age, breed, body weight, sex, and the disc width index (DWI), which is also referred to as disc height index in humans and other animal models (18–20). Studying spontaneously occurring MC in dogs may provide novel insight into potential drivers of IVDD associated back pain and could provide a clinically relevant comparison with the human condition, providing support for future translational efforts.



Materials and methods

This study retrospectively utilized medical records and MRI findings from client-owned dogs admitted to the OSU Veterinary Medical Center with MR imaging of the lumbar vertebral column performed for the clinical diagnosis of spinal disease.


Data collection


Identification of cases

A search of the electronic medical records system of the Ohio State University Veterinary Medical Center was conducted to identify all dogs that had an MRI of the lumbar vertebral column between August 1, 2020, and September 15, 2022. The exclusion criteria were as follows:

1. Dogs had incomplete demographic data in their medical records, including age, body weight, sex, and breed,

2. The sagittal T1-weighted and T2-weighted MR images from T13-S1 were not available for review,

3. Dogs had a history of previous lumbar spinal surgery.



Definitions of groups

Dogs were divided into two main groups: IVDD and control groups. Those with a primary MRI diagnosis of IVD herniation, extrusion, or protrusion served as the IVDD group. Dogs with another primary diagnosis and no evidence of disc herniation, extrusion, or protrusion on their MRI served as the control group.


IVDD group

Dogs in the IVDD group were further divided into chondrodystrophic (CD) and non-chondrodystrophic (NCD) subgroups. Those identified in the medical record as mixed-breed dogs were excluded from the IVDD group due to the inability to characterize the CD status of their breed. Pure breed dogs included in the IVDD group were categorized as CD or non-CD dogs based on the published prevalence of their CFA12 and CFA18 FGF4 retrogenes expression (21), and 0.10 or 10% frequency of CFA12 FGF4 retrogene expressed was used as the threshold above which dogs were categorized as CD.



Control group

Dogs with a primary diagnosis other than IVDD (i.e., spinal neoplasia, neuritis, myelitis, etc.) and no secondary diagnosis of IVDD (defined as no evidence of disc protrusion, extrusion, or herniation) or dogs with no remarkable findings on their MRI report were included in the control group regardless of breed.





MRI analysis for Modic changes


Image acquisition

Imaging for all dogs was originally performed by the Radiology Department of the Veterinary Medical Center at the Ohio State University using a Phillips Achieva 3.0 T MRI system (Highland Heights, Ohio 44,143) as part of standard care for diagnosis and management of their clinical complaint. A board-certified veterinary radiologist interpreted the imaging results and provided a final written report on the images. This report was retrieved from the medical record and used to categorize dogs as having a primary diagnosis of IVDD or other (control). Complete MRI studies for all dogs were retrieved and evaluated prospectively by three reviewers (DA, MC, MKH) to document the prevalence and type of MC present throughout the lumbar vertebral column.



Reviewer training

Reviewers underwent a standardized training protocol delivered by a board-certified veterinary neurologist (SM) to review MR images and identify MC. A written protocol for MC evaluation procedures was provided during the training as a step-by-step guide to image examination. Several example images of MC were provided in the protocol to help the reviewers easily identify their appearance. Five cases were initially selected as sample images for training purposes. After each reviewer evaluated the sample images individually, a group training session was conducted to compare interpretations, assess reviewer competence, and further harmonize the approach to review. The reviewers began the interpretation of the entire set of imaging studies only after competence was demonstrated.




Image evaluation


Assessment of Modic changes

Reviewers individually assessed the presence (yes/no) and type of MC (1/2/3) present in each pair of vertebral endplates adjacent to the IVDs from T13-L1 to L7-S1 on the MR images. For vertebral levels where there was no perfect agreement between all three reviewers, an additional assessment by a board-certified veterinary neurologist determined the final judgment.

Imaging studies were evaluated in a randomized fashion using a RocketPACS web-based system (VetRocket, Santa Clara, CA), and reviewers were blinded to the diagnosis and group allocation of each dog. Reviewers were instructed to evaluate the appearance of the cranial and caudal vertebral endplates adjacent to the IVDs from T13-S1 on both T1-weighted and T2-weighted sagittal images to determine the presence and type of MC observed (Figure 1). Definitions of MC applied in this study were taken from Modic et al. (10):

1. Type 1 MC (hypointensity on T1W and hyperintensity on T2W images),

2. Type 2 MC (hyperintensity on T1W and hyperintensity on T2W images),

3. Type 3 MC (hypointensity on both T1W and T2W images).



Disc width index measurement

A mid-sagittal T1W image was used to calculate the DWI for each individual disc width as a potential marker of disc degeneration. The calculation for DWI was based on the ratio of the total caudal-cranial length of the intervertebral disc relative to the vertebral body (20):

[image: image]

where D, E, and F are the measurements of intervertebral disc width, and A, B, and C are the measurements of the vertebral body (Figure 2). A single reviewer (DA) performed DWI measurements. Five cases were chosen at random from the clinical data set and each case was assessed three different times to evaluate Intra Class Correlation (ICC) analysis to ensure test–retest reliability.

[image: Figure 2]

FIGURE 2
 Illustration of DWI measurement. A and D refer to the dorsal side of a vertebral body and intervertebral disc, whereas C and F refer to the ventral side. A, B, and C refer to the vertebral body cranial to the adjacent disc. Image and measurement were adapted from Lü et al. (20).





Statistical analysis

Statistical analysis was conducted using STATA/BE 17.0 statistical software. An intra-class correlation test was performed to assess the intra-rater reliability of DWI measurement and inter-rater reliability of MC assessment during reviewer training. Dog breed, age, sex, and body weight were reported using descriptive statistics. Comparison of the number and type of MC present between groups was assessed using cross-tabulation analysis. A logistic regression test assessed the association between MC and age, body weight, sex, and DWI as predictors. Fisher’s Exact test was used to test each group’s independence (control, CD, and NCD dogs) with the occurrence of MC. The mean differences between DWI of vertebrae with MC and without MC was examined using a two-sample t-test. Statistical differences were considered significant if the p-value was <0.05.




Results


Case selection

Two hundred thirty dogs with lumbar vertebral column MR images were identified through the initial medical records search. Cases with incomplete demographic information, incomplete MRI studies, or a history of previous spinal surgery were excluded (n = 14). Cases with IVDD as the primary diagnosis (n = 120) were separated from those with other primary MRI diagnoses or normal MRI (n = 96). Only pure-breed dogs were included in the IVDD group (n = 84), further divided into CD and NCD groups (n = 54 and n = 30, respectively). From the group of dogs with normal MR images (no remarkable finding) or other primary diagnoses, dogs with a secondary diagnosis of intervertebral disc herniation, protrusion, or extrusion in their MRI result were excluded (n = 76) to obtain a group of dogs with no MRI indication of IVDD that were used as a control group (n = 20). Vertebrae with fractures involving the endplate or where the entire disc and endplate were not visible in the sagittal image due to truncation were removed from the image review process (n = 4). Two dogs from the IVDD groups and one from the control group had eight lumbar vertebrae, resulting in additional vertebrae for evaluation. In total, 831 intervertebral discs and their adjacent vertebral endplates were evaluated from all three groups (Figure 3).

[image: Figure 3]

FIGURE 3
 Flow chart of the case selection process for 104 dogs with and without intervertebral disc disease.




Demographics of the cohort

MRI studies from a total of 104 dogs were evaluated (54 CD dogs, 30 NCD dogs, and 20 control dogs). There was no statistically significant difference in sex distribution between the groups (p = 0.154), whereas age and body weight were significantly different (p < 0.001 for both). The demographic features of each group are summarized in Table 1.



TABLE 1 Demographics of 104 client-owned dogs with and without IVDD.
[image: Table1]

The control group mainly consisted of mixed breed dogs (n = 6), Border Collie (n = 4), Australian Shepherd (n = 3), and German Shepherd (n = 2). Breeds such as American Pitbull Terrier, Belgian Malinois, English Setter, French Bulldog, and German Shorthaired Pointer represented only one of each breed. The most represented breeds in the CD group were Dachshund (n = 30), Beagle (n = 7), French Bulldog (n = 6), and Bichon Frise (n = 3). Other breeds included in lesser numbers (n ≤ 2) in the CD group were American Cocker Spaniel, Basset Hound, Jack Russell Terrier, Pembroke Welsh Corgi, Poodle, and Shih Tzu. The most represented breeds in the NCD group were German Shepherd (n = 10), Great Dane (n = 3), and Labrador Retriever (n = 3). The NCD group also contained one each of the following: Australian Shepherd, Belgian Malinois, Bernese Mountain, Border Collie, English Bulldog, English Coon Hound, Eskimo, Fox Terrier, German Shorthaired Pointer, Golden Retriever, Greyhound, Pomeranian, Shetland Sheepdog, and Shilo Shepherd.



Modic changes in canine lumbar vertebral column

The findings with respect to the presence and type of MC observed are summarized in Table 2. Of all lumbar vertebral levels evaluated, 85.4% showed no MC, 9.5% showed Type 2 MC, and 5.1% showed Type 3 MC. No Type 1 MC changes were observed in any dog included in the present study (Figure 4A). Type 2 MC were found to be presented in CD and NCD dogs but not in control dogs, while Type 3 MC were detected in all dogs, including the control group (Figure 4B). In the IVDD groups, two CD dogs and one NCD dog were found to have both Type 2 MC and Type 3 MC within their lumbar vertebral column, which we refer to as presenting a mixed type of MC (Table 2). In general, Type 2 MC were distributed widely throughout the lumbar vertebral column, whereas Type 3 MC were detected mostly in vertebral endplates adjacent to the L7-S1 disc space (n = 13) (Figure 5).



TABLE 2 Comparison of Modic changes identified in 104 chondrodystrophic (CD) and non-chondrodystrophic (NCD) dogs with and without IVDD.
[image: Table2]
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FIGURE 4
 Frequency (%) of Modic changes (MC) observed in 831 lumbar vertebral segments from 104 dogs with and without intervertebral disc disease (IVDD) (A) by type of MC observed and (B) by group and breed chondrodystrophy status.


[image: Figure 5]

FIGURE 5
 Distribution of all Modic changes observed in 831 lumbar vertebral segments from 104 dogs with and without intervertebral disc disease (IVDD). Dogs were divided into a control group with no evidence of IVDD, a group of chondrodystrophic dogs (CD) with IVDD and a group of non-chondrodystrophic dogs (NCD) with IVDD.


The presence of MC was not significantly associated with sex (p = 0.264) or body weight (p = 0.263). Age appeared to be significantly associated with MC (p < 0.001). The distribution of MC based on age for all groups are presented in Figure 6. The odds ratio (OR) of having MC in the lumbar vertebral column increased by 1.36 times (95% CIs = 1.174–1.575) for each one-year increase in age. The frequency of MC was higher in by CD and NCD dogs with IVDD compared to controls dogs (p = 0.0062), where the odds ratio for the presence of MC in CD dogs was 6.57 (95% CIs = 1.723–25.076) and in the NCD dogs was 5.67 (95% CIs = 1.369–23.462).

[image: Figure 6]

FIGURE 6
 Distribution of Modic changes based on age in (A) control group, (B) CD dogs, and (C) NCD dogs.


The distribution of each MC type and its location by vertebral level are summarized in Figure 7. In the control group, two of six Type 3 MC were found in vertebral endplates adjacent to the T13-L1 intervertebral disc, while the remainder were located at the level of L7-S1. Type 2 MC were more commonly observed than Type 3 MC in the CD dogs (n = 67 and n = 9, respectively), whereas Type 3 MC were observed more than Type 2 MC in the NCD dogs (n = 27 and n = 12, respectively). In both CD and NCD dogs, Type 2 MC were distributed throughout the lumbar vertebral column, while Type 3 MC occurred predominantly at the vertebral endplates adjacent to the L7-S1 intervertebral disc space.

[image: Figure 7]

FIGURE 7
 Distribution of Modic changes, by type, observed in 831 lumbar vertebral segments from 104 dogs with and without intervertebral disc disease (IVDD). Dogs were divided into a control group with no evidence of IVDD, a group of chondrodystrophic dogs (CD) with IVDD and a group of non-chondrodystrophic dogs (NCD) with IVDD.




Relationship between Modic changes and disc width index

The intraclass-correlation test (ICC) was performed under a two-way mixed-effects model to assess the repeatability of a single observer’s measurements of disc width in dogs with and without IVDD as measured at three distinct times. Intra-observer reliability for DWI measurements was 0.99, which can be categorized as excellent (22).

The average ratio of intervertebral disc width was 0.25–0.4 for the disc space adjacent to vertebrae with MC and 0.26–0.35 for the disc space adjacent to vertebrae without MC present. There was no statistically significant difference in DWI between disc adjacent to vertebral endplates that contained MC and those that did not, except at the level of L7-S1, where the DWI was significantly larger in discs adjacent to vertebral endplates with MC (p = 0.0247) (Table 3).



TABLE 3 Comparison of mean DWI in each intervertebral disc adjacent to vertebral endplates with and without MC.
[image: Table3]




Discussion

This study represents one of only a few publications evaluating MC in dogs (15–17, 23) and is the first to associate the type and distribution of MC with breed chondrodystrophy status in client-owned dogs. Findings from our study support those recently published by Beukers et al. (17) that dogs can spontaneously develop MC, that MC are commonly observed at the lumbosacral junction, and that the development of MC in dogs is strongly associated with age, a finding observed in people as well.

In our study population, no Type 1 MC were identified and Type 2 MC were the most common type of MC observed. The Type 1 MC images presented in Figure 1A were obtained from another client-owned dog diagnosed with discospondylitis and not included in the current study. It is interesting to note that Beukers et al. (17) also found that Type 1 MC was significantly associated with imaging characteristics of discospondylitis. Type 1 MC are thought to reflect the replacement of normal bone marrow by fibrous and granulation tissue. TNF-α expression in the vertebral endplates of people with Type 1 MC is significantly higher than in those with Type 2 MC (24), supporting the argument that Type 1 MC are most likely to be associated with active inflammation (9). Type 1 MC have also been significantly associated with the presence of low back pain, and disc herniation appears to be an important risk factor for development (25, 26). Type 1 MC are also considered an interconvertible lesion, as they can develop into Type 2 MC or revert to normal condition (19, 26–28). Given what is known about the underlying pathophysiology and time course for the development of Type 1 MC, we assume it is possible that Type 1 MC were not observed in our population of dogs because they represent very early degenerative changes resulting in more mild clinical signs that could be missed by owners and veterinarians until the process becomes more advanced. In the previous studies, Type 1 MC accounted for a minimal number of dogs (16, 17). The presence of Type 1 MC has also potentially been associated with previous spinal surgery (17). Our study design excluded dogs with previous spinal surgery from evaluation and therefore precluded assessing this relationship. Additionally, it is possible that Type I MC represent an earlier stage of vertebral endplate changes associated with IVDD (11, 15) and that Type I MC can transition to Type 2 MC over time (10, 19, 26, 28); therefore, more subtle signs of lower back pain associated with Type I MC could be missed in dogs who are unable to self-report their back pain.

Another recent study evaluating MC in the canine vertebral column observed Type 3 MC most commonly (17); however, several studies have shown that Type 2 MC are the most commonly observed type of MC in people and are associated with the replacement of normal bone marrow with fat and upregulation of complement-mediated inflammation. Type 3 MC, which represent subchondral bone sclerosis, are reportedly more rare in people (19, 29, 30). An important difference in population between Beukers et al. (17) and the present might drive observed differences in results, specifically the inclusion of a large number of CD dogs in the present study. In our canine IVDD population, 65.4% of MC detected were Type 2 MC, while 34.6% of MC identified were Type 3 MC, suggesting that both types of MC occur relatively frequently in dogs with IVDD. Type 2 MC were detected most frequently in CD dogs, while only 10% of NCD dogs in our cohort had Type 2 MC. In contrast, Type 3 MC were observed more commonly in NCD dogs.

While not an aim of their study, another publication describing MRI findings associated with IVDD in a population composed primarily of CD dogs also reported a high prevalence of Type 2 MC (16), whereas Type 3 MC were most common in a previously reported cohort predominantly composed of NCD (17). Given the increased commonality of Type 2 MC in both people and CD dogs, our results could support the CD dog as a more translationally relevant spontaneous canine model for studying MC as compared to the NCD.

Across all dogs in the current study, MC were observed most frequently in the vertebral endplates at the level of L7-S1, and this finding is similar to previous reports (15, 17). However, we observed distinct patterns of distribution for Type 2 MC and Type 3 MC. Type 2 MC were observed mostly in CD dogs and were distributed almost equally across all lumbar segments, whereas Type 3 MC were observed mostly in NCD dogs and predominated at the vertebrae adjacent to the L7-S1 intervertebral disc space. To our knowledge, our study is the first to report a difference in MC type and distribution between CD and NCD dogs, and these findings might be important in considering causes and clinical implications of MC. We speculate these distinct distribution patterns might be influenced by differences in genetics, pathophysiology or biomechanics underlying IVDD characteristics in CD and NCD dogs. In the CD dogs, the CFA12 FGF4 retrogene is considered a major risk factor for the IVDD phenotype. Histologically, discs from CD dogs undergo loss of notochordal cells and transformation of nucleus pulposus into chondrocyte-like cells at a young age (21, 31). This predisposes to early disc degeneration, which can occur in a similar manner throughout the vertebral column (32–34). Conversely, in NCD dogs, risk factors for the development of IVDD appear to center more on age, body dimensions, and vertebral column biomechanics (33, 35, 36), where relative ventrodorsal instability make the lumbosacral junction focally and particularly susceptible to high wear and tear and associated age-related disc degeneration (32, 33, 35).

Several studies in people report that vertebral endplates adjacent to the lower lumbar IVDs, L4-L5 and L5-S1, are the most common sites for Type 2 MC (13, 29, 37). This differs from the findings in our cohort of dogs. The differences might be caused by the distinction in biomechanical factors affecting the vertebral column between dogs and people or could be driven by the unique role of FGF4 retrogene expression as a driver of IVDD in CD dogs (21, 31, 38). Comparably, a mutation in the fibroblast growth factor receptor 3 (FGFR3) in people, which causes an achondroplasia phenotype (39) is associated with lumbar spinal stenosis and more diffuse degenerative changes throughout the entire lumbar vertebral column, differing from the high incidence of IVDD focally at the lumbosacral junction in people without an achondroplasia phenotype (40, 41). More studies are needed to investigate the relationship between FGF4 retrogene expression and vertebral endplate changes consistent with MC.

Imaging assessment of disc space narrowing through calculation of disc height index (analogous to DWI measured in the present study) is often used as a clinical indicator of IVDD in people (42) since intervertebral disc height is related to age-related degenerative changes (43, 44). A study conducted by Akeda et al. (42) showed that lumbar disc height reduction in elderly people was significantly associated with low back pain conditions. Changes in laminar layers of AF and deposition of chondroid substance that was found particularly in middle-aged and older people have been proposed to contribute to disc space narrowing (43, 45). The reduction of disc height index has also been significantly associated with the presence of MC in people, particularly Type 2 MC (19). In the present study, we did not observe an association between reduced DWI and the presence of MC. Instead, we found an increased ratio of DWI in dogs affected with MC, but only at the level L7 – S1. The lack of association between DWI and MC in our population might be related to the diverse breeds included in our study, leading to variability in vertebral body and disc width measurement. Previous research in the canine cervical vertebral column found that disc to vertebral body area and length ratios differed significantly by breed (46). Further morphometric studies of the canine vertebral column are needed to obtain more information about disc space narrowing association with IVDD and MC in dogs.

The Pfirmann grading system has been used as a tool to assess disc degeneration based on sagittal T2-weighted images in both people and dogs (47–49). A previous study investigating lumbar IVDD in people found that MC were correlated with higher Pfirmann grade (48). The present study did not employ Pfirmann grading as a marker of disc degeneration, as it is not commonly used as part of the clinical image evaluation process for dogs with IVDD. Future studies could prospectively explore the relationship between Pfirrman grade and the presence of MC in dogs with IVDD.

This study represents the first evaluation of the relationship between chondrodystrophy breed status and the presence and distribution of spontaneously developing MC. Our study leveraged a comprehensive set of clinically annotated MRI studies, coupled with dog demographic information, to evaluate associations between these factors and the type of MC developed in a veterinary patient population with potential translational relevance. Given the nature of our population, we were unable to correlate MRI observations with histopathologic findings and were unable to define a control group of dogs with entirely normal vertebral columns for comparison. Additionally, because MR images were obtained from a database of previously imaged veterinary patients, correlation with other parameters, such as semi-quantitative measures of back pain or owner-derived quality of life scores, were not possible in the present study. While this study focused on the presentation of MC in the lumbar region of canine vertebral column, evaluation of MC in the thoracic and cervical region may provide further insight into the MC prevalence and breed-associated distribution in dogs. To address these limitations, prospective longitudinal investigation in dogs, including imaging of the entire vertebral column, will be necessary to better understand the relationship between MC development, degenerative changes to the intervertebral disc, and their association with low back pain.



Conclusion

This study demonstrates that MC occur spontaneously in dogs diagnosed with IVDD of the lumbar vertebral column. Age and diagnosis of IVDD are risk factors for the presence of MC, and older dogs and both CD and NCD dogs with IVDD have an increased odds ratio for MC. Type of MC observed varies with breed where 38.9% of CD dogs in our study population had Type 2 MC, which were distributed almost evenly throughout the lumbar vertebral column, while 36.7% of NCD dogs showed Type 3 MC, which were found mostly in the L7-S1 region. Further research is needed to understand the pathogenesis of MC and their correlation with clinical signs of back pain; however, the increased presence of Type 2 MCs in CD dogs, similar to what is found in people with disc degeneration, suggests that CD dogs might serve as a model for future translation studies of MC.
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Case report: Focal heterotopic ossification in paravertebral muscles as a cause of neurogenic lameness in a dog
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This case report describes a 17-month-old Pudelpointer with recurring motor impairment localized to the left thoracic limb. A neurological exam highlighted lameness in that limb, accompanied by pre-scapular swelling. Radiographs and magnetic resonance imaging detected an osseous structure in soft tissues close to the fifth cervical vertebra, and subsequent surgery uncovered adjacent cervical spinal nerve impingement. Histology of the bony structure revealed heterotopic ossification in paravertebral muscles. Mild bone re-formation at the operating site was detected after a 2-year period, but the patient was asymptomatic. This article reports the first case of heterotopic ossification with spinal nerve entrapment in a dog and adds a new differential diagnosis to the causes of neurogenic lameness in dogs.
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Introduction

Heterotopic ossification (HO), also known as paraosteoarthropathy, myositis ossificans, and heterotopic calcification, is defined as the abnormal formation of mature lamellar extraskeletal bone in soft tissues, such as skeletal muscles, articular capsules, ligaments, and tendons (1–3). In human medicine, HO is divided into two major types—acquired and genetic (4). The acquired form is the most frequent, is closely associated with tissue trauma in 75% of cases, and can be seen after joint surgery, musculoskeletal or central nervous system injury, and burns (5, 6). Many cases have a benign course; however, they may cause inflammation, pain, or functional changes (7). In dogs and cats, the incidence of HO is low, and case reports from the last 50 years are sparse. In dogs, HO was associated with changes around the hip joints or with traumatic events; in cats, the multifocal progressive fibrodysplastic changes resembling human cases have been described (8–21). The aim of this report is to describe the diagnostic imaging and histopathologic features of a canine case of HO lesion in paravertebral muscles with associated spinal nerve impairment.



Case description

A 17-month-old 25 kg intact female Pudelpointer was referred with intermittent (several months duration) left thoracic limb lameness with no obvious signs of pain. The patient was a pet; there was no history of trauma, and there were no similar symptoms in parents or littermates. Prior episodes of left shoulder edema and abscessation were described, requiring repeated draining, flushing, and antimicrobial therapy. Physical examination during presentation detected left-sided pre-scapular swelling sensitive to palpation. A complete neurologic examination revealed left thoracic limb monoparesis with lameness grade 2/5, decreased flexor reflex, and postural reactions in the affected limb, indicating a lower motor neuron lesion. Neuroanatomic localization was consistent with a left-sided brachial plexus or ventral horn gray matter lesion localized between the sixth cervical (C6) and the second thoracic (T2) spinal cord segments. Differential diagnoses included inflammatory, traumatic, anomalous, neoplastic, and degenerative diseases with local soft tissue reactions. All parameters from the complete blood count (ProCyte Dx Hematology analyzer) and serum biochemical analysis (Cobas c 111 analyzer) were within normal limits. Diagnostic imaging included conventional radiography and MRI of the C1-T2 spine and paravertebral tissues on the left. On radiographs, an irregularly marginated, angular mineral opacity was located adjacent to the left transverse process of the fifth cervical vertebra (Figure 1). This transverse process was blunted and irregular, tessellating with the region of soft tissue mineralization. Marked soft tissue swelling was identified around the mineralization.

[image: Figure 1]

FIGURE 1
 Upper left: Ventrodorsal radiograph of the cervical region: The mineralized lesion is close to the left transverse process of C5 (red arrow), with the blunted tip of the transverse process appearing to mold around the mineralized lesion. Upper right and lower images: T2W, T1W (lower left), and T1W + C (lower right) transverse MRI images: An angular structure is seen in the soft tissues lateral to the left side of the C5 vertebra. This has a signal void thin margin with the appearance of bone cortex and a core that is isointense to bone marrow (red arrow). The surrounding soft tissues are heterogeneous. Note also how there is a large area of surrounding soft tissue swelling cranial to the left shoulder (blue star).


An MRI was performed under general anesthesia using a 0.18 T Esaote Vet-MR unit. Multiplanar T2-weighted (T2W), T1-weighted (T1W), and Gradient echo (GE) sequences of the cervicothoracic region were acquired (T1W: TR: 1120, TE: 26, FA: 90, ST: 4; T2W: TR: 3990, TE: 100, FA: 90, ST 4; T2*: TR: 1220, TE: 28, FA: 40, ST: 4). Additional T1W images were performed following intravenous administration of a gadolinium-based contrast medium (Omniscan, GE Healthcare AS, NO, 0.1 mmol/kg). MRI images revealed an angular structure (10 × 11 × 16 mm) seen in the soft tissues lateral to the left side of the C5 vertebra. This had a signal void thin margin with the appearance of bone cortex and a core that was isointense to bone marrow on T2W, T1W, and GE T2* images. This mineralized structure mimicked the appearance of bone yet lay within the muscle belly. The surrounding muscle itself was heterogenous, and there was a large accumulation of fluid content noted in the overlying subcutaneous tissues measuring up to 10 × 2.7 cm—mostly the content of this cystic lesion was T1W hypointense and T2W hyperintense; however, the core was T2W/T2* hypointense (T2W images were partially disrupted by metal artifact caused by the microchip). Some contrast enhancement was noted in the muscle surrounding the mineralized structure, and further enhancement was noted in the right (dependent) aspect of the fluid pocket (Figure 1). Due to the appearance of “bone,” the mineralized structure was considered consistent with HO (with differentials for a mineralized focus including dystrophic mineralization from a trauma, osteochondromatosis, chondroma/sarcoma, paraosteal osteosarcoma, or calcinosis circumscripta). The cystic lesion was considered to be a complex cyst/seroma with a hemorrhagic component, a hematoma, or potentially an abscess.

Surgery was performed. The patient was placed in right lateral recumbency with thoracic limbs tied caudally; a skin incision was made over the mass, and the sternohyoideus and sternooccipitalis muscles were retracted. First, the firm capsule over the osseous mass was dissected. The fluid was drained, and the bony structure was exposed. Fluid and tissue samples from the lesion were submitted for aerobic and anaerobic cultures that had negative growth. The lesion was attached to the latissimus cervicis muscle and had loose, fibrous attachment to the left transverse process of the C5 vertebra. The left C6 spinal nerve was embedded in the osseous mass. The mass was dissected, freed from the fibrous attachment, and removed as one piece. The entrapped spinal nerve was meticulously and gently dissected, freed, and cleared from the osseous mass. The tissues at the site were sutured, and the wound was closed routinely. The excised tissue was submitted for histopathological examination. It measured 12 × 18 × 12 mm and appeared partially encapsulated with an irregular surface and white to light brown color. It was firm and gritty to cut (Figure 2A). Staining techniques used were hematoxylin–eosin (HE) and Giemsa. Microscopically, it presented as a well-circumscribed partially encapsulated, multiloculated formation of fully differentiated woven bone fading into more mature lamellar bone. Bone spicules were coated by a hypercellular osteoblastic lining peppered with some osteoclasts. The endosteal compartment showed central hematopoietically active red bone marrow. The capsule consisted of thick bundles of parallel-oriented, poorly cellular fibrocollagenous tissue that came into direct contact with lamellar bone. Along the capsule, there was a marked proliferation of blood vessels, both arteries and veins, with occasional cavernous spaces filled with amorphous, slightly eosinophilic material, and a variable amount of intraluminal red blood cells resembling vascular hamartoma. The blood vessel walls appeared moderately thickened, with prominent smooth muscle cells. Oligofocal metaplastic cartilage formation was observed in one section. The skeletal muscle outside the capsule appeared mild to moderately atrophic without evidence of inflammatory infiltrates. The morphological diagnosis was an intramuscular, mature HO with vascular hamartoma (Figure 3). Post-surgery radiographs detected a dense residual tissue (suspected to be the rest of the firm capsule), confirming that HO had probably not been completely removed (Figure 2B). Within 1 month post-surgery, the lameness fully resolved. Two years later, an osseous lesion of 8 mm in size was detected on routine follow-up radiographs at the surgery site; however, there were no associated clinical signs (Figure 4). Neurological examination findings at these follow-up time points were normal.

[image: Figure 2]

FIGURE 2
 (A) Removed bony structure. (B) Post-surgical ventrodorsal radiograph of the cervical region with a small amount of residual tissue suspected incomplete lesion capsule removal (red ellipse and arrow).


[image: Figure 3]

FIGURE 3
 Representative photomicrographs of the heterotopic ossification stained with hematoxylin–eosin (A) and Giemsa (B). The mass presents well-differentiated bone spicules (BS) and is confined by a periosteum-like pseudocapsule (PC). Toward the endosteal compartment, there is a layer of osteoblasts (OB). The newly formed bone further contains hematopoietically active bone marrow (BM), interrupted by fat vacuoles. The scale bars indicate the level of magnification. HE: hematoxylin–eosin; Gie: Giemsa.


[image: Figure 4]

FIGURE 4
 Ventrodorsal radiograph of the cervical region with a small osseous lesion after 2 years from the surgery (red ellipse).




Discussion

HO within the skeletal muscles is in human medicine typically described as fibrodysplasia ossificans progressiva (genetic form) and myositis ossificans traumatica or circumscripta (acquired form), the mechanism of which is not fully understood and is mostly suspected to be secondary to trauma. In cases of both genetic and acquired forms, a recurrence of lesion after surgical excision is common, as was observed in the described case report 2 years following the surgery. Periodical recheck radiographs were obtained because the residual tissue suggested possible regrowth and a general potential for HO recurrence. Another excision will follow if necessary (20). HO in dogs is rare, with most reported cases affecting hip joints and the appendicular muscles (9, 10, 21, 22). One similar report of HO close to the cervical spine in a dog with lameness was published, but no connection with neural structures was mentioned (8). In the case presented here, the combination of diagnostic imaging and histopathology was consistent with reports of HO in human medicine. A combination of imaging modalities (CT, MRI, and Doppler ultrasound) is used in HO diagnostic procedures in people. In our case, we used a combination of radiographs and MRI, where matured HO presents as a cancellous fat that is hyperintense on T1W and T2W images outlined by the hypointense cortical bone, which can be considered diagnostic. In this case, the HO was diagnosed at a later stage, when trabecular bone had formed. In people (compared to veterinary medicine), radiographic and histologic features of earlier HO stages (which have different characteristics) have also been described. Therefore, when MRI detects a mature HO, no further imaging is necessary. On the other hand, MRI of earlier stages of HO has a great advantage in excluding other differential diagnoses—recognizing MRI patterns in HO could be very beneficial in the early phases as the condition is commonly misdiagnosed for osteomyelitis or malignancies such as sarcomas (23–26). The histologic features mirrored radiographic findings—the early lesion shows very cellular sheets of plump fibroblasts, the cells are spindle-shaped or stellate, and they seem to float in a myxoid extracellular matrix. One week later, seams of osteoid appear in the peripheral portions. In human medicine, because of dense cellularity and osteoid production, lesions at this stage of evolution have been called “pseudomalignant osseous tumors of soft tissue” (27–29). Despite the high cellularity and mitotic figures, cytological atypia and abnormal mitoses are absent. A characteristic feature of HO is the entrapment of skeletal muscle in the peripheral portions of the mass. Six weeks later, the outer portion of the mass shows dense lamellar bone arranged as a pseudocortex. Six months to a year later, lesions evolve into the thick, mature trabecular bone. Bone marrow may also be present in older lesions. Complications of HO can develop as a restriction of movement of adjacent joints, and occasionally a lesion may impinge on an adjacent nerve, a pathology up to this date described only in cats (sciatic and other major nerves were encased in progressive fibrodysplasia ossificans cases) and humans (11, 30). Four factors are theorized as necessary in the pathogenesis of non-genetic HO (31). First, there must be a primary insult, usually an episode of trauma that may form a hematoma. Often, the injury is minimal and consists of only a few torn muscle or collagen fibers. The second factor is a signal from the site of injury—this signal is most probably a protein secreted from cells of the injured tissue or from inflammatory cells arriving in response to the tissue injury. Third, there must be a supply of mesenchymal cells—genes that synthesize osteoid and chondroid material are activated and cause these mesenchymal cells to differentiate into osteoblasts or chondroblasts—HO formation may occur anywhere in these soft tissues, and sites include skeletal muscles and perivascular and fibrous tissues. Finally, a necessary environment that is conducive to the continued production of heterotopic bone must be present. Of these four factors, signaling agents appear to play the most important role in the formation of heterotopic bone, and recent progress has been made in the understanding of these agents in human medicine (4, 32–37). In our case, the owner did not describe any traumatic event, but an injury during the first year of life may be speculated. Although HO may develop spontaneously, the process is initiated by trauma in 60–75% of cases in humans. HO was first described during World War I as a consequence of blast injuries and remains a major cause of morbidity in soldiers returning from conflicts in Iraq and Afghanistan (38–41). A distinctive feature is lesion maturation, which is apparent clinically, radiologically, and histologically. Our patient had episodes of swelling, pain, and signs of inflammation in the history, which is consistent with tissue irritation and HO maturation over several months. A large soft tissue swelling was evident prior to the surgery. The fluid-filled component, with variable tissue characteristics, may represent part of a hematoma, which is described as being seen in the early phases due to hemorrhage (42). HO in human medicine is staged using several classification methods, none of which are used in veterinary medicine. Nevertheless, the paravertebral area is suspicious for post-traumatic HO evolution in our case (43–46). Nerve compression or impingement has been described in stenotic disorders or traumatic events, typically spinal nerves of the lumbosacral region and obturator or sciatic nerves after pelvic fractures or surgeries (47–49). Cases of HO with nerve compression or impingement have not yet been published in dogs in any location along the vertebral column. In the case presented herein, the left C6 spinal nerve was compressed; this nerve is part of suprascapular, subscapular, and musculocutaneous nerves, and consequently, the flexor reflex of the affected thoracic limb is weakened, as was in our patient. The main limitation of the article is the lack of visual direct proof demonstrating nerve entrapment, such as an intraoperative image or sufficient MRI detail to visualize the nerve. Nevertheless, the neurological exam, MRI lesion localization, surgical findings, and resolution of the neurological deficits following surgery are all consistent with the nerve entrapment described in this case. To the authors´ knowledge, this is the first report of HO in paravertebral muscles with nerve impingement or entrapment causing neurogenic lameness in dogs (50).
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SD, standard deviation; MH, midbrain height; MW, midbrain width; PH, pons height; PW,
pons width; MOHY, medulla oblongata height at the fourth ventricle level; MOHC, medulla
oblongata height at the cervicomedullary junction; RMOW, rostral medulla oblongata widh;
CMOW, caudal medulla oblongata widih.
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Dog breeds Number (%)

Mixed breeds 8(34.8%)
Border Collie 2(8.7%)
Bull terrier, Cane Corso, Dobermann, Golden Retriever, 1(4.3%)

Labrador Retriever, Maremma Sheepdog, Pekingese, Pitbull
Terrier, German Shepherd, Maltese, Podenco Ibicenco,

Chihuahua, French Bulldog
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Clinical sig Number

Seizures 2
Visual deficits 10
Compulsive circling 9
Abnormal behavior 6
Head turn 3
Head tilt 2
Ataxia 2
Horner’s syndrome 1

Inappropriate urination 1

Nystagmus 1

Paraparesis 1
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MR features n. (%)

Cases with multiple porencephalic cavities 7132 (21.9%)
Asymmetrical 717 (100%)
Symmetrical 017 (0%)

Cases with a single porencephalic cavity 25/32 (78.1%)
Right hemisphere 12/25 (48%)
Left hemisphere 13125 (52%)

Affected cerebral lobes

Olfactory lobe 10
Frontal lobe 16
Parietal lobe 20
Temporal lobe 18
Piriform lobe n
Occipital lobe 17

GM/WM involvement

Both 25/32.(78.1%)
GM 7/32 (21.9%)
wM 0/32(0%)

Contrast enhancement
No 27/32 (84.4%)
Yes 5/32(15.6%)

Concomitant musculoskeletal abnormalities

Fractures 14/32 (43.8%)
‘Thinning 3/32 (9.4%)

‘Thickening 13/32 (40.6%)
Depression of the calvarium 13/32 (40.6%)
Masticatory muscles changes 13/32 (40.6%)
None 12/32(37.5%)

Other features.

Meningocele 2/32(6.2%)
Meningoencephalocele 2/32(62%)
Ipsilateral ventriculomegaly 26/32 (81.2%)
Hydrocephalus internus 10/32 (31.2%)
Absence of septum pellucidum 6/32(18.7%)
Intracranial arachnoid diverticulum associated with 3/32(9.4%)

the quadrigeminal cstern/supracollicular fluid

accumulation
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Dogs with Healthy controls  Healthy controls with a Healthy controls with

idiopathic (n=24) first-degree relative no family history of
epilepsy (n = 26) with idiopathic epilepsy idiopathic epilepsy
(n=12) (n=12)
Breed
Beagle 0 11 0 11
Border collie 15 5 4 1
Greater Swiss Mountain dog 11 8 8 0
Sex
Male 14 10 4 6
Male castrated 4
Female 5 14 8 6
Female spayed 4
Ratio male:female 2:1 57 12 11
Bodyweight
Kilograms [median; range] 22.8;14.0-70.0 19.0;9.6-54.8 38.3;16.4-54.8 16.4;9.6-21.8
Age
Years [median; range] 3.0;1.0-8.6 5.6;1.3-8.6 5.6;2.5-8.6 5.2;1.3-7.2
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Medical treatment at the time of MRI

Phenobarbital

Potassium bromide 4

Levetiracetam 3

Imepitoin 1

Type of therapy Mono 2
Double 5
Triple

<l month

>1-3 months 12

>3-12 months 6

>12 months

>2 days—1 week

>1 week—2 weeks 10

>2 weeks—4 weeks 1

>4 weeks

Seizures

Status epilepticus

Cluster seizures

Seizure semiology

Tonic-clonic

Tonic 2
Focal onset secondary generalization 14
Unknown onset 8
Additional focal seizures 10
Autonomic signs Salivation 9

Urination 11

Defecation 5

Postictal aggression

Inter-ictal behavioral changes

Anxiety
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Gender Nr. of dogs Age (months) median (range) Wei (kg) median (
male intact 82 565 (4.4-155.1) 18 (26-56.0)
male castrated s 77.1 (8.7-164) 167 (2.0-72.0)
female intact 35 520 (4.1-156.2) 7.3 (1.4-33.0)
female spayed 87 100.6(14.2-194.4) 184 (2.1-41.7)
unknown 2 704 (38.1-102.8) 76 (7.2-7.9)
French Bulldog 2 472(110-119.1) 121 (8.0-27.2)
Labrador Retriever 16 73.1(35.9-156.2) 307 (25.0-41.0)
Chihuahua 13 975 (40.9-142.4) 27(20-52)
Pug 9 968 (129-151.7) 73(60-93)
Mised o 822(52-1763) 19(3.1-458)
others 197 695 (4.1-194.4) 18.3(1.4-72)
Brachycephalic 63 728 (41-151.7) 100 (2.0-38.0)
Mesocephalic 145 71(42-194.4) 18.4 (1.4-56.0)

Dolichocephalic ) 69(9.4-169.3) 24(43-720)
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Location Hemisphere (Nr. Mean ADC Median in. ADC ROl size

of ROI) mean + SD hemispheres (mm2)
averaged median
median (range) (range)
mean +SD
Caudate Nucleus Right (321) 0.7619:0.0489 077 055 091 076 (0.55-0.88) 134 (68-249)
Left (321) 0.74730.0502 075 056 0.86 075162005
Internal Capsule Right (320) 0707200424 071 056 0.8 071 (0:61-0.89) 128 (4.6-247)
rostral Left (321) 0.7065£0.0401 070 0.56 091 0.7068:£0.0412
Internal Capsule Right (321) 0.7155£0.0422 072 059 08 0.72(0.60-0.90) 155 (5.9-31.7)
caudal Left (321) 0711700392 071 0.60 091 0.71360:£0.0407
Piriform Lobe ight (320) 0.8353:£0.0386 083 068 096 084 (0.70-097) 184 (90-37.0)
Left (320) 0.83900.0382 083 071 098 b
Thalamus, Right (320) 0.7325:£0.0309 073 063 082 073 (0.66-0.82) 199(9.5-37.4)
Left (320) 0.7305£0.0332 073 0.62 081 i
Hippocampus Right (318) 0.82020.0577 052 062 098 105 (43-17.5)
Left (318) 0.8117£0.0647 081 063 097 R
Occipital Lobe gray Right (316) 0720200535 072 059 089 0.72(0.59-0.88) 17.5(85-32.4)
S white matter av. Left (317) 0.72240.0507 072 058 089 M
Occipital Lobe gray Right (314) 0.82280.0870 083 059 108 083 (0.61-1.06) 102(49-19.7)
matter, Left (315) 0.8296:£0.0805 083 0.57 106 i
Occipital Lobe ight (314) 0.7063:£0.0558 070 059 094 0.71(0:62-087) 81(39-147)
. Left (315) 0.7098:£0.0467 071 057 0.6 OIS0
Cerebellum gray & Right (314) 0.6951+0.0461 069 060 086 069 (0.59-0.83) 16(7.6-316)
white matter av. Left (313) 0.69830.0437 0.70 057 087 0.69670.0449
Cerebellum gray Right (313) 0.7299:£0.0647 073 056 097 0.73(0:61-096) 123(57-23.0)
matter Left (312) 0.7387£0.0582 073 0.62 095 0.7343£0.0615
Cerebellum white Right (312) 0.6855:£0.0529 069 055 087 069 (0.57-0.82) 118(57-23.0)
matter Left (311) 0.6869:+0.0482 068 056 081 068620,0306
Vermis gray & Middle (314) 07196200772 071 057 108 071 (0.57-1.08) 9.8(4.8-18.3)
white matter av. 07196400772

ADC values are in (x 10 mm?/s). Max, maximum ADC; Min,, minimum ADC; ay., averaged.
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Percentage accuracy of the
classification of CAP

Normal Hypoplastic  Aplastic
VIBE 87%, C195% 62.5,95% CI 78*, C195%

(£2.193) (£3.03) (£3.531)
T2W-TSE 70%, CI195% 44, CI195% 60%, C195%

(+4.464) (£1273) (+3.899)

*Denotes a significant difference between T2W-TSE and VIBE accuracy by reviewers for

CAP dlassification.
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Group A Group B

changes
of dogs (%) of dogs (%)
DP 73 (913%) 43 (87.8%) 30 (96.8%)
Canalar IVDP 2(27%) 2(4.7%) 0(0%)
Leftintervertebral foraminal 22.7%) 1023%) 1(33%)
Right intervertebral foraminal 0(0%) 0(0%) 0(0%)
Bilateral intervertebral foraminal 5(6.8%) 3(7%) 2(6.7%)
Canalar + left intervertebral foraminal 5(6.8%) 49.3%) 1(33%)
Canalar + right intervertebral foraminal 6(3.2%) 2(47%) 4(13.3%)
Al positions 53(72.6%) 22(73.3%)
Cranial intervertebral foraminal stenosis 36 (45%) 22(44.9%) 14.(45.2%)
Left lateral 5(13.9%) 1(45%) 4(28.6%)
Right lateral 11(30.6%) 5(22.7%) 6(42.9%)
Bilateral 20 (55.6%) 16.(727%) 4(28.6%)
Nerve root involvement 37(46.3%) 20 (40.8%) 17 (54.8%)
Left lateral 13 (35.1%) 6(30%) 7(41.2%)
Right lateral 7(18.9%) 4(20%) 3(17.6%)

Bilateral 17(45.9%) 10(50%) 7 (41.2%)
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Group A

Normal withdrawal
reflexes

Impaired withdrawal
reflexes

Group B

Normal withdrawal
reflexes

Impaired withdrawal
reflexes

DP

Cranial intervertebral

foraminal stenosis
Nerve root involvement

IVDP+ cranial intervertebral

foraminal stenosis

IVDP + nerve root

involvement
AIILS changes
NoLS changes

Total

34
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N=80 (%)

Neurological findings
Gait

Grade 0 5(6.3%)
Grade 1 6(7.5%)
Grade 2 42(52.5%)
Grade 3 15 (18.8%)
Grade 4 8(10%)
Grade' 4(5%)

Spinal reflexes

Withdrawal reflex

Reduced/absent 34/80 (42.5%)
Bilateral 28/34 (824%)
Left 4/34 (11.8%)
Right 234 (59%)

CTMR cut-off 21/80 (26.3%)

Pain 54/80 (67.5%)
Thoracic or lumbar 50/54 (92.6%)
Lumbosacral 4154 (5%)

Neurolocation (IVDE site)

TI-T12 1(1.3%)
TI2-T13 4(5%)
TI3-L1 4(5%)
Li-12 10 (12.5%)
L2-13 12/(15%)
13-14 18 (22.5%)
L4-15 19 (23.8%)
L5-16 11(13.8%)

L6-17 1(1.3%)
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CN ICr ICc Th Hip Cbc Cbg Cbw '
oN
icr ]
Ice * 1.000
PIL # # #
1 ¥ # # #
Hip # # # 0,093 #
OLe # 0.029% 1.000 # 0575 +
org # # # 0.024% + 1000 #
OLw # 1.000 100 # * + 0.131 #
Cbe * 1000 0,007 # * B * # 0611
Cbg # # 0,004 # 1000 * 1000 * ¥ ]
Cow * 0.008% # # + B * # 0.002¢ 1000 ¥
v # 1.000 1000 # 0.005* # 1000 # 1000 0.001% 0,036 #

Values marked with * are statistically significant (p<0.05) and values below 0.001 are indicated by #. CN, caudate nucleus; ICr, internal capsule rostral; ICc, internal capsule caudal PiL.,
piiform lobe; Th, thalamas; Hip, hippocampus; OLc, Occipital lobe combined; OLg, occipital lobe gray matter; OLy occipital lobe white matter; Che, cerebellum combined; Cbg, Cerebellum
gray matter; Cbuw, cerebellum white matter; Vr, vermi
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Equipment

Hartmann et.al

Current study MacLellan et.al.
MR equipment Philips Ingenia 3.0 T scanner. Philips AG |~ GE Signa HDx 3.0-T MRI scanner. GE
Healthcare. Zurich. Switzerland Medical Systems. Milwaukee. WI. USA
Field strength 3Tesla 3Tesla
bovalue 0and 1000s/mm? 0and 1000s/mm?
Coils dstream HeadNeck. 32ch MR coil; HD T/R quad extremity. Invivio,
dStream HandWrist. 16ch MR coil Pewaukee. Wis.
Sample size 321 dogs 13 dogs
ADC
Location Hemisphere Current study mean+SD MacLellan mean+SD
(x 107* mm?/s) (x 1073 mm?/s)

Caudate Nucleus Right 0.76190.0489

Left 0.7473:£0.0502
Internal Capsule rostral Right 0.70720.0424

Left 0.70650.0401
Internal Capsule caudal Right 0.7155:£0.0422

Left 0.7117£0.0392
Piriform Lobe Right 0.8353£0.0386

Left 0.8390:+0.0382
Thalamus, Right 0.732540.0309 0.7766+0.0368

Left 0.7305£0.0332 0.7804£0.0426
Hippocampus Right 0.82020.0577 0.8776£0.0737 (averaged)

Left 0.81170.0647
Occipital Lobe gray & white | Right 0.7202£0.0535 0.7982£0.0363
matter averaged Left 0.7224£0.0507 0.7885£0.0391
Occipital Lobe gray matter | Right 0.82280.0872 0.886640.0376

Left 0.8296+0.0805 0.86320.0580
Occipital Lobe white matter  Right 0.7063+0.0558 0.6936:+0.0413

Left 0.70980.0467 0.68970.0272
Cerebellum gray & white  Right 0.6951£0.0461 0.7196+0.0573
matter averaged Left 0.6983:£0.0437 0.7038:+0.0573
Cerebellum gray matter Right 0.72990.0647 0.8369.+0.0654

Left 0.73870.0582 0.8349+0.0552
Cerebellum white matter Right 0.6855£0.0529 0.7196£0.0573

Left 0.6869+0.0482 0.70380.0573

MacLellan et al. (5) and Hartmann et al. (4).

Philips Intera Gyroscan. Philips
Healthcare. Hamburg, Germany

1Tesla
0and 800s/mm*

SENSE-flex M

coil

10 dogs

Hartmann mean+SD
(x pm?/s)

8433943

96241032

895.0£50.6
93594378
79224310
8234£30.1

10529£109.7

1035.7£109.0
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Parameter GM WM

selective  selective
3D DIR 3D DIR

TR (ms) 5,904 8,000 5,000 5,000
TE (ms) 80 100 80 80

TI (ms) - 2433 2,562/605 2,290/419
ETL 20 20 140 140
ST (mm) 3 3 2 2
Locs perslab - - 50 50
FOV (mm) 200 200 200 200
Matrix 288224 256x192  176x176 176x176
NEX 4 2 2 2

Acquisition time
449 81 524 523
(min:sec)

TR, repetition time; TE, echo time; TI, inversion time; ETL, echo train length; ST, sice
thickness; FOV, ield-of-view: NEX, number of excitations; T2W, T2-weighted: FLAIR, fluid
attenuated inversion recovery; DIR, double inversion recovery 3D, three-dimensional GM,
gray matter; WM, white matr.
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T2W [median FLAIR [median GM selective 3D WM selective 3D P-value

(range)] (range)] DIR [median DIR [median
(range)] (range)]
Frontal lobe 30y 2100 400 3(10) 0.002
Optic chiasm 300 20100 400" 3(1.0) 0.002
Interthalamic- adhesion 3¢ 30100 40 30.0) 0.002
Mesencephalic- aqueduct 30y 20100 FIORS 300y 0.001
Pons 3007 2000 FIORY 3010 0.002
Medulla- oblongata 20 110y 40100 300 0.001

T2W, T2-weighted: FLAIR, fluid attenuated inversion recovery; DIR, double inversion recovery; 3D, three-dimensional; GM, gray matter; WM, white matter
ically significant differences between two groups using a Bonferroni correction (significance level of P-value <0.0083)

4 Within a row, the same superscript indicated stati
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MRI

sequence
Reviewer  CT VIBE T2W-TSE
classification
of CAP
1 Normal 13 (81%) 7 (43%)
Hypoplastic 7 (58%) 5(41%)
Aplastic 39 (88%) 42 (95%)
2 Normal 14 (87%) 12 (75%)
Hypoplastic 9(75%) 6(50%)
Aplastic 41 (93%) 31 (70%)
3 Normal 16 (100%) 13 (81%)
Hypoplastic 6(50%) 5 (41%)
Aplastic 40 (90%) 17 (38%)
4 Normal 13 (81%) 13 (81%)
Hypoplastic 8 (66%) 5 (41%)
Aplastic 19 (43%) 19 (43%)
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Evaluation factors 95% confidence

interval

GM-WM 0998 0996-0.999

CR GM-CSF 0987 0972-0.994
WM-CSF 0992 0.984-0.997

GM 0940 0875-0.975

SNR WM 0952 0.899-0.979
CSF 0979 0.955-0.991

GM-WM 0987 0.973-0.995

CNR GM-CSF 0986 0.970-0.994
WM-CSF 0984 0.967-0.993

CR contrast ratio; SNR, signal to noise ratios CNR, contrast o noise ratio; GM, gray matters
WM, white matter; CSE, cerebrospinal fluids ICC, intraclass correlation coefficient,
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T2W (mean+SD) = FLAIR (mean+SD) GM selective DIR WM selective DIR P-value

(mean+SD) (mean+SD)
GM SNR 1832843383 122.22+32.306" 1370454595 1795247124 0.004
WM SNR 114.27 £26.308" 83.77+24.002" 15.0146.413*%¢ 146.43 +46.560° 0.004
CSF SNR 315.05+81.312*%¢ 21.30+5.609" 16.00+7.239" 19.90£4.693° 0.007
GM-WM CR 02320018 01940020 08040.042° 077£0.044" 0.001
CNR 69.02+17.952* 38.45£9.305""¢ 122.03£49.147" 128.48 +43.405° 0.002
GM-CSF CR 0.26+0.028*" 0.70£0.047" 0.79+0.030" 0.10+0.052*" 0.001
CNR 131.77£40.783" 100.91 +27.695" 121.03£47.701° 38721994 0.009
WM-CSF CR 0.47£0.011° 0.59£0.064" 0.12£0.076" 0.75£0.043" 0.000
CNR 200.78+55.178" 62.46+19.417° 345+1.897*" 12653 +42.889" 0.001

SNR, signal to noise ratio; CR, contrast ratios CNR, contrast to noise ratio; T2W, T2-weighteds FLAIR, fluid attenuated inversion recovery: DIR, double inversion recovery; 3D, three-
dimensionals GM, gray matter; WM, white matter.
< Within a row, the same superscript indicated stat

cally significant differences between two groups using a Bonferroni correction (significance level of P-value <0.0083)
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T2W [median FLAIR [median GM selective 3D WM selective 3D

(range)] (range)] DIR [median DIR [median
(range)] (range)]
Motion artifiacts 40 4(0) 4(0) 4(0) 1000
Flow artifacts 40 40 4(0) 40 1000
Partial volume 20000+ 110+ 30 QO 0001

averaging artifacts

T2W, T2-weighted: FLAIR, fluid attenuated inversion recovery; DIR, double inversion recovery; 3D, three-dimensional; GM, gray mater; WM, white matter
4 Within a row, the same superscript indicated statistically significant differences between two groups using a Bonferroni correction (significance level of P-value <0.0083).






