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Editorial on the Research Topic
 Case reports in veterinary neurology and neurosurgery




Case reports have long been instrumental in the progression of medical knowledge, offering detailed insights into unique clinical scenarios that enhance our understanding of disease processes, diagnostic challenges, and therapeutic strategies. In the realm of veterinary neurology and neurosurgery, such reports are invaluable for documenting rare conditions, innovative treatments, and unexpected outcomes across a diverse range of animal species. The aim of this “Case reports in veterinary neurology and neurosurgery—volume I” Research Topic was and that of the volumes to come remains to be to establish a lasting and prominently featured platform for the publication of case reports in veterinary neurology and neurosurgery, fostering a collaborative environment for knowledge sharing and professional development. By sharing case-based clinical experiences and outcomes, veterinarians contribute to a collective database of knowledge that benefits the entire profession. This collaborative effort can contribute to advances in the field of veterinary neurology as a whole. Case reports (single cases) as well as case series (multiple cases) are included in this Research Topic.

This first Volume of “Case reports in veterinary neurology and neurosurgery” contains 17 publications. Their strengths and learning points are highlighted and could contribute to clinical management and potentially spark future, larger prospective studies. The case reports of Volume 1 describe features in the elderly, but also in young dogs, from clinical phenomena to pathophysiology, and different neurosurgery techniques to neuropathology. Known and previously unknown genetic mutations and their clinical relevance, new aspects in inflammatory central nervous systems diseases, and insights for particular neoplastic disorders are discussed.

Exploring the genetic underpinnings of limb length variations in a family of Dachshunds, Sullivan et al. contributed to the understanding of chondrodysplasia and its genetic markers with their report titled “FGF4L1 retrogene insertion is lacking in the tall dachshund phenotype”. This manuscript highlights how the limb length is important for this breed to maintain working ability, aiming to help in aspects of animal welfare protection as this breed has been banned recently from exhibition in Germany. Eguchi et al. identified and documented a novel genetic mutation linked to hereditary myotonia in their case report titled “A CLCN1 complex variant mutation in exon 15 in a mixed-breed dog with hereditary myotonia”, enhancing the genetic profiling of neuromuscular disorders in canines.

Kang et al., in their case report titled “Ischemic brain infarction and cognitive dysfunction syndrome in an aged dog”, highlighted a possible correlation between ischemic brain infarction and cognitive dysfunction in geriatric canines, emphasizing the importance of considering vascular events in behavioral changes.

In a case report by Jackson et al., titled “Presumed cerebral salt wasting syndrome in a 10-week-old German Shorthaired Pointer”, this particular syndrome following traumatic brain injury in a dog is described, enlightening the reader about this unusual condition, as well as describing a new diagnostic method that could be used in similar presentations.

The case report titled “Positioning head tilt observed in a dog and four cats with bilateral peripheral vestibular dysfunction” by Tamura et al. documented a unique clinical sign associated with bilateral vestibular dysfunction, aiding in the recognition and diagnosis of these conditions.

Yin et al. provided valuable insights into the clinical presentation, diagnostic challenges, histological characteristics, and management strategies for intraneural perineuriomas in canines in their report titled “Intraneural perineurioma in dogs: a case series and brief literature review”.

Rancilio et al. have, in their report titled “Suprasellar and trigeminal nerve oligodendroglioma with pseudoprogression after radiotherapy and serial MRI in a dog”, detailed the phenomenon of pseudoprogression and cranial nerve involvement in a canine oligodendroglioma. This phenomenon is well-described in the human counterpart, but its occurrence in dogs has been rarely reported, solidifying the use of canine patients as a good comparative model of human neuro-oncologic conditions.

A surgical approach for resecting a fourth ventricular meningioma in a dog is described by Jeong et al. in the case report titled “Gross total resection of a primary fourth ventricular meningioma using the telovelar approach in a dog”, providing a reference for similar neurosurgical procedures.

Demonstrating the effectiveness of compartmental resection in treating malignant nerve sheath tumors, Smith et al. in their case report titled “Resolution of lameness via compartmental resection of a malignant nerve sheath neoplasm of the median nerve in a dog” highlighted the relevance of considering neurogenic causes in dogs presenting with lameness.

Hobert et al. in their case report titled “One-stage craniectomy and cranioplasty digital workflow for three-dimensional printed polyetheretherketone implant for an extensive skull multilobular osteochondosarcoma in a dog”, showcased the application of 3D printing technology in creating custom implants for cranial reconstruction, advancing surgical techniques in veterinary oncology and neurosurgery.

The case report titled “Intracranial epidermoid cyst in a cat” by Terao et al. included information on the diagnosis and management of a rare diagnosis in a cat, contributing to the knowledge of diagnostic features of such a case.

The feasibility and outcomes of surgically removing rare intracranial dermoid cysts in a feline patient is demonstrated by the case report titled “Successful surgical resection of an intracranial frontal lobe dermoid cyst in a cat” by Nakano et al., contributing to surgical approaches in similar cases.

Shi et al. in their report titled “Endoscope-assisted single-incision double-channel mini-open hemilaminectomy for the treatment of acute thoracolumbar intervertebral disc disease in 11 dogs” described a minimally invasive surgical technique for thoracolumbar disc disease, emphasizing its efficacy and potential benefits over traditional methods.

In the report titled “Surgical management of single-level thoracolumbar vertebral body segmentation and formation failure causing progressive thoracolumbar myelopathy in three adult large-breed dogs”, Couto et al. provided insights into surgical interventions for congenital vertebral malformations causing myelopathy, offering an innovative way to manage such anomalies.

In the report titled “Double adjacent ventral slot in two medium-sized breed dogs”, Cojocaru highlighted a modified surgical technique addressing cervical disc disease, offering an approach for more extensive ventral decompression.

Santifort et al. in their case report titled “Necrotizing leukomyelitis and meningitis in a Pomeranian”, presented a case of clinically severe inflammatory spinal cord disease of unknown etiology, underscoring the need for inclusion of this differential diagnosis, based on clinical findings as well as MRI findings.

Last but not least, in light of a well-known risk in human MRI studies, the report titled “Radiofrequency-induced thermal burn injury in a dog after magnetic resonance imaging” notified the veterinary profession of the possibility of this complication of veterinary MRI procedures, underscoring the need for caution and monitoring during and after imaging (Lichtenauer et al.).

In summary, all these case reports offered contributions to our collective knowledge concerning various topics, including surgical approaches and techniques, differential diagnosis, medical and alternative treatment, pathophysiology, genetics, clinical management, and clinical phenomenology. Through their respective contributions, we continue to learn from single case reports and case series, opening new avenues for research and generating clinically useful insights.
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Intraneural perineurioma is an exceptionally rare neoplasm in animals. This case study comprises a series of three cases and a brief literature review focusing on canine intraneural perineurioma. The pathological and immunohistochemical findings are documented, revealing that canine intraneural perineurioma frequently affects adult dogs aged between 3 and 10 years old, with a male predominance. Clinical signs associated with intraneural perineurioma in dogs include spinal pain, lameness, and paresis, resulting from the involvement of spinal nerve roots of the pelvic limbs, brachial plexus, or distal part of the median nerve. Most neoplasms had characteristic pseudo-onion bulb patterns on histopathology. Neoplastic perineurial cells, in most cases, expressed laminin and claudin-1, and NF200 consistently highlighted the central axon. While the immunohistochemical (IHC) profile of intraneural perineurioma in veterinary medicine remains incompletely characterized, the available IHC data from all reported cases suggest that a combination of laminin and claudin-1 immunomarkers, along with distinctive histological features, can assist in establishing a definitive diagnosis of intraneural perineurioma.

KEYWORDS
canine, spinal nerve roots, intraneural perineurioma, immunohistochemistry, brief literature review


Introduction

The World Health Organization (WHO) classification of tumors of the peripheral nerves includes Schwannoma, neurofibroma, perineurioma, and malignant peripheral nerve sheath tumors (1). Among these, perineurioma is rarely reported in the human literature and has limited cases documented in veterinary medicine (2–8).

Perineurioma is a benign and slow-growing neoplasm composed exclusively of perineurial cells (9, 10). In human medicine, two variants of perineuriomas are recognized: extraneural soft tissue tumor and intraneural variant (1). The extraneural soft tissue tumors are typically well-demarcated, unencapsulated masses that most commonly develop in subcutaneous tissues of the extremities or trunk and are rarely associated with an identifiable nerve (1, 11). Conversely, an intraneural perineurioma usually develops as a solitary nodular mass that commonly involves peripheral nerves or nerve roots of the cervical and lumbar spinal cord (1, 11).

Despite the distinct affected sites, both variants share immunohistochemical and ultrastructural features of neoplastic perineurial cells (1, 10). Histologically, intraneural perineurioma contains characteristic “pseudo-onion bulbs” structures composed of concentric layers of perineurial cells surrounding either myelinated or non-myelinated axons or endoneurial capillaries (1). Neoplastic perineurial cells are spindle-shaped cells with a fusiform to elongate nucleus and a scant amount of eosinophilic cytoplasm, histomorphologically resembling fibroblasts. Neoplastic perineurial cells can be distinguished from fibroblasts by electron microscopy. Ultrastructurally, normal and neoplastic perineurial cells have elongated, thin, and overlapping cytoplasmic processes, discontinuous basal lamina, and pinocytocytic vesicles (9). Some overlapping processes are connected by poorly formed desmosome-like junction complexes (5, 6, 9, 12).

In veterinary medicine, diagnosing various subtypes of benign peripheral nerve sheath tumors, such as Schwannoma, neurofibroma, and perineurioma, can be challenging due to shared morphological features. Schwannomas are benign and well-circumscribed tumors, consist of neoplastic Schwann cells arranged in diverse patterns like interwoven bundles, streams, herringbone, whorls, or Verocay bodies. In contrast, neurofibromas comprise a mixed population of neoplastic Schwann cells, perineurial cells, and fibroblasts, separated by abundant collagen. Intraneural perineuriomas typically exhibit perineurial cells organized in pseudo-onion bulb structures, as previously described (7).

Various immunomarkers have been investigated to differentiate among different subtypes of peripheral nerve tumors. For example, laminin is commonly utilized in diagnosing peripheral nerve sheath tumors, although it is expressed in both neoplastic Schwann and perineurial cells. Sox-10, which exhibits high expression in Schwann cells, demonstrates strong and diffuse immunoreactivity in Schwannomas (14). NF200 and Periaxin are two immunomarkers that can be used to highlight centrally entrapped axons in pseudo-onion bulbs in perineuriomas (7, 14). In human medicine, epithelial membrane antigen (EMA) is a widely used immunohistochemical marker for identifying perineuriomas (9, 10, 12, 13); however, its applicability in veterinary species is limited. Additionally, claudin-1 and glucose transporter 1 (GLUT-1) are routinely used as supportive markers for perineurioma (10). In this study, we present three cases involving canine intraneural perineurioma. We documented signalment, clinical history, and detailed pathological and immunohistochemical findings for these cases. Additionally, we conducted a comprehensive review of previously reported cases and offered a concise literature review on canine intraneural perineurioma.



Case 1

A 3-year-old male castrated beagle dog was referred to the Neurology and Neurosurgery Service at the Auburn University Veterinary Teaching Hospital due to chronic left pelvic limb lameness that had commenced 5 months before presentation.

Multiple magnetic resonance imaging (MRI) revealed a large, well-defined fusiform-shaped mass within the left caudal lumbar spinal canal. This mass extended from the caudal endplate of the L5 vertebra to the mid-vertebral body of L7, causing severe lateral displacement and compression of the L5-L7 spinal cord segments. These findings were consistent with neoplastic growth, including possible differentials such as meningioma, intradural peripheral nerve sheath tumor, and round cell neoplasia. Given the progression of the dog's clinical symptoms, the owner opted for humane euthanasia, and the dog underwent postmortem evaluation.

At necropsy, the left L5 spinal nerve root was enlarged, and a well-demarcated, unencapsulated, firm, tan, 2 x 0.5 x 0.5-cm mass that markedly compressed the adjacent L5-L7 spinal cord was identified (Figures 1A, B). Histologically, the mass was unencapsulated, mildly infiltrative, densely cellular, and composed of fusiform cells arranged in concentric lamellations that ensheathed a central axon or capillaries forming pseudo-onion bulbs structures (Figures 1C, D). Neoplastic cells had indistinct cell borders and a scant amount of eosinophilic cytoplasm. Nuclei were oval to elongate with finely stippled chromatin and 1-3 small nucleoli. The neoplastic cells had mild anisocytosis and anisokaryosis with four mitotic figures in ten standardized 400 x fields (2.37-mm2). All the formalin-fixed paraffin-embedded tissues of canine perineuriomas were subjected to immunohistochemistry staining (Supplementary Table 2). Immunohistochemically, approximately 90% of the neoplastic perineurial cells had strong and diffuse cytoplasmic immunolabeling for vimentin (Figure 1E) and laminin (Figure 1F), while approximately 50% had claudin-1 immunolabeling (Figure 1G). S-100 (Figure 1H) and glial fibrillary acidic protein (GFAP) immunolabeling was only observed in the Schwann cells within the pseudo-onion bulbs, in which multiple ensheathed axons were immunolabeled with neurofilament 200 (NF200) (Figures 1I,J). Neoplastic cells lacked immunoreactivity for Periaxin (Figure 1K) and Sox-10 (Figure 1L) antigens. Similar to NF200, Periaxin immunolabeling was detected in axons. In addition, Schwann cells within the pseudo-onion bulbs were highlighted with Sox-10 antibody.
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FIGURE 1
 Images of intraneural-extramedullary perineurioma involving the left L5 spinal nerve roots in a beagle dog (case 1). (A) Gross photos show the spinal cord and an intraneural-extramedullary mass. The picture, taken post-dura opening, reveals an enlarged left spinal nerve root entrapped by a well-defined, unencapsulated, firm, tan mass measuring 2 cm x 0.5 cm x 0.5 cm (black star). Cr: Cranial; Cd: Caudal. L: left-sided; R: right-sided. (B) The cross-section of the intraneural-extramedullary mass (black star). L: left-sided; R: right-sided. (C) Histologically, the mass contained numerous pseudo-onion bulbs, characterized by neoplastic perineurial cells arranged in concentric lamellations wrapping a central myelinated or non-myelinated axon. Haematoxylin and eosin stain (H&E), 20X. (D) Higher magnification of the pseudo-onion bulbs of intraneural-extramedullary perineurioma. H&E, 40X. (E) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for vimentin antigen. Immunohistochemistry (IHC), DAB, 40X. (F) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for laminin antigen. IHC, Vector NovaRED, 40X. (G) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for claudin-1 antigen. IHC, DAB, 40X. (H) The Schwann cells were immunolabeled with S-100, while the neoplastic perineurial cells lacked immunoreactivity. IHC, DAB, 40X. (I) The central axon showed strong immunolabeling for the NF200 antigen. IHC, Vector NovaRED, 40X. (J) The Schwann cells were immunolabeled with GFAP, but the neoplastic perineurial cells lacked immunoreactivity. IHC, DAB, 40X. (K) The central axon showed immunolabeling for Periaxin antigen. Neoplastic perineurial cells lacked immunolabeling for Periaxin antigen. IHC, DAB, 40X. (L) The Schwann cells were immunolabeled with Sox-10 antigen. Neoplastic perineurial cells lacked immunolabeling for the Sox-10 antigen. IHC, DAB, 40X.




Case 2

A 10.7-year-old neutered male Labrador Retriever mix dog presented to a referral veterinary neurology clinic due to a two-week history of pelvic limb weakness. MRI scans revealed a strongly contrast-enhancing mass within the spinal cord extending along the right side of the spinal cord from C6-T1 and into the associated nerve roots. Clinical differentials included a malignant peripheral nerve sheath tumor or lymphoma. Due to the poor long-term prognosis, the patient was euthanized, and a postmortem examination was conducted.

During necropsy, a mass of approximately 0.7 cm in diameter effacing the right-side of the spinal cord was identified. The formalin-fixed spinal mass was submitted to Cornell University Animal Health Diagnostic Center for histopathologic diagnosis. Histologically, at the lateral to anterior funiculus level of the right-sided spinal cord at C6-T1, an unencapsulated, well-demarcated, and densely cellular neoplasm was observed, which multifocally compressed and invaded the adjacent spinal cord (Figure 2A). The neoplasm contained numerous pseudo-onion bulbs structures similar to those observed in the first case (Figures 2B, C). Immunohistochemical profiling of the neoplasm revealed that approximately 90% of the neoplastic perineurial cells were immunolabeled for vimentin (Figure 2D) and laminin (Figure 2E). Similar to that described in case 1, approximately 20% of the neoplastic perineurial cells showed a fine punctate immunolabeling pattern for claudin-1 antigen (Figure 2F). Multiple pseudo-onion bulbs contained centrally located NF200 immunolabeled axons ensheathed by GFAP and S-100 positive Schwann cells (Figures 2G–I). No immunolabeling was observed in neoplastic perineurial cells for Periaxin (Figure 2J) and Sox-10 (Figure 2K) antigens with multiple pseudo-onion bulbs contain centrally located Periaxin immunolabeled.
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FIGURE 2
 Photomicrographs of the intraneural-extramedullary perineurioma in a Labrador Retriever mix dog (case 2). (A) The lateral to anterior funiculus level of the right-sided spinal cord at C6-T1 contained a spinal mass with numerous pseudo-onion bulbs, characterized by neoplastic perineurial cells arranged in concentric lamellations wrapping a central myelinated or non-myelinated axon. Haematoxylin and eosin stain (H&E), 2X. (B, C) Higher magnification of the pseudo-onion bulbs of intraneural-extramedullary perineurioma. H&E, 20X and 40X. (D) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for vimentin antigen. Immunohistochemistry (IHC), DAB, 40X. (E) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for laminin antigen. IHC, Vector NovaRED, 40X. (F) Neoplastic perineurial cells had a fine punctate immunolabeling pattern for claudin-1 antigen. IHC, DAB, 40X. (G) The Schwann cells were immunolabeled with S-100, but the neoplastic perineurial cells lacked immunreactivity. IHC, DAB, 40X. (H) The central axon showed strong immunolabeling for the NF200 antigen. IHC, Vector NovaRED, 40X. (I) The Schwann cells were immunolabeled with GFAP, but the neoplastic perineurial cells lacked immunoreactivity. IHC, DAB, 40X. (J) The central axon showed immunolabeling for Periaxin antigen. Neoplastic perineurial cells lacked immunolabeling for Periaxin antigen. IHC, DAB, 40X. (K) Neoplastic perineurial cells lacked immunolabeling for the Sox-10 antigen. IHC, DAB, 40X.




Case 3

A 10-year-old spayed female Labrador Retriever dog presented to the Texas A&M Oncology Service with a four-month history of limping and lameness in the left thoracic limb. MRI revealed enlarged left spinal nerve roots at the C7-C8 as well as the right C8 nerve root. Clinical differentials included peripheral nerve sheath tumors or neuritis. The left C7 spinal nerve root was surgically removed for histopathologic evaluation.

Histologically, the biopsied C7 spinal nerve root was mildly expanded by an unencapsulated, approximately 0.3 cm in diameter, densely cellular mass confined to the perineurium (Figure 3A). This mass contained a neoplastic population of spindle cells arranged in short, tight, haphazard streams, bundles, and whorls on the pre-existing stroma (Figures 3B, C). This pattern of the neoplastic proliferations closely resembled those of the previously reported canine perineuriomas (6). Approximately 90% of the neoplastic perineurial cells had immunolabeling for vimentin (Figure 3D) and laminin antigens (Figure 3E). Approximately 30–60% of the neoplastic perineurial cells showed fine punctate immunolabeling for claudin-1 antigen as that observed in case 1 (Figure 3F). Approximately 90% of the neoplastic perineurial cells in this case expressed S100 (Figure 3G). Multiple neoplastic whorls contained NF200 immunolabeled axons, often rimmed by GFAP labeled Schwann cells (Figures 3H, I). Similar to case 1 and 2, the neoplastic cells had negative immunolabeling for Periaxin (Figure 3J) and Sox-10 (Figure 3K) antigens.
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FIGURE 3
 Photomicrographs of the intraneural-extramedullary perineurioma in a Labrador Retriever dog (case 3). (A) Histologically, the biopsied C7 spinal nerve root was mildly expanded by a unencapsulated mass, characterized by neoplastic perineurial cells arranged in concentric lamellations wrapping a central myelinated or non-myelinated axon (arrow). Haematoxylin and eosin stain (H&E), 2X. (B, C) Higher magnification of the pseudo-onion bulbs of intraneural-extramedullary perineurioma. H&E, 10X and 40X. (D) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for vimentin antigen. IHC, DAB, 40X. (E) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for laminin antigen. IHC, Vector NovaRED, 40X. (F) Neoplastic perineurial cells were immunolabeled with claudin-1 antigen. IHC, DAB, 40X. (G) Neoplastic perineurial cells had a strong cytoplasmic immunolabeling for S-100 antigen. IHC, DAB, 40X. (H) The central axon had a strong immunolabeling for the NF200 antigen. IHC, Vector NovaRED, 40X. (I) The Schwann cells were immunolabeled with GFAP, but the neoplastic perineurial cells lacked immunoreactivity. IHC, DAB, 40X. (J) The central axon showed immunolabeling for Periaxin antigen. Neoplastic perineurial cells lacked immunolabeling for Periaxin antigen. IHC, DAB, 40X. (K) The Schwann cells were immunolabeled with Sox-10 antigen. Neoplastic perineurial cells lacked immunolabeling for the Sox-10 antigen. IHC, DAB, 40X.




Discussion

In this case study, we described a case series of canine intraneural perineurioma and focused on the pathological and immunohistochemistry findings. Additionally, in our search across databases such as PubMed, CAB Direct, Web of Science, and Google Scholar, we found three previously reported cases of canine intraneural perineuriomas (Table 1). In summary, intraneural perineurioma commonly occurred in adult dogs, typically aged between 3 and 10 years in both small and large breeds. Most cases of canine perineurioma were observed in males (6/6). Clinical manifestations associated with intraneural perineurioma included symptoms such as spinal pain, lameness, and paresis, resulting from the involvement of spinal nerve roots or peripheral nerves. In all cases, large masses in the spinal canal or spinal roots were demonstrated in MRI and common gross findings included the presence of a cylindrical mass associated with nerve bundles. Histologically, most perineuriomas have neoplastic perineurial cells arranged in characteristic pseudo-onion bulb structures or whorls.


TABLE 1 Signalment, clinical history, anatomic location, and gross findings of reported canine intraneural perineurioma.
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The expression of various immunomarkers in nerve sheath tumors exhibits marked overlap, and the diagnostic utility of immunohistochemistry has not been definitively established. Several immunomarkers have been frequently employed in an effort to identify perineurioma and distinguish them from other nerve sheath tumors in both human and veterinary medicine. Various immunomarkers, including claudin-1, collagen IV, epithelial membrane antigen (EMA), GFAP, GLUT-1, NF200, neurofilament, periaxin-1, Sox-10, and S-100 antibodies, were used in these cases. In our presented cases (case 1–3), the neoplastic perineurial cells were all immunolabeled for vimentin, laminin, and claudin-1. NF200 and Periaxin consistently highlighted the central axon in three cases. Only one case (case 2) had S-100 labeling in the neoplastic perineurial cells. Similar to the published cases, vimentin (2/2 cases), laminin (5/5 cases), and claudin-1(1/1 case) frequently labeled neoplastic perineurial cells. Previously, Sisó et al. (14) has shown positive expression of S-100, GFAP, Periaxin, and Sox-10 in canine perineuriomas.

The intermediate filament protein GFAP, primarily expressed in glial cells, exhibits variable expression in benign nerve sheath tumors (14). No GFAP expression was detected in the presented cases 1–3. Laminin proteins are expressed in the basement membrane and has been utilized to identify perineurial cells and Schwann cells (15–17). Neoplastic perineruial cells in all presented cases had positive immunoreactivity for laminin. Claudin-1, primarily found in the tight junctions of endothelial and epithelial cells, is also expressed in both normal and neoplastic human perineurial cells (5, 18). Notably, ~92% of human perineuriomas have positive immunolabeling for claudin-1 (5). In dogs, claudin-1 is strongly expressed in both normal and neoplastic perineurial cells (5). Moreover, claudin-1 is absent in Schwann cells, making it a valuable tool for excluding other peripheral nerve neoplasms (5). In all cases, neoplastic perineurial cells had positive immunolabeling for claudin-1 in our study. Similarly, claudin-1 expression was also detected in a previously reported case of intraneural perineurioma in a 4-year-old male leonberger (5). However, claudin-1-poistive perineurial cells varied from 20 to 60% between neoplasms. Thus, it is necessary to examine multiple tumor sections to accurately detect the claudin-1 expression.

In conclusion, despite the rarity of reported cases in veterinary medicine, perineurioma should be considered as a potential differential diagnosis for masses associated with peripheral nerves. In cases of suspected canine intraneural perineuriomas, confirmation of the diagnosis can be achieved by identifying characteristic histologic pseudo-onion bulb structures and observing positive immunolabeling for laminin and claudin-1 in perineurial cells. The peculiar histomorphology of perineuriomas generally distinguishes them from other nerve sheath tumors, such as schwannomas. While both perineuriomas and schwannomas exhibit laminin expression, the application of claudin-1 and Sox-10 may aid additional specificity in identifying cell origin.
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Case report: Necrotizing leukomyelitis and meningitis in a Pomeranian
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A 2.5-year-old female entire Pomeranian dog was presented for acute paraparesis progressing within 2 days to paraplegia. General physical examination was unremarkable. Neurological examination showed paraplegia without nociception, a mass reflex upon testing perineal reflexes and withdrawal reflexes in the pelvic limbs and patellar hyperreflexia. Cutaneous trunci reflexes were absent caudal to the level of the 6th thoracic vertebra. Spinal hyperesthesia was present. Neuroanatomical localization was consistent with a T3-L3 myelopathy. Hematological and biochemical blood tests [including C-reactive protein (CRP)] were within reference ranges. MRI of the spinal cord from the level of the 1st thoracic vertebra to the sacrum revealed a patchy, ill-defined, moderate to marked T2W hyperintense, contrast enhancing intramedullary lesion extending from T1 to L4. Medical treatment based on a working diagnosis of meningomyelitis of unknown cause was initiated with corticosteroids and methadone based on pain scores. Prognosis was grave and after 3 days without return of nociception, the dog was euthanized according to the owners’ wishes. Post-mortem histopathological examination of the brain and spinal cord yielded a morphological diagnosis of severe, segmental, bilateral and fairly symmetrical, necrotizing lymphohistiocytic leukomyelitis, with a non-suppurative angiocentric leptomeningitis. Some minor, focal, lymphocytic perivascular cuffing was found in the medulla oblongata as well, but otherwise there were no signs of brain involvement. No infectious causes were identified with ancillary tests. This case report underlines the importance of including meningomyelitis in the differential diagnosis list of dogs presented for acute progressive neurological signs referable to a myelopathy.
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Introduction

Acute-onset canine myelopathies are fairly common in veterinary clinical neurology. The thoracolumbar spinal cord is most often affected, resulting in clinical presentations that vary from spinal hyperesthesia, to paresis, to paralysis with or without nociception and incontinence. The most common cause for acute-onset thoracolumbar myelopathy is intervertebral disc disease (IVDD) (1–5). Intervertebral disc extrusion (IVDE) of degenerated nucleus pulposus represents the largest subgroup of IVDD, but other subgroups such as acute non-compressive nucleus pulposus extrusion (ANNPE) and hydrated nucleus pulposus extrusion (HNPE), with their own clinical and diagnostic imaging characteristics are differential diagnoses to consider (2).

Aside from IVDD, various other etiological categories with representative diseases included therein should be included in the differential diagnosis list of patients with acute-onset thoracolumbar myelopathies (1). These include trauma (e.g., vertebral fracture/luxation and resultant compression, tearing, shearing, laceration, and hemorrhage of/in the spinal cord), inflammatory disorders (e.g., discospondylitis and empyema, meningomyelitis infectious versus immune-mediated), toxicity or nutritional deficiency (rarely identified clinically in dogs, more common in farm animals), vascular disorders [hematomyelia, ischemic myelopathy (fibrocartilaginous embolic myelopathy, FCEM)], anomalies with acute complications (hamartoma, cavernous angioma), and (para)neoplastic disorders (e.g., multiple myeloma, lymphoma, primary spinal cord tumors). Each of these disorders could have primary or secondary necrotizing and inflammatory components that can be identified definitively by histopathological examination. Ascending-descending myelomalacia caused by a primary spinal cord insult due to IVDE is an example of severe, usually fatal, and often hemorrhagic, progressive necrosis of the spinal cord parenchyma (6–8).

To clinically differentiate between the different etiological categories, clinical reasoning as well as results of diagnostic tests are combined to yield the most likely or confirmed in vivo diagnosis. Diagnostic imaging is the mainstay for diagnosis of acute thoracolumbar myelopathies in dogs, complimented by ancillary tests such as blood work (hematology, biochemisty, c-reactive protein (CRP)), cerebrospinal fluid (CSF) analysis, and serology and polymerase chain reaction tests for infectious agents. Magnetic resonance imaging (MRI) is the gold standard for the diagnosis of most thoracolumbar myelopathies in dogs.

Imaging characteristics of various specific disease entities, including IVDD subtypes, infectious causes (e.g., discospondylitis), and vascular causes (e.g., FCE) have been described (9–13). Additionally, numerous reports include individual descriptions of findings on imaging studies for specific disorders, including infectious and non-infectious meningomyelitis. Combining transverse, dorsal, and sagittal planes of different types of sequences, differentiation between disorders preferentially affecting certain locations (e.g., focal/multifocal, grey/white matter/both, unilateral/bilateral) in the spinal cord may be achieved to a certain degree. Histopathological examination remains invaluable for more accurate description and certainty, however.

This case report details the clinical, diagnostic imaging, and histopathological findings in a small breed dog with an acute, symmetrical, progressive, painful, T3-L3 myelopathy with loss of nociception. The aim is to highlight the value, pitfalls, and importance of each, as well as to document detailed findings of this case to which the true etiology remains unknown.



Case description

A 2.5-year-old female entire Pomeranian dog was presented to the neurology department of IVC Evidensia Small Animal Hospital (Arnhem, The Netherlands) for acute paraparesis progressing within 2 days to paraplegia. The referring veterinarian had diagnosed bilateral patellar luxation and had prescribed rest and meloxicam (0.1 mg/kg per os q24h) 3 days earlier. Over the weekend, the dog deteriorated quickly and lost the ability to ambulate, urinate and defecate. General examination was unremarkable. Orthopedic examination revealed bilateral patellar luxation. Neurological examination showed paraplegia without nociception, a mass reflex upon testing perineal reflexes and withdrawal reflexes in the pelvic limbs and patellar hyperreflexia. Cutaneous trunci reflexes were absent caudal to the level of the 6th thoracic vertebra. Thoracolumbar (para)spinal hyperesthesia was present. The bladder was full and upon manual expression, urethral sphincter resistance was noted consistent with an upper motor neuron bladder. The rest of the examination, including evaluation of mental status and behavior, cranial nerve function tests and proprioceptive and reflex tests of the thoracic limbs, was unremarkable. A neuroanatomical localization of a T3-L3 myelopathy was concluded. Hematological and biochemical blood tests [including c-reactive protein (CRP; 6.1 mg/L, ref. range 0–10.0 mg/L)] were unremarkable.

The top differential diagnosis considered at this point was IVDD (IVDE, possibly with secondary myelomalacia). Other differential diagnoses that were considered at this point included unwitnessed trauma, vascular (hematomyelia), inflammatory (meningomyelitis of unknown origin, suspected immune-mediated), infectious (e.g., protozoal myelitis, canine distemper virus myelitis), anomalies with acute complications, and neoplastic (e.g., lymphoma) etiologies.

A high-field magnetic resonance imaging (MRI; 1.5 T Canon Vantage Elan) study of the thoracolumbar spinal cord from the level of the 1st thoracic vertebra to the sacrum was performed under general anesthesia. Premedication included 0.4 mg/kg methadone and 6 μg/kg dexmedetomidine, followed by 3 mg/kg propofol in boluses to effect for induction of anesthesia. Isoflurane 2–3% was used for maintenance of anesthetic plane. Performed sequences included: sagittal T2-weighted (T2W), sagittal short tau inversion recovery (STIR), sagittal T1W, dorsal STIR, transverse T2W, transverse T1W, transverse T2*, transverse post-contrast T1W, sagittal post-contrast 3D T1W and transverse post-contrast T1W with fat saturation. The MR images revealed no sign of intervertebral disc disease, nucleus pulposus signal of all imaged intervertebral discs being T2 hyperintense. There was a patchy ill-defined intramedullary lesion of variable extent, but seen from T1 to L4 (Figure 1). Both gray and white matter were affected. The entire cross-sectional area of the cord was affected at the level of T9. The lesion was heterogeneous, moderate to marked T2W hyperintense when compared to the rest of the cord and T1W isointense. The spinal cord parenchyma showed moderate, patchy, contrast enhancement from T7 to T12 and L1 to L3. The cord appeared swollen at those levels and the surrounding meninges were thickened and contrast enhancing, including enhancement along the ventral medial fissure at the level of T9. A lumbar CSF tap was unsuccessful.
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FIGURE 1
 Magnetic resonance images of reported case. (A) Midsagittal plane, (D) transverse plane and (E) transverse plane are T2-weighted images. (B) Midsagittal plane, (F) transverse plane and (G) transverse plane are T1-weighted images. (C) Midsagittal plane, (H) transverse plane and (I) transverse plane are T1-weighted post-contrast images. (D,F,H) The level of T8 (red line). (E,G,I) The level of L3-4 intervertebral disc (green line).


The main differential diagnoses that were considered at this point included inflammatory (meningomyelitis of unknown origin, suspected immune-mediated), infectious (e.g., protozoal myelitis, canine distemper virus myelitis) and neoplastic (e.g., lymphoma) etiologies.

Medical treatment was initiated with dexamethasone (0.4 mg/kg once IV), prednisolone (1 mg/kg q12h per os), and methadone based on pain scores (0.2–0.5 mg/kg q4-8h). An indwelling urinary catheter was placed and intravenous fluid therapy initiated (Ringer’s lactate solution 3–5 mL/kg/h). Prognosis was grave and after 3 days without return of nociception, the dog was euthanized (by intravenous administration of 140 mg/kg pentobarbital) according to the owners’ wishes.

Post-mortem gross and histopathological examination of the brain and spinal cord was performed. Macroscopically, the thoracolumbar segments of the spinal cord were swollen and showed yellowish discoloration through intact dura mater. After fixation in 10% buffered formalin and sectioning of the affected thoracolumbar segments, malacic areas were identified in the dorsal and ventral funiculi.

Microscopic examination of five hematoxylin and eosin-stained T3-L3 spinal cord sections confirmed an inflammatory process mostly restricted to spinal cord white matter and leptomeninges (Figure 2). This process was characterized by a bilateral and fairly symmetrical, severe necrotizing leukoencephalitis (Figure 2A) with perivascular lymphocytic cuffs (Figure 2B). At the epicenter of the lesions, at segments T9-T12, both dorsal and ventromedial funiculi had marked pallor and were hypercellular. Large numbers of histiocytes infiltrated, compressed, and effaced nerve fibers at those locations totally effacing the spinal white matter architecture. Numerous axons were enlarged (spheroids), and there were empty myelin sheaths, and myelin breakdown accompanied by large macrophages, gitter cells found within dilated myelin sheaths that contain axonal debris, all admixed with a few lymphocytes and neutrophils (Figures 2C,D). Similar granulomatous inflammatory lesions also affected the most submeningeal and superficial white matter, circumferentially, which appear pale, edematous, and hypercellular. No such lesions were found in the gray matter of the spinal cord. At T9-T12, visualization of the meninges confirmed large lymphocytic infiltrates surrounding both the ventral and the dorsal spinal arteries as well as their vascular tree along the leptomeninges (Figures 2A,G,H). The central branch at the ventral median fissure was populated by a dense population of lymphocytes with a few monocytes and neutrophils that upon entry into the gray matter expanded a few Virchow-Robin spaces surrounding the central canal of the ventral horns. Similarly, branches of the dorsal spinal arteries resulted in perivascular lymphocytic cuffs and scattered lymphocytes in the neuropil of the dorsal horns. Neuronal necrosis was not observed in any section. There was no evidence of vasculitis, thrombosis, vascular necrosis, or thromboembolisms in any of the examined sections.

[image: Figure 2]

FIGURE 2
 Microscopic images, hematoxylin and eosin. (A) Transversal section of the thoracic spinal cord at the level of T9 with bilateral fairly symmetrical necrotizing and lymphohistiocytic leukomyelitis of the dorsal, lateral, and ventral funiculi with a vascular pattern affecting the ventral spinal artery and dorsolateral arteries, and their main branches (vertical and sulcal), degenerative changes of the myelin sheaths and axons in the lateral funiculi, and non-necrotic gray matter with lymphocytic perivascular cuffing and multifocal lymphohistiocytic infiltration within the leptomeninges. Scale bar = 500 μm. (B) Lymphocytic perivascular cuffing in the grey matter adjacent to the central canal. Scale bar = 50 μm. (C) Detail of the dorsal and lateral funiculi, necrotizing and lymphohistiocytic leukomyelitis with presence of many gitter cells. Scale bar = 20 μm. (D) Detail of the lateral funiculi, myelin sheaths vacuolation with marked swelling of axons (spheroids). Scale bar = 20 μm. (E) Transversal section of the thoracic spinal cord at the level of T3. Scale bar = 500 μm. (F) Transversal section of the thoracic spinal cord at the level of T6. Scale bar = 500 μm. (G) Transversal section of the thoracic spinal cord at the level of T12. Scale bar = 500 μm. (H) Transversal section of the thoracic spinal cord at the level of L3/4. Scale bar = 500 μm. The craniocaudal extent of the lesions, with preferential involvement of the dorsal funiculi at the lumbar segment in H, is appreciated in E–H.


Cranial to but also at T9 (Figures 2A,E,F), spinal cord lateral funiculi multifocally showed evidence of axonal tract degeneration in the form of axonal spheroids and digestion chambers with reactive astrocytes and capillaries (Figures 2E,F). The inflammatory process in those rostral spinal cord sections was minimal and restricted to a few immune cells infiltrating some perivascular spaces.

Ancillary special stains to aid the detection of infectious agents, included a PAS (periodic acid-schiff), Grocott’s methenamine silver stain and a Giemsa stain, and yielded a negative result. Immunohistochemistry for the detection of canine distemper virus, Toxoplasma gondii, Neospora caninum and canine parvovirus also provided negative results. Real-time polymerase chain reaction (PCR) tests on spinal cord tissue for Bartonella spp., canine distemper virus, Cryptococcus neoformans, Neospora spp., and Toxoplasma gondii were negative as well.

The final morphological diagnosis was a severe, segmental, bilateral and fairly symmetrical, necrotizing lymphohistiocytic leukomyelitis, with a non-suppurative angiocentric leptomeningitis. A specific etiology was not identified.



Discussion

Despite not being able to reach a specific etiological diagnosis in this case, we considered this case important to document for a number of reasons that we will discuss in the following paragraphs.

First, the value and pitfalls of using clinical reasoning to determine the most likely differential diagnosis are highlighted by the change in number and types of differential diagnoses considered in this case. The top differential considered after history taking and clinical examination was IVDD (IVDE). This would usually be a surgically treatable disorder. The only consistently prognostically valuable clinical parameter in dogs with thoracolumbar IVDE is the presence or absence of nociception; dogs without nociception in the pelvic limbs or tail have a worse prognosis for recovery (4). In one study (1), loss of nociception in canine spinal cord disease was noted in only 5–6% of cases, with listed causes including IVDE, ischemic myelopathy and acute non-compressive nucleus pulposus extrusion (ANNPE) (1). The grade of neurological disability, mainly the loss of nociception, has been identified as a risk factor for the development of ascending-descending myelomalacia. One large study determined that 14.5% of dogs without nociception developed this disastrous complication, while a smaller study found that 21.5% of dogs without nociception died as a consequence thereof despite routine surgery (6, 8). Extensive hemilaminectomy and durotomy were recently proposed and shown to decrease the rate of this complication in dogs (8, 14, 15). In our case, nociception was absent which prompted swift diagnostic imaging to accurately assess the if this dog could have benefitted from surgery. The diagnostic imaging results resulted in a much different plan. Therefore, whilst clinical reasoning is of great value to clinicians, uncommon or less expected diagnosis should not be discounted early on. This is most important when owner are informed ahead of diagnostic test results on the possible outcomes of either the tests themselves or, prematurely, of recommended procedures that follow on the results of those tests.

Second, the value and limitations of MRI in diagnosing or excluding differentials from the differential diagnosis list is reflected in this case report. MRI findings, while very suggestive, were not confirmatory of an inflammatory process. No IVDD was identified on the images and subsequently excluded from the differential diagnosis list. Since the CSF tap failed, no further clinical indications were available to corroborate the suspicion of inflammation or possibly identify neoplastic cells. The post-mortem histopathology confirmed the suspicions of inflammation, but also provided us with the opportunity to assess the similarities between the diagnostic imaging findings (Figure 1) with the histopathological findings (Figure 2). We would like for the reader to compare these alongside each other and appreciate the way the MRI findings largely reflect the histological findings, but also appreciate that the histopathological findings are even more extensive than can be seen on the MR images.

Third, the value and limitations of histopathological examination are highlighted by this case. The changes in the spinal cord parenchyma and meninges was detailed and confirmed that the pathological process was indeed severe as suspected based on the clinical characteristics and imaging findings, with necrosis of the affected tissue. Despite efforts to identify a specific etiology, none was found. Therefore, one may conclude that the term ‘meningomyelitis of unknown origin’ and more specifically since histologically characterizeable ‘necrotizing leukomyelitis and meningitis of unknown origin’. The suffix ‘-of unknown origin’ is often interpreted as ‘likely immune-mediated’. This may be the case, but maybe not. As said in the introduction, a number of etiological categories may be characterized by primary or secondary necrotizing and inflammatory histopathological findings. We deliberately included in the descriptions the term ‘fairly’ for annotation to the “symmetrical” nature of the lesions. The most severely affected segments of the spinal cord were included for examination (segments T8–T10). At the level of these segments, the lesions were severe and fairly symmetrical. However, this is most likely not reflective of the nature of the underlying etiology (i.e., inflammatory process), but rather reflects the effect of the passing of time in an initially multifocal disease process. The authors suspect that the lesions were likely multifocal in nature at the start and that the passing of time led to confluence of the lesions. This, in combination with the restricted anatomy of the spinal cord (transversely at least), can account for the end-stage lesion aspects seen and described in this report. After deliberation with other veterinary (neuro)pathologists, concluded that the necrotizing changes are most likely secondary to a combination of the inflammatory processes as well as ischemia linked to pressure effects of the inflammation on the blood vessels of the spinal cord parenchyma. The distribution of the lesions in the regions of the larger blood vessels and the bilaterally fairly symmetrical pattern seemed to us suggestive thereof. Also, the extent of changes and damage in the grey matter were clearly surpassed by those in white matter. Necrotizing meningomyelitis may arguably be applicable to not limit the morphological diagnosis to the spinal cord white matter and include the abnormalities in grey matter. Still, the authors concluded that the severity of the lesions in white matter preferentially over grey matter merits the inclusion of the prefix leuko- in this case. Finally, although we performed a number of ancillary tests including IHC and PCR, we cannot exclude infectious causes of the identified pathological changes due to lack of testing for other agents as well as imperfect sensitivity and specificity of these tests. Recent reports on tick-born encephalitis in dogs revealed mostly bilateral and symmetrical brain changes with MRI (16, 17). Other etiologies more commonly linked to bilateral and symmetrical changes would include metabolic, toxic, nutritional, and degenerative etiologies, but none of these categories are associated with the changes identified in this case to the knowledge of the authors. Due to lack of identification of an infectious cause, we preferentially consider an auto-immune basis to the changes seen in this case, although we acknowledge the fact that we cannot be entirely certain. In this light, the term ‘necrotizing leukomyelitis and myelitis of unknown origin’ could be applied.

Meningomyelitis in dogs can be caused by an infection, but is suspected to occur alternatively also as suspectedly immune-mediated disease (18–21). Several studies looking for infectious causes of meningoencephalomyelitis or meningoencephalitis have not identified infectious agents, leading to the continued use of the suffix ‘-of unknown origin’ or similar suffices (22, 23). Similar studies focusing on MUO of the spinal cord only have not been performed. Necrotizing meningomyelitis of unknown origin or necrotizing forms of meningoencephalitis of unknown origin (MUO) affecting only the spinal cord are reported rarely in dogs of various breeds, both small (including toy) and large (e.g., hound) (18, 19) and mostly young to middle aged dogs (18–20). Neurological signs are diverse, but general proprioceptive ataxia, paresis, and paraspinal hyperesthesia are the most commonly reported clinical signs (18, 19). The case reported here is unusual with regard to the severity of the clinical presentation, being presented with paraplegia without nociception and both urinary and fecal incontinence. In one study documenting MUO affecting the spinal cord only, not a single case was documented to be (tetra- or) paraplegic without nociception (18). Most cases had involvement of the cervical spinal cord segments. Urinary- and/or fecal incontinence is reported in a minority (10%) (18). In that study, a single case of a 3-year-old female neutered Yorkshire terrier presented with ambulatory tetraparesis was diagnosed with necrotizing meningoencephalomyelitis via histopathological examination (18). Additionally, a 2-year-old female neutered Weimaraner with acute necrohemorrhagic myelitis and vasculitis, that was presented at a veterinary clinic with ambulatory paraparesis progressing to non-ambulatory status, was published as case report (19). As for consistency of the underlying histopathological findings, signs of vasculitis and hemorrhage as reported in the Weimaraner case were not found in our case (19) and no detailed histopathological findings were given in the study on the Yorkshire terrier (18).

Specifically in regards to the case reported here, the authors would like to draw the readers’ attention to some important considerations.

In our case, a lumbar CSF tap was unsuccessful and CSF analysis could not be performed. The added value of CSF analysis in cases of inflammatory myelopathies has been demonstrated (18, 19, 21, 24, 25). One study found a pleocytosis in CSF in 100% of cases of ‘spinal-only’ MUO. Total protein measurement was above reference values in 17/18 dogs (94%). In contrast, a leukocytosis in complete blood counts was only present in 2 dogs (10%) while lymphopenia was present in six dogs (29%). Lumbar CSF taps are reported to be unsuccessful in 13.9% of cases where it was attempted (26). In retrospect, cisternal CSF tap, though likely yielding a less representative sample for analysis in case of myelopathies (27, 28), might have been considered for the case reported here. General bloodwork including a complete blood count revealed no abnormalities and serum CRP was within reference range in our case. This finding is consistent with CRP being normal in most cases of MUO as well (29). For MUO (not for spinal-only MUO or non-infectious meningomyelitis), numerous studies have focused on findings specific and reliable biomarkers (29). As this search continues, future studies could also focus on their value in the diagnosis of meningomyelitis of unknown origin in dogs.

MRI findings in our case consisted an extensive area of (likely confluent) multifocal T2W hyperintense lesions that were T1W isointense and showed parenchymal (spinal cord) as well as meningeal contrast enhancement. MRI features of meningomyelitis of unknown origin in dogs have been reported (18). These include: focal (71%), multifocal (19%) or no lesions (10%); ill-defined, intramedullary, hyperintense lesions on T2W images that are isointense on T1W images; parenchymal contrast enhancement (86%); and meningeal contrast enhancement (81%). Meningeal contrast enhancement could be the only finding (18). Concurrent brain lesions may be identified on MRI, which would suggest meningoencephalomyelitis that can be confirmed by histological examination (18). The extensive parenchymal and meningeal contrast enhancement seen on post-contrast studies as performed in our case provide valuable information to give preference to a diagnosis of meningomyelitis.

In the case reported here, treatment was limited to immunosuppressive treatment with dexamethasone and prednisolone. In a study including 21 dogs with “spinal-only MUO,” medical treatment and the results thereof were reported (18). All dogs were treated with immunosuppressive doses of corticosteroids (dexamethasone 0.3–0.5 mg/kg/day or prednisolone 2–4 mg/kg/day). Fourteen dogs (67%) received additional treatment with cytosine arabinoside in various protocols. Three dogs (14%) showed deterioration despite treatment. There is no definitive proof that additional treatment (e.g., with cytosine arabinoside) to corticosteroids provides benefit in cases of MUO (30, 31). Future studies should provide more information on the possible benefits thereof (32).

Euthanasia was elected for the dog in this case report due to a grave prognosis based on the severity of initial clinical signs including absent nociception and incontinence, and no sign of improvement after initiation of treatment. Based on two larger studies of dogs with meningomyelitis (one including only a non-infectious etiology, the other including both infectious and non-infectious etiologies), approximately 50% of dogs with this diagnosis die (either by euthanasia or naturally) despite attempts at treatment (18, 19).

In the scope of comparative medicine or One Health, in human medical literature the term “(idiopathic) transverse myelitis” is used to describe an acute, bilateral inflammation of the spinal cord with either infectious or non-infectious (idiopathic) causes (33–39). Many patients in the most severely affected category will exhibit loss of sensation and incontinence. MRI findings largely overlap those reported for “spinal-only” MUO in dogs (18, 35, 36). The percentage of cross-sectional area of the spinal cord that is affected varies, but often exceeds two thirds (35). In our case, 100% of the cross-sectional area was affected at the level of the T9 vertebra. This feature does not necessarily correlate to clinical severity in humans (33, 35, 36). Specific MRI features can also be of value in determining the likelihood of idiopathic transverse myelitis versus infectious causes of transverse myelitis (36). Future studies may provide more insights on the value of MRI for the differentiation of infectious versus non-infectious (suspected immune mediated) causes of meningomyelitis. Still, it is clear also from human medical literature that in vivo diagnoses of (idiopathic) transverse myelitis cannot be regarded as definitive diagnoses (40); histopathological diagnoses may differ in a large number of suspected cases. In our case, the diagnosis of severe, multifocal, bilateral and fairly symmetrical, multifocal, lymphohistiocytic necrotizing leukomyelitis and meningitis with a vascular pattern affecting the ventral spinal artery and dorsolateral arteries, and their main branches (vertical and sulcal) was based on post-mortem histopathology of the entire central nervous system. This particular pattern of inflammatory lesions in the spinal cord has not been documented before in dogs to the knowledge of the authors.

In conclusion, this case report underlines the importance of including meningomyelitis in the differential diagnosis list of dogs presented for acute progressive neurological signs referable to a myelopathy. Clinical reasoning, diagnostic tests including diagnostic imaging, and histopathological examinations all have their own value and pitfalls or limitations to consider.
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Case report: Radiofrequency-induced thermal burn injury in a dog after magnetic resonance imaging
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A 10-year-old male Shar-Pei was referred for lethargy and proprioceptive deficits of the left thoracic limb. An magnetic resonance imaging (MRI) examination of the cervical spinal column and the brain was performed. The MRI examination of the brain was normal. A left-sided C3-C4 intervertebral disc extrusion with spinal cord compression was diagnosed. Medical treatment was elected. Within a week after the MRI examination, the dog presented with deep partial-thickness skin burn wounds in both axillae. Since the specific absorption rate had not exceeded the safety limits during any of the scans and no other procedures or circumstances were identified that could possibly have resulted in burn injuries, the thermal burn injuries were diagnosed as radiofrequency (RF) burns. The wounds healed by secondary intent over the next month. RF burns are the most reported complication in humans undergoing MRI but have not been reported in veterinary patients. Clinicians and technicians should consider the potential risk for RF burns in veterinary patients and take precautions regarding positioning of the patient and take notice of any signs of burn injury when performing follow-up examinations.
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Introduction

Magnetic resonance imaging (MRI) is deemed a relatively safe imaging modality. However, complications related to MRI examinations are reported more often in human patients than in veterinary patients. The most common complication, during MRI examinations, in human medicine is radiofrequency (RF) induced thermal burn injury.

Health agencies in the United Kingdom and the United States reported that RF burns account for ~50% of all MRI accidents (1, 2). These RF burns may be related to contact with conductive objects (e.g., specific clothing or ECG cables), skin-on-skin contact (e.g., skin folds or extremities in contact with the body) or contact with the bore (2). The reported severity of the burns varies from first degree (superficial-thickness) burns where only the epidermis is affected, to second degree (partial-thickness) burns where the epidermis and part of the dermis is affected, to third degree (full-thickness) burns where the epidermis and dermis are destroyed (2–5). By screening the patient prior to the MRI examination to identify conductive objects and by careful positioning of the patient during the MRI examination RF burns can be avoided (1).

Although technicians, neurologists and radiologists utilizing clinical MRI scans for veterinary patients may be aware of the complications reported in human medicine, there are, to our knowledge, no previous reports in veterinary medicine of MRI related RF burns in clinical cases. This case report documents the occurrence of RF burn injury in a Shar-Pei dog that underwent an MRI examination of the brain and cervical spinal cord.



Case description

A 10-year-old male entire Shar-Pei dog was presented with one-day history of lethargy and stumbling on the left thoracic limb. General clinical examination was unremarkable, apart from the dog being more lethargic than expected. Also of note and particularly relevant to this report is the presence of thick skin with prominent skin folds, as is typical for this breed (6). Figure 1 shows the overall appearance of the dog. Neurological examination showed proprioceptive deficits in the left thoracic limb but with intact spinal reflexes. Palpation of the neck including passive movements did not show clear signs of hyperesthesia.


[image: Figure 1]
FIGURE 1
 Overall appearance of the dog.


Based on the results of the neurological examination, a C1-5 myelopathy (left-sided) was suspected. Intracranial disease was not completely ruled out due to the ambiguous lethargy. Hence, an MRI examination of the brain and cervical spinal cord was planned. Pre-anesthetic blood work, including hematology, biochemistry, electrolytes, C-reactive protein (CRP) and pre-prandial bile acids did not reveal any clinically significant abnormalities.

Anesthesia of the dog for the MRI examination included premedication with 0.2 mg/kg butorphanol IV and 0.1 mg/kg midazolam IV and induction with 6 mg/kg propofol IV. Maintenance of the anesthesia was achieved with inhalant isoflurane. The patient was monitored during the anesthesia with capnography and an MRI compatible esophageal stethoscope.

For the MRI scan (1.5T Canon Vantage Elan) the dog was placed in sternal recumbency, with the thoracic limbs positioned backwards next to the trunk (Figure 2). Two bottles of warm water wrapped in a blanket were placed next to the patient's abdomen and the patient was covered with a blanket. The following sequences were included for the study the brain: dorsal T1 weighted (W) inversion recovery (TR 2.4s, TE 18 ms, FOV 140 × 140 mm, slice thickness 3.0 mm, matrix 192 × 224, interslice gap 0.2 mm), sagittal T2W fast spin echo (FSE) (TR 5.5s, TE 120 ms, FOV 160 × 160 mm, slice thickness 3.0 mm, matrix 320 × 256, interslice gap 0.2 mm), axial T2W FSE (TR 5.9s, TE 90 ms, FOV 140 × 140 mm, slice thickness 3.0 mm, matrix 320 × 224, interslice gap 0.2 mm), T1W FSE (TR 0.4s, TE 10 ms, FOV 140 × 140 mm, slice thickness 3.0 mm, matrix 256 × 224, interslice gap 0.2 mm), susceptibility weighted imaging (TR 2,4s, TE 18 ms, FOV 200 × 200 mm, slice thickness 2.0 mm, matrix 320 × 304, interslice gap−1.0 mm), and diffusion-weighted imaging (TR 3,6s, TE 94 ms, FOV 200 × 225 mm, slice thickness 3.0 mm, matrix 160 × 256, interslice gap 1,5 mm) with apparent diffusion coefficient map. After intravenous contrast administration (gadolinium, 0.15 mmol/kg), axial T1W FSE (TR 0.4s, TE 10 ms, FOV 140 × 140 mm, slice thickness 3.0 mm, matrix 256 × 224, interslice gap 0.2 mm), T2W fluid attenuated inversion recovery (TR 8.0s, TE 120 ms, FOV 160 × 140 mm, slice thickness 3.0 mm, matrix 192 × 208, interslice gap 0.2 mm) and 3D T1W gradient echo (TR 10.4ms, TE 4.3 ms, FOV 180 × 160 mm, slice thickness 1.0 mm, matrix 180 × 160, interslice gap 0.0 mm) were acquired.


[image: Figure 2]
FIGURE 2
 Drawing from a dorsal view of the positioning of the dog during the MRI examination. The dog was placed in sternal recumbency, with the thoracic limbs positioned backwards next to the trunk. Two bottles of warm water wrapped in a blanket were placed next to the patient's abdomen.


For the study of the cervical vertebral column the following sequences were included: dorsal short tau inversion recovery (TR 3.0s, TE 60 ms, FOV 200 × 300 mm, slice thickness 3.0 mm, matrix 192 × 288, interslice gap 0.3 mm), sagittal T2W FSE (TR 3495 ms, TE 110 ms, FOV 280 × 200 mm, slice thickness 2.5 mm, matrix 352 × 256, interslice gap 0.2 mm), T1W FSE (TR 663 ms, TE 10 ms, FOV 300 × 200 mm, slice thickness 2.5 mm, matrix 184 × 256 mm, interslice gap 0.2 mm), and axial T2W FSE (TR 5.6s, TE 115 ms, FOV 180 × 180 mm, slice thickness 2.5 mm, matrix 256 × 256, interslice gap 0.0 mm) and T1W FSE (TR 583 ms, TE 10 ms, FOV 180 × 180 mm, slice thickness 2.5 mm, matrix 192 × 192, interslice gap 0.0 mm) and 3D myelogram (TR 4s, TE 289 ms, FOV 220 × 220 mm, slice thickness 1.5 mm, matrix 224 × 272 mm, interslice gap 0.0 mm). Total scan time was ~75 min. During our study, the maximum specific absorption rate (SAR) was 0.39 W/kg during a sequence with a duration of <6 min. The average SAR per sequence was 0.12 W/kg and the duration of all sequences was maximum 6 min. The body temperature before and after the MRI scan was respectively 37.1°C and 38.0°C.

MRI showed severe extradural spinal cord compression at the level of the C3-C4 intervertebral disc, lateralized to the left side of the spinal canal (Figure 3). A hydrated nucleus pulposus extrusion was diagnosed. In addition, a minor protrusion of the C4-C5 intervertebral disc was found, without compression of the spinal cord. The MRI examination of the brain was unremarkable.


[image: Figure 3]
FIGURE 3
 MRI images of the lesions found on MRI. (A) T2 weighted (W) sagittal image of the cervical spinal cord. (B) T2W axial image at the level of the C3–C4 hydrated nucleus pulposus extrusion with severe extradural spinal cord compression. (C) T2W axial image at the level of the minor C4–C5 intervertebral disc protrusion.


The owners elected conservative treatment and the patient was recovered from anesthesia. Meloxicam was prescribed at 0.1 mg/kg q24h (after a single starting oral dose of 0.2 mg/kg), together with gabapentin 10 mg/kg q8h and in addition to rest and controlled physiotherapy for 3 weeks.

Several hours after the MRI the owner noticed a subcutaneous fluid filled pocket in the left axilla of the dog, which disappeared in the following days. Four days after the MRI the dog presented at the emergency service with a severe partial-thickness skin burn (Figure 4, week 1) and seven days after the MRI a second, but less severe, partial-thickness skin burn was noticed in the other axilla. The owner was questioned thoroughly and the procedures that had been performed were scrutinized. No other procedures or circumstances were identified that could possibly have resulted in burn injuries. Consequently, the thermal burn injuries were diagnosed as MRI related radiofrequency-induced burns.


[image: Figure 4]
FIGURE 4
 Photographical series of the burn wound in the left axillary region (sequence over a 4-week time span).


After discussion with the owner about management options for the skin burns, conservative (non-surgical) treatment was elected. The burns were left to heal via secondary intention over the next few weeks, with regular revisits for bandaging and dressing with silver-sulfate (Figure 4). The owner still reported signs of pain despite the use of meloxicam and gabapentin. To improve the analgesia, tramadol was prescribed at 2 mg/kg q8h for 1 week in addition to the meloxicam and gabapentin. After 1 month both of the skin burns were almost healed and no further follow up was required. The meloxicam was discontinued and the gabapentin phased out over a course of 3 weeks. The amount of physical activity was slowly increased over a period of 1 month. At telephone follow-up 3 months after the initial consultation, no gait abnormalities, nor pain was reported by the owner, and the skin had almost completely healed.



Discussion

There are four main types of burn injury: thermal injury, radiation injury, chemical injury, and electrical injury (7). MRI-related burn injuries fall in the first category, but consideration may be given to use a sub-classification due to its specific nature, such as “radiofrequency-induced thermal burn injury.” In our case, the owner was questioned to identify any other plausible causes of the burn injuries, including: circumstances at home; any procedures that might have been performed between the MRI and the presentation for the burn injuries; possible exposure to chemicals; contact with radiators; exposure to radiation or electrical appliances of any kind. None were identified. In any case, the sites where the burns occurred are not likely to have been exposed to other likely causes for burn injuries (such as contact with radiators). Finally, a causal relationship between the MRI and the burn injuries is supported by the time relationship between the MRI study and presentation for the burn injuries. All in all, we concluded that the burn injuries in our patient were MRI related radiofrequency-induced burns. To the authors' knowledge, this has not been documented before in veterinary medicine and is not reported in reviews on the subject (7, 8).

The thermal burn injury in the dog reported here may be classified as a local, partial-thickness burn injury. This type of burn injury may take 24–48 hours to become apparent for owners or veterinarians. Partial-thickness skin burns can heal within 1–3 weeks by re-epithelialization from hair follicles and sebaceous glands. A few days after the burn injury an eschar may be formed. Partial-thickness skin burns heal with minimal scar formation. Burn injuries can have serious local and systemic consequences for a patient and need to be addressed with care. Fortunately, the reported patient here did not experience any further significant complications during treatment of the wound (7–9).

MRI related thermal burn injuries are the most common reported adverse event in humans after an MRI scan (2) and numerous human cases have been reported in the literature (3–5, 10–15). Causes for thermal burn injuries during an MRI scan can be skin-to-skin contact, bore contact, contact with an object, not RF related or unclear (2).

Thermal burn injuries caused by radiofrequency pulses can occur when there is contact between skin and a conductive object or direct skin-to-skin contact. There are several proposed mechanisms for the occurrence of RF burns, such as inductive heating, heating of a resonant loop and the “antenna effect.” With inductive heating the RF electromagnetic field causes currents to flow through a conductive object which will heat the object. This phenomenon is called ohmic heating. When these currents flow in a loop that is in a resonant condition, a resonant loop forms and the heating will become significant. With the “antenna effect” an elongated conductive object forms a resonant loop (13, 15, 16). Dempsey et al. have shown that the temperature of a conductive object can rise by 0.6°C with inductive heating, and by 61.1°C and 63.5°C with heating of a resonant loop or a resonant antenna, respectively (16).

RF heating increases with a stronger magnetic field. Theoretically, RF heating is proportional to the square of the static magnetic field (17). Now that the magnetic field strength of MRI devices are generally increasing, and 1.5T or 3.0T are becoming more commonly used in veterinary practice, there is a potentially increasing risk for RF burns.

Theoretical heating of the tissues of the patient caused by the RF pulses is evaluated by the SAR, which is depicted in watts per kilogram bodyweight. The SAR can be calculated taking into account the patients height, weight, and the scan settings such as for example RF pulse frequency and the angulation of the RF magnetic field (18). There are guidelines with upper allowable SAR values for safe MRI examinations in humans. The maximal SAR that is allowed is <4.0 W/kg over 6 min. With this SAR, the body temperature of the person will rise by 1°C maximum (1). For animals, no safety limits have been established for the SAR. During our study, the maximum SAR was 0.39 W/kg during a sequence with a duration of <6 min. The average SAR per sequence was 0.12 W/kg and the duration of all sequences was maximum 6 min. This could not have significantly contributed to the thermal burn injuries. However, when a resonant conductive loop was formed, focal overheating could have occurred in our patient, even when the SAR did not exceed the upper limit.

As is indicated with the SAR, the time of an MRI examination itself may be one of the factors involved in predicting the risk for thermal burn injuries in patients. In this case, the brain as well as the cervical spinal cord was scanned. Reducing scan time (e.g., by leaving out certain sequences that may not be necessary in every case), reduces the total energy ‘transmitted' to the body of the patient. It has been shown that ‘rapid' protocols for brain imaging yield comparable differential diagnoses compared to a “full” brain protocol (19). Both the occurrence and severity of burn injuries may be influenced by total scanning time.

In our case, the patient was of a dog breed known for its loose and thick skin with prominent skin folds (6). Also, the patient had thin fur in its axillae. The skin and fur characteristics, together with the positioning of the patient during the MRI examination make it likely that skin-to-skin contact occurred between skin folds in the axillae. There was no contact between the dog and conductive objects or the bore. Even though the patient underwent an extensive MRI examination, the SAR had not been exceeded. Based on these data, we concluded that the thermal burn injuries reported in our patient must be RF thermal burn injuries by skin-to-skin contact. It is also possible that the thick skin of the Shar-Pei and its histological and molecular characteristics predispose this breed to RF thermal burn injury occurrence. Although this is merely a theory, we would propose to carefully monitor dogs of this breed undergoing MRI studies for RF thermal burn injuries and take precautionary measures as discussed below.

The fact that our patient was under general anesthesia and thus not able to report any pain may have contributed to the occurrence of the RF burns. Human patients that are conscious during the MRI examination can press the alarm-button when they feel pain or a hot sensation. This safety feature is unfortunately not possible in veterinary patients. During the monitoring of the anesthesia of our patient, a temporary increase in the heartrate was noticed. In retrospect we assume that this may have been caused by pain due to the occurrence of the RF burns.

Precautions must be taken to prevent RF burns. In human medicine MRI safety guidelines are available (1, 20). In these guidelines recommendations are made on how to prevent RF burns. No specific protocols exist for the veterinary patient. By extrapolation from the human safety guidelines we propose some considerations listed in Table 1 to prevent thermal burn injuries when performing MRI studies in veterinary patients.


TABLE 1 Proposed considerations to reduce the risk of MRI-induced radiofrequency burns in veterinary patients.

[image: Table 1]

In conclusion, MRI related radiofrequency-induced thermal burn injuries can occur in dogs undergoing standard MRI examinations using a 1.5T scanner. Clinicians and technicians should be aware of the potential risk of this complication and 1/ take precautions to prevent its occurrence 2/ carefully inspect (at-risk) patients after MRI studies to take adequate measures in case of burn injuries.
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Case report: Double adjacent ventral slot in two medium-sized breed dogs
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Two medium-sized, 7-year-old dogs, with no previous history of pain, presented with acute neurologic symptoms consistent with intervertebral disk disease. Both cases had CT, where cervical pathology was identified. In one dog, the diagnosis was singular extensive cervical disk herniation with possible epidural hemorrhage and in the other, the diagnosis was multiple-site cervical disk herniation. The first dog, a Shar-Pei, underwent treatment with two standard adjacent ventral slots between the C4–C5 and C5–C6 intervertebral disk spaces and a fenestration between the C3 and C4 intervertebral disk spaces. The second case, a beagle, underwent a double adjacent standard ventral slot between the C5–C6 and C6–C7 intervertebral disk spaces. Both dogs recovered uneventfully after the surgery and showed no signs of recurrence during a 2-year follow-up period. This is the first detailed report of the use of a double adjacent ventral slot as a treatment for spinal decompression in medium-sized dogs with multiple-site spinal cord compression.
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Introduction

Intervertebral disk disease (IVDD) is one of the most common causes of spinal cord dysfunction in dogs that present acute neurologic deficits (1).

Clinical signs can vary depending on the type of herniation, the location, and the extent of the compression (2).

The most common location for disk herniation in dogs is in the thoracolumbar region of the vertebral canal, with 16 to 25% of cases reported in the cervical region (3). The majority of dogs with cervical disk herniation present with a nucleus pulposus extrusion rather than an annulus protrusion (1, 3–7).

The cervical disk extrusions are most commonly encountered in chondrodystrophic dogs and they usually have an acute onset (1, 8).

Traditionally, disk herniations were divided into two distinct types: Hansen Type 1 (IVD extrusion) and Hansen Type 2 (IVD protrusion). A third type was also described as an acute non-compressive or high-velocity low-volume disk disease (9–12).

More recently, Fenn et al. (4) suggested the need for more precise classification, considering the latest advances in veterinary diagnostic techniques (magnetic resonance imaging), proposing the following specific pathologies individually: Hansen type 1/acute (IVD extrusion); Hansen type 2/chronic (IVD protrusion); acute IVD extrusion (HT1) with extensive hemorrhage; acute non-compressive nucleus pulposus extrusion (ANNPE); hydrated nucleus pulposus extrusion (HNPE); intradural/intramedullary IVD extrusion (IIVDE); traumatic IVD extrusion; and fibrocartilaginous embolic myelopathy (FCEM).

In the cervical region, the incidence rate of IVDE varies between 16 and 25% and is more commonly encountered in small breed dogs, where C3–C4 is the most commonly reported site. Hansen type 2 disk protrusion is more commonly found in large breed dogs between the C5 and C6 intervertebral disk spaces (3, 13).

Conservative treatment and surgical treatment have been described for canine patients with cervical disk extrusion, with the ventral approach to the cervical vertebrae being the most common choice of decompression treatment (14, 15).

The advantages of the ventral slot include minimal dissection to access the vertebral bodies to perform the slot and also a prophylactic fenestration to the adjacent disks. The main disadvantages reported for this technique include venous sinus hemorrhage, hypoventilation, respiratory distress, cardiac arrhythmias, instability/ subluxation of the vertebras, spinal cord trauma, and insufficient exposure to intraforaminal and lateral disk extrusion and postoperative infection (1, 16–18).

A double or even triple adjacent ventral slot has been described for multiple disk herniations or for lesions that have a longer extent but have not been reported in medium- and large-breed dogs (19, 20).



Case description

Two medium-sized (10–25 kg) (21), middle-aged dogs, namely, a Shar-Pei (case 1 - entire female, 18 kgs, 7 years and 10 months) and a Beagle (case 2—entire male, 25 kgs, 7 years and 5 months) were referred for having an acute onset of neurologic signs (ataxia and neurologic deficits).

The owners reported an acute onset of the neurologic signs, which started 24–48 h before the presentation. At the time of presentation, both dogs did not have any history of other health problems and did not show any signs of pain before the onset of the clinical signs. A general and neurologic examination was conducted and nothing abnormal was detected apart from the following clinical signs:

Case 1 was non-ambulatory, tetraplegic, and had a moderate pain reaction on the hyperextension and hyperflexion of the neck. The withdrawal reflex and patellar reflex were reduced in the right pelvic limb and deep pain perception was reduced in both pelvic limbs.

Case 2 was non-ambulatory, tetraplegic with spontaneous severe pain reaction at any attempt of hyperflexion of the neck. Withdrawal reflexes were reduced in both pelvic limbs and deep pain perception.

These findings were consistent with upper motor neuron deficit in the thoracic limbs and lower motor neuron deficit in the pelvic limbs.

For both cases, a blood sample was taken from the jugular vein and submitted to the laboratory for biochemistry and hematology analysis, and no abnormality was detected.

Following the blood analysis, the dogs were submitted for a CT scan of the cervical region for diagnosis purpose. The CT scan was performed under sedation as described: a 20 G IV catheter was placed in the right cephalic vein and a 0.1 mg/kg butorphanol with 0.01 mg/kg of medetomidine was administered intravenously. The positioning of the dog was in dorsal recumbency. The CT findings were as follows:


Case 1

The CT scan showed hyperattenuating material present in the vertebral canal at the level of C4–C5, with the intervertebral space at this level being visibly narrowed. The material was located ventral and left lateral to the spinal cord. Caudally, the mild hyperattenuating material extended to the caudal part of the C5 vertebral body. The material presented higher Hounsfield unit values (88–101 HU) compared to the medulla (29–44 HU) and occupied 47.8% of the vertebral canal diameter (Figures 1, 2). Ventral extradural material that was isoattenuating to the spinal cord was present at the level of the C5–C6 disk (Figure 3). The C3–C4 intervertebral space was visibly narrowed, with in situ mineralized material and no visible spinal cord compression (Figure 2). These findings were consistent with C4–C5 disk extrusion with moderate to severe compression and C5–C6 mild Hansen type 1 extrusion.

[image: Figure 1]

FIGURE 1
 Transverse section of the C4–C5 intervertebral disk space. Yellow arrowhead highlights mild hyperattenuating extruded disk material and possible hemorrhage, located ventral and left lateral to the spinal cord.


[image: Figure 2]

FIGURE 2
 Mid-cervical sagittal view. The gray arrow depicts in situ C3–C4 disk mineralization; the red arrow highlights mineralized herniated disk material (C4–C5), and the red arrowheads highlight mild hyperattenuating disk material and possible hemorrhage. Malalignment of the cervical-thoracic segment is observed and this is due to the positioning of the dog.
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FIGURE 3
 Transverse section of the C5–C6 intervertebral disk space. Yellow arrowheads highlight mild hyperattenuating herniated disk material and possible hemorrhage; yellow arrows highlight hyperattenuating disk material.




Case 2

The CT scan revealed hyperattenuating heterogeneous material present in the vertebral canal at the level of intervertebral disk space C5–C6, with caudal extension near the C6–C7 intervertebral disk space and minimal cranial extension. The material was located ventral and right lateral to the spinal cord, presented higher HU values (97–185) compared to the spinal cord (12–51), and occupied 45% of the vertebral canal diameter. The C5–C6 intervertebral disk space was markedly narrowed when compared to the adjacent intervertebral spaces (Figures 4–7). These findings were consistent with the Hansen type 1 disk extrusion with moderate spinal cord compression.
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FIGURE 4
 Sagittal view of the caudal cervical segment of the vertebral column. The C5–C6 intervertebral disk space is narrower than the adjacent ones, with visible heterogenous hyperattenuating herniated disk material (yellow arrowheads). The herniated disk material extends caudally to the caudal part of the C7 vertebral body.
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FIGURE 5
 Transverse view at the level of the C5–C6 intervertebral disk space. Red arrowheads highlight the mineralized component of the herniated disk, while the yellow arrowheads highlight mild hyperattenuating disk material with possible hemorrhage.
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FIGURE 6
 Transverse view at the caudal end of the C6 vertebra. Yellow arrowheads highlight mild hyperattenuating disk material with possible hemorrhage.
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FIGURE 7
 Dorsal view of the caudal cervical segment of the vertebral column. The blue arrow highlights the mineralized component of the herniated disk at the level of the C5–C6 intervertebral disk space; the yellow arrows highlight the caudal extension of the herniated disk material.


Both dogs were tetraplegic with an upper motor neuron deficit in the thoracic limbs; this finding is suggestive of C1–C5 cervical spine pathology. Although both dogs had some degree of lower motor neuron deficit in the pelvic limbs, there was no abnormality detected at the level of the thoracolumbar spinal cord.

The CT findings were discussed with the owners, and the treatment chosen for both of the dogs was to surgically decompress the spinal cord by performing a double adjacent ventral slot. For the first case, a standard ventral slot was performed between the C4–C5 and C5–C6 intervertebral disk spaces, and a fenestration was performed between the C3 and C4 intervertebral disk spaces. For the second case, a standard ventral slot was performed between the C5–C6 and C6–C7 intervertebral disk spaces. Both patients were prepared immediately for the surgical procedure, as described by Platt & da Costa (22).

Fluid therapy was initiated using a balanced crystalloid solution of sodium chloride 0.9% at a rate of 10 mL/kg/h to maintain hydration and electrolyte balance. The premedication consisted of the administration of 0.3 mg/kg/IV of methadone and 0.01 mg/kg/IV of medetomidine, and the general anesthesia was induced with 0.5–1 mg/kg/IV of propofol. Both patients were intubated, and the anesthesia was maintained with isoflurane and oxygen. A dose of 22 mg/kg of cefuroxime was administered approximately 20 min prior to the skin incision, and it was repeated one more time after 90 min, during the surgical procedure. The total duration of the procedure for case 1 was 150 min and for case 2 was 170 min.

Both dogs were placed in dorsal recumbency and prepared for surgery and a single dose of 10 mg/kg/IV of paracetamol and 0.2 mg/kg/IV of meloxicam was administered in the preoperative period. Hemorrhage was controlled using bipolar cautery. A Standard Ventral Slot was performed for both patients by using an electric drill and a combination between a 3 mm and a 4 mm burr. The size of the slot was 30% of the vertebral body length and approximately 50% of the vertebral width. For case 1, a prophylactic fenestration was performed between C3 and C4, using a no. 11 surgical blade and a curette, as mineralized material was present in situ at that level on the CT scan. The skin was closed in a routine fashion using 3/0 USP polydioxanone, and no attempt to place a drain was made as it was not considered necessary.

Both dogs recovered well from anesthesia, and no complication was noted during the procedure and the recovery time. Ice packing was performed for approximately 10–20 min every 4 h in the first 24 h after the surgery to prevent excessive swelling and seroma formation.

The postoperative treatment included the administration of meloxicam 0.1 mg/kg PO for 5 days, paracetamol 10 mg/kg PO for 2 days, and gabapentin 10–20 mg/kg/8 h PO for 7 days. A second dose of 0.3 mg/kg/IV of methadone was repeated at 4 h after the first administration. Only two doses of methadone were administrated for both patients as the pain score showed no necessity for supplementary analgesics. The modified Glasgow Composite Pain Scale was used for both patients for the time being hospitalized. Both patients were evaluated by the surgeon in the morning, using the composite pain scale, and the analgesic protocol was guided by the total pain score.

Both patients were hospitalized for 5 days postoperatively, and the diet regime during this period was made using resting energy requirement (RER) calculations. Both patients were ambulatory at the time of discharge, and the owners were advised to enforce strict rest for the next 21 days, and only short walks on a leash were permitted during this period. Follow-up examinations were performed 21 days postoperatively, and the modified Glasgow Composite Pain Scale showed no signs of pain at the surgical site or on the hyperflexion or hyperextension of the neck. The neurologic signs were completely restored, and the owners did not report any complications during this period.

Both dogs came for follow-up examinations at 3 months and 6 months after the surgery, and their owners reported normal activity with no signs of neurologic dysfunction.




Discussion

The ventral slot procedure is one of the most common neurosurgical procedures used to treat cervical intervertebral disk herniation in dogs (18). Many other procedures have been described for cervical decompression, including disk fenestration, dorsal laminectomy, hemilaminectomy, and the slanted ventral slot (23, 24). The standard ventral slot is the most commonly used procedure because the direction of the herniated disk usually occurs dorsomedially and also this technique provides access to the floor of the vertebral canal compared to other techniques (1, 18).

Several complications have been associated with this procedure, such as hemorrhage from the venous sinus, vertebral subluxation, hypoventilation, and insufficient exposure to the lesions that are lateralized, which can lead to incomplete spinal cord decompression. Although other techniques seem more appropriate for lateralized disk material, other authors have reported good clinical outcomes by using a ventral slot even for lateralized disk material (16, 18, 25, 26).

In one of our cases (case 2—Beagle), it was reported that there was minimal bleeding from the venous sinus that resolved with lavage with sterile saline solution at 37°C in the slot and waiting for 5 min. Apart from this inconvenience, no other complication was noted in any of our cases.

In 2020, Kang et al. (27) described the advantages and limitations of the vertebral window provided by a standard ventral slot when compared with a slanted ventral slot, and the results showed that both techniques have limitations, especially in cases where the disk have migrated caudally. The modified slanted ventral slot provides good access to the herniated disk as long as the disk has not migrated caudally, with obvious limitations reported for C3–C4 and C5–C6 intervertebral disk spaces. Considering the location and the large amount of disks that need to be removed for both of our patients, a standard ventral slot procedure was used for both of them. The author recommends that rigorous presurgical planning based on CT imaging should help in the selection of the most appropriate surgical technique that will allow sufficient disk removal and a good clinical outcome.

In 2020, Guo et al. (28) conducted a retrospective study in which they compared the clinical outcome between two groups of canine patients who suffered from single- or multiple-site cervical disk herniation. A total of 123 dogs underwent a single standard ventral slot procedure and 62 dogs underwent multiple-site standard ventral slot procedures. From the total number of dogs that underwent multiple ventral slot decompression, none of the dogs were large breeds, and only two dogs were included in the medium breed category. The author also reported that two of the dogs from the multiple-site ventral slot category showed the following outcome: one of them died of possible cardiac arrest 3 days postoperatively and the other did not become ambulatory at day 4 postoperatively, and no data were reported after that. Considering that only 2 patients were of medium breed and there is currently no information about a double adjacent ventral slot in a large breed dog, it would have been helpful if the author had reported the category to which the two patients belonged.

Merbl et al. (19) reported in 2017 the outcome after performing a triple adjacent ventral slot in a toy breed (Pomeranian) suffering from severe extradural compression due to mineralized disk extrusions between C3–C4, C4–C5, and C5–C6. The author reports that the size and shape of the slot were modified to prevent any postoperative destabilization of the cervical spine, and a cervical splint was also used in the postoperative period to minimize neck movement. The planning of the slot was performed based on the CT findings in a way that will allow complete removal of the herniated disk material. The length of all the slots was approximately 25% smaller than a standard ventral slot, and the width was smaller in C4–C5 and C5–C6 when compared with C3–C4. We can presume that these changes in the width and the length of the ventral slot could have a significant contribution to the prevention of postoperative complications, such as vertebral subluxation, as mentioned in the literature (25). In this case presentation, the correlation between the CT findings and the intraoperative aspect of the retrieved disk material suggests that the disk extrusion between C3 and C4 was highly incriminating for the clinical signs. Overall, the clinical outcome for this particular case was good, with the author suggesting that although the patient improved significantly postoperatively, minor pelvic limb ataxia and proprioceptive deficits were present (19).

In 2022, Olender et al. (20) reported a good long-term prognosis in four small breed dogs (French bulldogs) suffering from extensive cervical IVDE that were treated with double adjacent ventral slots. In all four cases, the extruded material was located ventrolaterally, and the herniated content also had a hemorrhagic component. However, the author investigates the fact whether the hemorrhagic component of the extruded material does or does not require a surgical decompression or would resolve spontaneously over time. Considering that the origin and the amount of the hemorrhage can vary at that level and that in the absence of an MRI, it is hard to assess the extent of the intradural/intramedullary damage, and also the fact that hemorrhage is associated with high risks of tissue liquefication and increased intramedullary pressure, leading to myelomalacia (29), we recommend that any sort of compression at this level should be managed by surgical decompression.

We used a CT scan to evaluate our patients and found specific lesions that matched their neurolocalization. Although the literature suggests that a non-contrast CT scan is a good option to accurately evaluate canine patients with IVDD, especially if the lesion corresponds with the neurolocalization (30–32), we suggest that magnetic resonance imaging would have been a better option if intradural or intramedullary lesions were present.

An inverted cone technique is recommended as it involves less bone removal, resulting in lower risks of hemorrhage and vertebral subluxation (22, 33). In both of our cases, a standard ventral slot was performed, where the length of the slot was approximately 50% of the total length of the vertebra and its width was approximately 25–27% of the total width of the vertebra. In case 1, a triple ventral slot was considered for C3–C4 due to the presence of mineralized disk material; however, since there was no compression at that level, a prophylactic fenestration was performed instead.

Both our cases showed 100% clinical recovery, with no signs of recurrence during a 2-year follow-up period. We advised the owners to look out for any signs of neck pain that could be related to vertebral subluxation during this period, but no such signs were reported in the follow-up period. Even though both of our patients were 7-year-old, intact, medium-sized dogs, the small number of cases does not allow us to conclude the incidence of double adjacent disk herniation in these specific patients.

To date, data about the treatment of dogs with multiple adjacent cervical disk herniations are limited. Our case presentation shows good clinical outcomes following this procedure in two medium-sized dogs with multiple cervical disk herniations.
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Case report: Gross total resection of a primary fourth ventricular meningioma using the telovelar approach in a dog
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An 11-year-old spayed female Maltese dog presented with a 2-month history of gait alterations, wide-based stance, and chronic vomiting. Neurological examination revealed cerebellovestibular signs, including head tilt, nystagmus, strabismus, intentional tremor, and hypermetric gait. MRI showed a mass with iso- to hypointensity on T1-weighted (T1W) images and heterogeneous hyperintensity on T2-weighted (T2W) images, with marked non-uniform contrast enhancement. The tumor was removed via a telovelar approach without intraoperative complications. Postoperatively, the dog developed non-ambulatory paraparesis with the rigidity of the pelvic limbs but recovered ambulation within 6 days. Preoperative neurological signs progressively improved, and the patient was discharged without complications 10 days after surgery. Histological examination revealed dense spindle cells with an abundant collagen matrix and oval-shaped nucleated cells with small whorls, leading to a diagnosis of transitional meningioma of the fourth ventricle. MRI follow-up at 8 months postoperatively showed no definitive evidence of recurrence. At the final follow-up, 15.4 months postoperatively, mild neurological signs, including a slight head tilt and subtle strabismus, remained, but the rest of the neurological examination was normal. This is the first reported case of a meningioma in the fourth ventricle of a dog successfully removed using the telovelar approach.

Keywords
 meningioma; fourth ventricle; fourth ventricular meningioma; telovelar approach; dog


1 Introduction

Primary ventricular tumors are relatively uncommon in veterinary medicine. The most common tumor located in the ventricular system is the choroid plexus tumor (CPT), which accounts for up to 7% of primary brain tumors and is the third most common type of primary intracranial tumor in dogs (1, 2). Other primary tumors, such as ependymoma, astrocytoma, and meningioma, can also occur within the ventricles, although reported cases are limited (3–9). The prevalence of primary fourth ventricular tumors is presumed to be less than 5% of all primary brain tumors. This estimation is based on the finding that 49% of CPT are located in the fourth ventricle, while other primary fourth ventricular tumors have been reported only rarely as single-case reports (7, 10). The clinical signs associated with fourth ventricle tumors are predominantly cerebellovestibular signs, including strabismus, head tilt, obtunded mental status, and delayed postural reactions (7, 11). Additionally, an absent menace response has also been reported (11).

Meningiomas typically occur in the rostrotentorial region, accounting for 62.2 to 84.4% of all cases (12, 13). In contrast, intraventricular meningiomas are extremely rare; only two lateral ventricular meningiomas and one-fourth ventricular meningioma have been described (6, 7, 9). The single case of a fourth ventricular meningioma was diagnosed postmortem through histopathologic examination and classified as a microcystic subtype, which is a rare form of meningioma. In human medicine, intraventricular meningioma is similarly rare, constituting 0.7–3% of intracranial meningiomas, with only 6.6% of these occurring in the fourth ventricle (14, 15).

While a standard treatment protocol for fourth ventricular tumors has not been established in veterinary medicine, surgical removal is considered the first line of treatment in human medicine (16). The surgical approach to the fourth ventricle is particularly challenging due to its narrow anatomical location between the brain stem, specifically the medulla oblongata and the cerebellum (17). In the human literature, the transvermian and telovelar approach are well-described methods for accessing the fourth ventricle. The telovelar approach has been used to surgically resect a choroid plexus carcinoma (CPC) within the fourth ventricle in a dog (11). This technique offers several advantages over the transvermian approach, such as sparing the vermis and providing better exposure in craniocaudal and lateral directions (11, 18, 19).

The author found no existing literature describing the surgical removal of a fourth ventricular meningioma and its outcome in veterinary medicine. This case report aims to describe the neuroradiological findings, detailed surgical technique, and long-term outcome of a primary fourth ventricular meningioma, classified as the transitional subtype.



2 Case description

A client-owned, 11-year-old spayed female Maltese dog weighing 3.8 kg was referred with a 2-month history of falling episodes with gait alterations, wide-based stance, nausea, and vomiting. Nausea and vomiting could not be controlled by maropitant (1 mg/kg, orally, q24hr) at the primary veterinary clinic. The physical examination revealed a systolic murmur of grade 4/6 at the left heart apex, which was later evaluated as grade B1 myxomatous mitral valve disease; other findings were normal. Neurological examination revealed bright and alert mentation, an obvious left head tilt, positional, horizontal nystagmus with fast phase to the right, ventrolateral positional strabismus of left eye, intentional head tremor, and hypermetric gait. Concurrent vestibular and cerebellar signs indicated a lesion on the left central vestibular system and cerebellum. The lesion was thought to be a space-occupying mass, and differential diagnoses included neoplasia (CPT, glioma, meningioma, and lymphoma), cyst, or cyst-like lesion. Inflammatory diseases, anomalies, and degenerative diseases were thought to be less likely. Blood tests were within normal reference range, except for a mildly elevated liver panel. No abnormal findings were identified on the thoracic radiographs. MRI revealed a 10.4 × 11 × 16.2 mm sized, oval-shaped, and slightly left-sided intraventricular mass. The mass showed iso- to hypointensity on T1W images, heterogeneous hyperintensity on T2W images, hyperintensity on fluid-attenuated inversion recovery sequences (FLAIR), and marked non-uniform contrast enhancement (Figures 1A–D). The mass compressed and displaced the medulla oblongata ventrally and the cerebellum dorsally. Obstructive ventriculomegaly was observed rostral to the lesion. The neuroradiological findings corresponded with the symptoms. A presumptive diagnosis of an intraventricular tumor was made, with CPT considered the most likely differential diagnosis.
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FIGURE 1
 Preoperative MRI. (A) T2-weighted sagittal plane. A heterogenous hyperintense space-occupying the lesion is confirmed within the fourth ventricle. (B) T1-weighted post-contrast sagittal plane. A strong enhanced mass-like lesion is confirmed within the fourth ventricle. An enlarged third ventricle (asterisk) is revealed. (C) T1-weighted transverse plane. Hypo- to isointense lesion is confirmed. (D) T2 fluid-attenuated inversion recovery transverse plane. The lesion is revealed as a hyperintensive signal.


Surgical removal of the tumor using the telovelar approach was planned as described in a previous study (11). Prior to the anesthetic induction, maropitant (1 mg/kg, IV), dexamethasone (0.2 mg/kg, IV), and cefazoline (22 mg/kg, IV) were administered. The patient was premedicated with midazolam (0.2 mg/kg, IV) and administered propofol (4 mg/kg, IV) slowly, followed by intubation with a reinforced endotracheal tube to avoid kinking due to surgical position. The dog was maintained with 1–1.5% (vaporizer setting) isoflurane with a constant 100% O2 flow of 2 L/min. The patient was positioned with the neck flexed as much as possible, slightly over 90 degrees, to achieve the maximum opening of the foramen magnum, taking care not to compress the jugular vein. After the patient preparation, mannitol (0.25 g/kg, IV) was infused slowly over 15 min to achieve better brain relaxation and prevent reperfusion injury (20–22). During anesthesia, the monitoring parameters, including electrocardiogram, heart rate (HR), respiratory rate (RR), oxygen blood saturation (SpO2), rectal temperature, non-invasive blood pressure (NIBP), end-tidal CO2, tidal volume, airway pressure, and compliance, were within the normal range. Remifentanil was administered IV at a flow rate of 5–6ug/kg/h for analgesia.

The surgical approach to suboccipital craniectomy was performed routinely (11, 23). Suboccipital craniectomy was performed and additional partial dorsal laminectomy of the atlas was performed to expose the widest opening of the caudal fossa. Both procedures were conducted meticulously using a Kerrison rongeur. When the caudal fossa was sufficiently exposed, a neurosurgical microscope was used to magnify the surgical site and capture the image (Figure 2). Micro-bleeding from the dura mater was coagulated by bipolar electrocautery to maintain a clear surgical site. The dura mater was picked with a double-pronged tissue pick instrument and incised with a von Graefe knife without excessive tension. The incision was made from the level of the cerebellar uvula to the level of the atlas, longitudinally. The dura mater was retracted laterally without suturing. The tela choroidea was identified as the thin, avascular, membranous layer located between the uvula and the medulla oblongata. The tela choroidea was easily incised with a blunt-ended, 90°-angled Sisson nerve hook, and the tumor was identified through the incision. Neurosurgical lint-free sponges were packed around the tumor to visualize the tumor and retract the brain parenchyma. Visible blood vessels on the tumor were coagulated with a bipolar electrocautery. The hook probe, a micro-ring curette, and tumor forceps were used alternately to perform blunt dissection around the tumor with minimal traction. Meticulous maneuvering of the cerebellum dorsally with a semi-blunt Sachs nerve elevator through the sponge provided a wider surgical site. During the dissection, minor bleeding was controlled with sponges and ophthalmic triangular swabs. After the dissection, the mass was detached from the ventricle by grasping it with tumor forceps and removed as a single solitary piece. Minor bleeding after removal was controlled by attaching absorbable oxidized regenerated celluloses to the ventral surface of the ventricle and filling the ventricle with Hartmann’s solution. Sponges were removed and generous irrigation was performed to confirm the absence of residual bleeding and to spare the ventricle space. A thin sheath, thought to be a residual tumor capsule, was confirmed on the caudodorsal surface of the medulla oblongata and partially removed with Castroviejo scissors. The tela choroidea remained open, and the dura mater was sutured with a synthetic dura substitute (ReDura, Medprin Biotech, Frankfurt, Germany) to maximize the space over the foramen magnum using 6/0 absorbable suture material (6/0 PDS II, Ethicon, Raritan, NJ) in a single interrupted pattern. Closure of the muscle layer and skin was performed routinely. The entire removed mass was submitted for histopathological examination.
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FIGURE 2
 Intraoperative images from neurosurgical microscope. (A) A dural incision is made longitudinally from the level of the cerebellar uvula to the level of the atlas. The vermis and dura mater are indicated as a yellow asterisk and a white arrow, respectively. A branch of the caudal cerebral artery is highlighted with a black arrow. (B) An avascular tela choroidea (blue arrow) is incised with a nerve hook probe. The tumor (white asterisk) is confirmed through the incision. (C) Two green-stringed neurosurgical sponges are packed around the tumor to retract the brain parenchyma and secure the surgical field. (D) Through repeated meticulous maneuvers using tumor forceps, a hook probe, and a micro-ring curette, the tumor is bluntly dissected from the fourth ventricle (E) The tumor is removed, and the space (double white asterisks) of the fourth ventricle is confirmed. (F) The remaining suspected tumor capsule (green asterisk) is partially resected. The remaining choroid plexus is highlighted with a green arrow.


The patient was moved for a postoperative MRI to confirm the surgical removal of the tumor. Immediate postoperative MRI revealed the removal of the tumor, but a strongly enhancing structure was confirmed ventral to the caudal cerebellar lobe on T1W with gadolinium images (Figures 3A,B). The tumor was white to gray, oval-shaped, 15.8 × 10.5 × 10 mm, and firm (Figure 4A). Histological examination revealed dense spindle cells with an abundant collagen matrix, the typical finding of the fibrous subtype, and oval-shaped nucleated cells with small whorls, the common finding of the meningothelial subtype (Figures 4B,C). The combination of the findings, including medical imaging, gross appearance, and histopathologic findings, led to a definitive diagnosis of primary fourth ventricular transitional meningioma.
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FIGURE 3
 Postoperative MRI. (A,B) Immediate postoperative T1-weighted post-contrast MRI. A contrast-enhanced lesion (yellow arrow) is revealed on the caudoventral aspect of the cerebellum. The third ventricle (yellow asterisk) is still enlarged. (C,D) 8-month postoperative T1-weighted post-contrast MRI. Contrast-enhanced lesion (white arrow) and the third ventricle (white asterisk) are reduced compared to the former MRI findings.
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FIGURE 4
 Tumor gross appearance and biopsy results. (A) A resected fourth ventricular tumor. The gross appearance is white to gray (relatively low vascularization), oval-shaped, 15.8 × 10.5 × 10 mm in size, and has a firm texture. (B) Dense spindle cells with an abundant collagen matrix are confirmed. These findings are typical findings of the fibrous subtype of meningioma (magnification ×20, black 50 μm scale bar, hematoxylin and eosin stain). (C) Oval-shaped nucleated cells with small whorls (black arrow) are revealed, indicating the meningothelial subtype meningioma. (magnification ×40, black 50 μm scale bar, hematoxylin and eosin stain).


The patient recovered smoothly from anesthesia. Vital signs were monitored and neurological examinations were performed at regular intervals throughout the convalescent period. There was no significant alteration of vital parameters, such as HR, PR, NIBP, and body temperature, during monitoring. On the day of the surgery, non-ambulatory paraparesis with hindlimb rigidity was observed but improved after a single infusion of mannitol (0.5 g/kg, IV, slowly over 15 min). A single event of mental dullness was observed 3 days after the surgery, but it soon recovered after a single administration of mannitol (0.5 g/kg, IV, slowly over 15 min). Preoperative signs, such as vomiting and vestibular signs, improved progressively, and ambulation recovered 6 days after the surgery. During hospitalization, amoxicillin-clavulanic acid (20 mg/kg, IV, q12hr), prednisolone (0.5 mg/kg, PO, q12hr), levetiracetam (20 mg/kg, IV, q8hr), gabapentin (10 mg/kg, PO, q12hr), esomeprazole (1 mg/kg, IV, q12hr), and maropitant (1 mg/kg, IV, q24hr) were administered. Acetazolamide (10 mg/kg, PO, q8hr) was added after the event of mental dullness. Remifentanil was infused (6ug/kg/h, IV) for analgesia, gradually tapered according to the monitored pain response, and withdrawn at 3 days post-surgery. The patient was discharged 10 days after surgery with remaining neurological signs, including positional nystagmus, slight head tilt, and hypermetria. The antibiotic was discontinued and hydroxyurea (50 mg/kg, orally, every other day) was added to the medication upon discharge.

At the first follow-up, 43 days after surgery, the patient showed head tilt, positional nystagmus, and hypermetria, but other clinical signs had resolved. Medication was modified to exclude acetazolamide and reduce the dosage of prednisolone to 0.3 mg/kg, q12hr. At 6-month postoperative follow-up, neurologic signs recover to normal, except for a slight head tilt. Levetiracetam was discontinued, and prednisolone was reduced to 0.5 mg/kg, q24hr. Eight months after the surgery, a follow-up MRI was requested by the client to verify no recurrence of the tumor. The former contrast-enhanced structure had reduced significantly and appeared to be a membranous structure (Figures 3C,D). The size of the lateral ventricle returned to within the normal reference; preoperative ventricle/brain index: 0.61, 8-month postoperative ventricle/brain- index: 0.56 (24). There was no recurrence of the mass-like lesion in the fourth ventricle. At the final follow-up at 15.4 months postoperatively, the patient showed a slight head tilt and subtle positional strabismus. The client was satisfied with the outcome. Throughout the follow-up, regular blood work, including complete blood count, total protein, globulin, alanine aminotransferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase and gamma-glutamyl transferase, was performed every 2 months to monitor the effect of the medication, especially prednisolone and hydroxyurea. Mild anemia and elevated ALT and ALP were observed throughout the medication but without further deterioration. Based on the MRI findings and the absence of further deterioration in neurological signs, it was presumed that there was no recurrence of the tumor.



3 Discussion

This case report describes the first successful surgical removal of a primary fourth ventricular transitional meningioma in a dog, providing a detailed account of MRI findings, surgical technique, postoperative care, and outcome. Despite the uncommon occurrence of intraventricular meningiomas in dogs, it is essential to consider meningioma in the differential diagnosis for fourth ventricular masses due to their differing characteristics from CPTs.

The recurrence of the brain tumor is closely related to the completeness of the resection. Although there are limited cases of surgical treatment of fourth ventricle tumors, meningiomas are thought to be more feasible to resect totally in a gross manner than CPT. In our case, the tumor was well-encapsulated and relatively less vascularized. Therefore, it was able to be removed en bloc without piecemeal maneuvering and with minimal bleeding. A previous study described that a CPT was removed in three pieces and the figures showed that the sponge was notably red, indicating more bleeding from the tumor resection compared to our case (11). Another report, describing the removal of lateral ventricular CPT in a dog, reported bleeding as the main intraoperative complication (25). Additionally, human literature indicates that uncontrollable hemorrhage during CPT resection is associated with perioperative mortality, which can range up to 30% (26). Although it is difficult to draw definitive conclusions from a single case, these characteristics can impact surgical outcomes. Therefore, further research through a larger number of case studies on a fourth ventricular meningioma is necessary to better understand the prognosis related to surgery.

Preoperatively, CPT was the primary consideration due to its neuroanatomical prevalence and histological origin. The choroid plexus consists of pia, ependyma, and proliferated capillaries and is found within the ventricular system (17). CPTs, including choroid plexus papilloma (CPP) and carcinoma (CPC), originate from the choroid plexus epithelium (10, 27). In contrast, meningiomas typically arise from arachnoid cap cells (1). To date, only four cases of intraventricular meningiomas have been reported in the veterinary literature, including one case of primary fourth ventricular microcystic meningioma, two cases of lateral ventricular meningioma, and the current case (6, 7, 9). Although studies on the origin of intraventricular meningiomas in veterinary medicine are limited, human literature suggests they may arise from the stroma of the choroid plexus or tela choroidea (28). The diagnosis of meningioma in our case adds further evidence that meningiomas can indeed occur in this location within the ventricular system of dogs.

MRI is considered the gold standard for diagnosing brain diseases. However, differentiating between CPC and intraventricular meningioma using MRI is challenging. Some pathological differences may be reflected in MRI findings (29). CPCs are highly vascular, with abundant microvasculature, making them more likely to appear hypointense on T1W, hyperintense on T2W, and exhibit signal voids on FLAIR (30). Additionally, their gross appearance can be indicated by an irregular margin on MRI images (31). According to previous veterinary studies, these MRI features of CPT align with the pathological hypotheses (1, 10, 13, 32–34). In our case, the tumor showed iso- to hypointensity on T1W, heterogeneous hyperintensity on T2W, hyperintensity on FLAIR, and strong enhancement after gadolinium infusion. However, the few reported intraventricular meningioma cases, including our case, showed significant variation in MRI findings (6, 7, 9). Therefore, MRI alone is not reliable for differentiating between CPTs and intraventricular meningiomas. Further studies are needed to correlate MRI findings with histological characteristics to improve diagnostic accuracy.

In our case, postoperative MRI sequences confirmed that the tumor was removed and showed no signs of recurrence at 8 months postoperatively. An initial contrast-enhanced lesion observed on the immediate postoperative MRI was found to have reduced in size on the 8-month postoperative MRI. Differential diagnoses for this lesion included residual choroid plexus, inflammation, and remaining tumor tissue. The choroid plexus was considered the most likely due to the surgical findings, the lesion’s size reduction, and prolonged use of prednisolone. The choroid plexus, located beneath the caudal lobe of the cerebellum and extending into the lumen of the fourth ventricle, can enhance with contrast due to its rich blood supply and lack of a blood–brain barrier (17, 35). Furthermore, a residual sheath, presumed to be the tumor capsule, was identified on the caudodorsal surface of the brainstem, which did not correspond to the lesion’s location. However, there remains a possibility of residual neoplastic cells in the choroid plexus since intraventricular meningiomas can originate from it. Thus, regular follow-ups to monitor neurological status and two postoperative MRI scans have been implemented.

The temporary deterioration of neurological signs observed post-surgery, including non-ambulatory paraparesis and mental dullness, may be attributed to retraction and maneuvering during the procedure, as well as to reperfusion damage and subsequent edema following decompression Additionally, it could be a result of acute postoperative hydrocephalus. According to human literature, residual hemostatic material is known to be a risk factor for acute postoperative hydrocephalus since it can cause occlusion of cerebrospinal fluid flow (36, 37). The interaction between cerebrospinal fluid, blood, and foreign bodies tends to promote coagulation (38). Predictive factors for acute hydrocephalus following lateral ventricular tumor resection include preoperative hydrocephalus and the presence of intraventricular hemostatic agents, both of which were relevant in our case (39). Therefore, meticulous handling and protection of the parenchyma during surgery, along with generous irrigation with warm fluid, are crucial for preventing complications after the fourth ventricular tumor resection (36). Additionally, careful monitoring and immediate treatment are essential for managing postoperative complications (40).

This case report has several limitations. First, it is based on a single case, thus further studies are needed to verify MRI findings for diagnosing intraventricular tumors and to evaluate the prognosis of surgically resected intraventricular meningiomas. Additionally, the pathomechanism of mental dullness observed 3 days after the surgery could not be explained, as MRI or CT images were not taken at the time. Finally, although there was no evidence of recurrence according to neurological examination and MRI at the final follow-up, the risk of recurrence remains. Therefore, further investigation of the long-term outcomes is necessary.

In conclusion, this case report presents the first instance of a surgically treated primary fourth ventricular meningioma in a dog, providing a detailed account of MRI findings, surgical technique, postoperative care, and its satisfactory outcome. This case highlights the importance of including meningioma in the differential diagnoses for fourth ventricular masses, despite the rarity of intraventricular meningiomas in dogs.
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Case report: One-stage craniectomy and cranioplasty digital workflow for three-dimensional printed polyetheretherketone implant for an extensive skull multilobular osteochondosarcoma in a dog
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Objective: To report a digital workflow for use and long-term outcome of cranioplasty with a 3D-printed patient-specific Polyetheretherketone (PEEK) implant in a 12-y-old German Shepherd dog after surgical removal of an extensive occipital bone multilobular osteochondrosarcoma (MLO).

Study design: Retrospective case report.

Animal: A 12-year-old neutered female German Shepherd dog was presented with facial deformity, blindness, tetraparesis, and ataxia. Magnetic resonance imaging (MRI) and computed tomography (CT) identified a large skull-based mass extending extra-and intracranially with severe compression of the cerebellum and occipital lobes of the cerebrum.

Methods: One-stage decompressive craniectomy using virtual surgical planned 3D-printed craniotomy cutting guides and the Misonix BoneScalpel® and reconstruction with a patient-specific 3D-printed PEEK cranial implant.

Results: 3D-printed craniectomy cutting guides allowed an adequate fit of the cranial implant to the original skull. Misonix BoneScalpel® allowed performing a safe and extensive craniectomy. Postoperative CT (8 weeks after surgery) confirmed the PEEK cranial implant to be in place and without implant rejection. Clinically, the neurological examination identified only a right-hind limb delay in proprioception 8 weeks postoperatively, which remained unchanged at 18 months after surgery. Adjunctive treatment included metronomic chemotherapy. Eighteen months after surgery the dog passed away for reasons unrelated to the MLO, no implant-related complications were reported.

Conclusion: 3D-printed craniectomy cutting guides, patient-specific PEEK cranial implant, and metronomic chemotherapy can lead to a successful long-term outcome in dogs with extensive skull MLO.

Clinical significance: PEEK is an alternative biomaterial that can be used successfully for skull reconstruction.
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Introduction

Multilobular osteochondrosarcoma (MLO) is a prevalent and aggressive primary bone tumor affecting the flat bones of the canine skull. Characterized by rapid growth and local invasion, MLO often presents with facial asymmetry and neurological deficits due to significant mass effects on the underlying brain parenchyma. Diagnosis relies on advanced imaging techniques like computed tomography (CT) and magnetic resonance imaging (MRI) (1), often supplemented by fine-needle aspiration or biopsy.

Surgical intervention remains the mainstay of MLO treatment (2), aiming for complete tumor resection to maximize long-term survival and minimize recurrence risk. Additionally, decompressive craniectomy is frequently employed to alleviate intracranial pressure (ICP) and mitigate neurological complications associated with MLO’s rapid expansion. Following extensive tumor removal, substantial cranial defects necessitate cranioplasty for cranial reconstruction and brain protection. Various reconstruction techniques have been used for dogs (3–10).

This case report describes the successful management of MLO in a canine patient implementing a digital workflow utilizing two innovative surgical techniques: virtual surgical planning (VSP) and medical 3D printing. VSP allows for meticulous preoperative planning, facilitating precise tumor resection and minimizing the risk of iatrogenic complications. Furthermore, medical 3D printing enables the creation of patient-specific cutting guides and implants, tailored to the individual anatomy of the patient (11–13).

The use of 3D-printed cutting guides offers enhanced surgical precision, ensuring accurate execution of the preoperative plan and reducing intraoperative variability (14). Additionally, a 3D-printed patient-specific polyetheretherketone (PEEK) cranial implant was utilized in this case. PEEK, a biocompatible material, presents several advantages for cranioplasty, including excellent biocompatibility, radiolucency (adequate for MRI), compatibility with radiation therapy and mechanical properties resembling cortical bone (15, 16).

To the author’s knowledge, this is the first case report in the scientific literature regarding the digital workflow for PEEK 3D printing for cranioplasty in veterinary medicine. By incorporating these advancements, this case report contributes to the growing body of evidence supporting the utilization of advanced surgical techniques in improving MLO management and enhancing patient outcomes in veterinary oncology. This approach can improve surgical precision, optimize implant fit, and potentially reduce complication rates compared to conventional methods.



Clinical report


History, clinical evaluation, and findings

A 12 year old, neutered Female German Shepherd dog was presented with a chronic, progressively worsening history of decreased alertness, stumbling on all four limbs, and blindness. Physical examination revealed a facial deformity with a bilobed mass in the occipital region. The neurological evaluation identified diminished alertness and awareness, with absent menace responses bilaterally. Gait analysis demonstrated hypermetria with tetraparesis and ataxia affecting all four limbs. All spinal reflexes, including the cutaneous trunci muscle reflex, were normal. Vertebral column manipulation and palpation were unremarkable. No head tilt, nystagmus, or wide-based stance were observed. Complete blood count and serum biochemistry results fell within normal reference ranges. A multifocal neurological disorder affecting the cerebellum and forebrain was suspected.

MRI and CT imaging datasets of the brain were performed using a 0.25 Tesla magnet (VET MR Grande, Esaote, Genova, Italy) and a 16-slice CT scanner (Somatom Emotion, Siemens, Switzerland), respectively. Imaging revealed a large, multilobular, mineralized osteodestructive mass measuring 5 cm × 6 cm × 8 cm, arising from the occipital and parietal bones of the skull. The mass exhibited a coarse, granular appearance and caused significant mass effect, displacing and effacing most of the cerebellum and occipital lobes. Transtentorial herniation and brain edema were also evident. Additionally, MRI findings suggestive of secondary spinal cord edema were observed in the cranial cervical spine. Based on the comprehensive imaging features, multilobular osteochondrosarcoma was considered the most likely diagnosis.

To assess for metastasis, CT scans of the thorax and abdomen were performed, revealing no evidence of distant spread. Notably, careful evaluation of post contrast imaging focused on the skull presence/absence of contrast enhancement within large venous sinuses and their patency. These images demonstrated compression of the caudal portion of the dorsal sagittal sinus by the mass.



Preoperative virtual surgical planning

The patient’s CT scans were exported as Digital Imaging and Communications in Medicine (DICOM) format and imported into a medical imaging software (Materialize Mimics Innovation Suite, version 24.0, Materialize NV, Leuven, Belgium), where the skull bones and the tumor extension were demarcated. After the segmentation process, the bone and tumor surface geometry was saved as a Standard Tessellation Language (STL) file. Subsequently, the patient-specific cutting guides and the cranial implants were designed using computer-aided design modeling software (Geomagic Freeform, version 2021, 3D Systems, Rock Hill, South Carolina, United States).

Bilateral cutting guides, tailored for both the right and left sides of the cranial tumor extent, were meticulously designed. These guides were planned with specific features to accommodate the resection procedure effectively, integrating craniotomy grove to fit the Misonix BoneScalpel® (MBS) blade and fixation screw placements. The left and right cutting guides possessed a V-shaped interlocking feature to facilitate easier assembly, ensuring accurate and effective guidance during the surgical procedure. For the skull-specific craniotomy guide, the craniotomy line was first drawn 5 mm away from the skull tumor margins on the CAD software in order to balance the likelihood of clear margins and preservation of important anatomical landmarks (such as the occipital condyles). On each side of that line, two guiding walls were then designed. This led to a guide composed of two walls and a craniotomy groove in which the blade of the bone scalpel would slide in. In order to secure the guide to the skull, holes for fixation screws were added in the design (Figures 1A,E). These cutting guides were subsequently fabricated through Stereolithography (SLA) 3D printing technology utilizing biocompatible materials (BioMed Clear, Formlabs, Ohio, United States). In addition, a 3D model of the dog’s occipital skull template was fabricated using a material-extrusion 3D printer [MakerBot PLA Filament (true white), MakerBot Replicator+, MakerBot Industries, Brooklyn, New York, United States]. This step evaluated the fit of the surgical cutting guide and the cranial implant. By utilizing this template model, the surgical team could assess the precise alignment and positioning of the guide and implant in relation to the patient’s skull anatomy, ensuring optimal surgical outcomes.

[image: Figure 1]

FIGURE 1
 3D surgical planning of the cutting guides with the groove (black arrow) for the blade of the bone scalpel and the holes for the fixation screws (black arrowhead) (A). 3D surgical planning with the skull prosthesis in place to fit exactly the craniotomy line (B). 3D printing of the PEEK implant (C). Multilobular osteochondrosarcoma (MLO) intraoperatively with a bilobed shape (black asterisks) (D). MLO stripped of its masses to allow for placement of the cutting guides with craniotomy grove (black arrow) and the fixation screws (black arrowhead) (E). 3D-printed PEEK skull implant after craniectomy and attached to the skull with screws and plates (F). Cr, cranial; Cd, caudal; L, left.


To produce the 3D-printed PEEK patient-specific cranial implant, a material extrusion-based 3D printer (Kumovis R1.2, Kumovis GmbH, Munich, Germany) was employed. The STL file of the cranial implant design was imported into the 3D printer’s slicing software (Simplify3D 4.1.1, Cincinnati, United States), where specific printing parameters for PEEK were chosen. Utilizing a 1.75 mm PEEK filament (Evonik Vestakeep®i4 3DF, Evonik Industries AG, Essen, Germany), the printer fabricated the cranial implant, with the sliced G-code file subsequently transferred to the printer (Figure 1C). After printing the cranial implant, the raft and support structures were manually removed using rotary tools, with no additional post-processing steps. Following fabrication, the PEEK cranial implant underwent autoclave sterilization, while the guide and skull template were sterilized with H2O2 according to standard protocols.



Surgical management

For the pre-operative management, a two-week course of corticosteroids (prednisolone, 1 mg/kg/day, PO) was administered pre-operatively to reduce brain edema. Figure 1 shows the pre-and post-surgery planning with the cutting guides and prosthesis.

The surgery was performed under general anesthesia with the patient in sternal recumbency. Following aseptic preparation, a midline skin incision was made between the orbits to the caudal portion of C2. The temporalis muscles were reflected bilaterally to expose the skull. In the occipital region, the superficial and deep cervical musculature were dissected to elevate the musculature from the occipital bone, C1 dorsal arch, and C2 spinous process. Wet gauze covered and moistened the exposed musculature throughout the surgery. The entire skull was exposed from one zygomatic arch to the other and caudally to the C1 transverse processes. The 3D-printed skull template and cutting guides guided the extent of exposure.

A Misonix BoneScalpel® (MBS) with 3D-printed cutting guides facilitated the craniotomy. After clearing residual soft tissue from the contact points, the guides were secured with 3 mm self-cutting skull screws. The bilobed MLO necessitated initial excision of its outer portion before guide placement. The MBS with a 20 mm Blade Blunt (MXB-20) facilitated near-bloodless tumor resection. Following this, a lateral craniotomy was performed using the cutting guides. Full-thickness osteotomy was achieved, except near the dorsal sagittal and transverse sinuses, where a Ø4.4 Diamond Shaver (MXB-S3) was utilized to prevent their transection. The lateral craniotomy was extended dorsally, caudally, and ventrally to achieve a lateral osteotomy while preserving the midline and caudal vascular regions. Bone flaps were carefully elevated from the dura mater bilaterally using a Freer periosteal elevator. Bipolar cautery on low settings controlled bleeding (10 Watt maximum, ICC 350, ERBE, Tubingen Germany) Tactile feedback aided in identifying the inner cortical layer during bone removal with the MBS and blade blunt. The diamond shaver connected the two lateral craniectomies at their cranial and caudal contact points over the dorsal sagittal and transverse sinuses, respectively. With complete craniotomy achieved, the intracranial MLO was gradually elevated dorsally and caudally using hand traction and a Freer periosteal elevator to detach the dura mater safely from the abnormal bone. Moderate hemorrhage from the left transverse sinus was controlled with obliteration with bone wax.

The 3D-printed patient-specific PEEK cranial implant was positioned over the craniectomy defect and secured with 3.0 mm self-drilling screws and skull plates (Matrix Neuro Plates, 0.4 mm thickness, Synthes, Zuchwil, Switzerland). While the fit was deemed satisfactory, a slight imperfection was noted in the most caudal portion of the occiput due to friable bone.

Polypropylene mesh (Prolene, Ethicon, Somerville, NJ) was used for neck muscle reconstruction. The mesh was left intact in the cervical portion but divided medially to allow expansion over each skull side. The mesh was cut to the deeper cervical musculature dorsally and covered with the superficial muscle layer. The mesh was then attached to the bilateral masseter muscle fascia using polydioxanone sutures (PDS II, Ethicon, Somerville, NJ). The mesh was not attached to the skull implant to prevent traction. Dead space between muscle layers was closed with interrupted sutures. Subcutaneous tissue and skin were closed with absorbable sutures and skin staples, respectively. Figure 2 shows pre- and post-operative CT.

[image: Figure 2]

FIGURE 2
 Computed Tomography [CT; transverse (A,D), sagittal (B,E), dorsal (C,F) views] at the time of diagnosis (A–C) and after placement of the prosthesis (D–F). No dorsal sagittal sinus was visible at the level of the MLO on post contrast CT and MRI.


Intraoperatively, the patient received cefazolin (22 mg/kg, IV), methylprednisolone succinate (10 mg/kg, IV), and mannitol (1 g/kg IV over 20 min). The surgical procedure lasted 4 h. Postoperative pain management included buprenorphine for 3 days, followed by a combination of prednisolone (1 mg/kg/day, PO), cefalexin (20 mg/kg, twice daily, PO), and gabapentin (10 mg/kg three times per day, PO) for 3 weeks. The dog was discharged on postoperative day 3 with neurological signs unchanged from pre-surgery. Histopathological examination of the resected bone confirmed a Grade I MLO according to the Dernell classification (2). Although the margins were free of tumor, potential recurrence was acknowledged due to the tumor’s proximity to the resection margins.



Follow-Up

Regular telephone consultations were conducted to monitor the dog’s clinical and neurological status. The eight-week follow-up revealed that the dog had a residual right pelvic limb proprioceptive deficit, while other neurological examination results had returned to normal. The owner observed marked improvements in the dog’s gait, vision, behavior, and mentation within the first 3 weeks after the surgery. A computed tomography (CT) scan carried out 8 weeks post-surgery revealed a periosteal reaction at the cranial interface between the skull and the prosthesis and on the ventral aspect of the occipital craniectomy. There were no signs of implant rejection. The dog commenced chemotherapy 10 weeks following the surgery, with a regimen including Cyclophosphamide at 12.5 mg/day PO, Furosemide at 20 mg/day PO, Thalidomide at 50 mg/day PO, and Piroxicam at 15 mg/day PO as needed.

At 53 weeks post-surgery, the dog exhibited symptoms of apathy and hematochezia, but an abdominal ultrasound did not reveal any abnormalities. The dog received symptomatic inpatient treatment for 3 days, and chemotherapy was halted for 4 weeks due to suspected gastrointestinal adverse effects from the medication.

Seventy-nine weeks after the surgery, the dog developed coughing and vomiting, leading to a diagnosis of aspiration pneumonia and megaesophagus. Tests for Acetylcholine receptor antibodies, TSH, T4, and cortisol levels were all within normal limits. The dog was treated symptomatically with antibiotics for 3 days as an inpatient and was then discharged with a suspicion diagnosis of acquired idiopathic megaesophagus. Regrettably, the dog died at home. Ultimately, the dog’s post-surgical survival time was 18 months.




Discussion

This case report demonstrates the successful application of a patient-specific 3D-printed polyetheretherketone (PEEK) cranial implant for cranioplasty following extensive tumor resection in a dog.

The selection of PEEK offered many reported advantages, including its robustness, lightweight nature and comfort for the animal. Moreover, PEEK implants are known for their biocompatibility and compatibility with imaging studies, thus ensuring diagnostic accuracy. Notably, they can withstand sterilization procedures while maintaining their structural integrity (17). Furthermore, PEEK cranial implants demonstrate sufficient dimensional accuracy and possess mechanical properties similar to cortical bone, essential for ensuring effective reconstruction and safeguarding anatomical cranial structures (18, 19). Nevertheless, it is essential to acknowledge the limitations associated with PEEK cranial implants. While 3D-printed PEEK cranial implants offer numerous benefits, these tend to be more costly compared to standard stock implants. Additionally, PEEK lacks osteointegration capabilities, hindering its ability to seamlessly integrate with surrounding bone tissue (20).

Conversely, other biomaterials commonly used in cranioplasty present their own set of advantages and drawbacks. For instance, polymethyl methacrylate (PMMA), although cost-effective and readily available, poses challenges in molding and adapting to complex cranial defects, potentially prolonging surgery time and increasing infection risks (21).Titanium mesh, known for its excellent biocompatibility and favorable mechanical strength, is prone to infection rates and deformation under trauma and can cause significant imaging artifacts (22). Recent studies also suggest a higher risk of implant failure with other biomaterials compared to PEEK cranial implants (23). Hydroxyapatite, while promoting bone growth, is brittle and may lead to fractures before complete integration (24), particularly in adult animals.

This case report highlights the potential advantages of using 3D-printed technology for cranioplasty: (1) improved accuracy and efficiency: Patient-specific implants ensure a precise fit, minimizing the risk of margin errors and facilitating reconstruction. (2) Enhanced visualization and planning: 3D-printed models of the skull and tumor can aid preoperative planning and improve intraoperative decision-making. (3) Reduced surgery time and potential complications: Precise cutting guides can streamline the craniotomy process, potentially reducing surgical time and associated risks.

Limitations and future directions: while this report demonstrates the successful application of this technology in a single case, further research is needed to evaluate its broader efficacy and long-term outcomes in a larger population. Additionally, considerations regarding cost-effectiveness and accessibility of 3D printing technology need to be addressed for wider adoption in veterinary medicine.

Overall, this case report contributes to the growing body of evidence supporting the potential benefits of 3D-printed patient-specific implants and cutting guides for cranioplasty in veterinary patients.
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Case report: Intracranial epidermoid cyst in a cat
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A 9-year-old American Shorthair, castrated male, weighing 4.3 kg was presented to our hospital because of intermittent ataxia and tetraparesis for 6 weeks. On presentation, the cat was in a stupor and on recumbency, and had vertical nystagmus in both eyes. These clinical signs suggested a brainstem disorder. MRI showed a mass lesion in the caudal aspect of the fourth ventricle with hyperintensity on T2-weighted and FLAIR imaging, low-intensity on T1-weighted imaging, and enhanced margins on post-contrast T1-weighted imaging. The mass compressed the fourth ventricle, causing obstructive hydrocephalus. A second cystic lesion was found rostral to the cerebellum. After MRI, the cat experienced respiratory difficulties and the mass was removed by emergency craniectomy. Although the mass including the cyst wall was successfully removed, the cat was euthanized because spontaneous breathing did not return. The mass was histopathologically diagnosed as epidermoid cyst. A biopsy to the rostral cystic lesion had not been performed and therefore the etiology of this lesion remained unclear. This is the first case of feline intracranial epidermoid cyst in which MRI and surgical excision were performed. MRI findings were similar to those in humans and dogs, suggesting that imaging studies are useful in cats for the diagnosis of intercranial epidermoid cyst.
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Introduction

Epidermoid cysts are benign cystic lesions in which epidermal cells ectopically migrate during development (1–3). They form cysts lined by stratified squamous epithelium, inside which exfoliated keratinized material accumulates and gradually enlarges. It is also called a cholesteatoma because of its macroscopic features (3, 4).

Intracranial epidermoid cysts often develop in the cerebellopontine angle and fourth ventricle. As they gradually enlarge, they compress the cerebellum and medulla, causing neurological signs, such as central vestibular disorders (2, 4). These lesions have been reported in humans, horses, dogs, and rats (2, 5–7), and only one case has been reported in a cat (8). In this report, no imaging or surgery was performed and the patient was euthanized and the diagnosis was made at necropsy.

In the present case, we had an opportunity to surgically remove an epidermoid cyst that developed caudal to the fourth ventricle of a cat. To the best of our knowledge, there have been no previous reports of surgical removal or magnetic resonance imaging (MRI) of intracranial epidermoid cysts in cats.



Case presentation

The case was a 9-year-old American Shorthair, neutered male, weighing 4.3 kg. For 6 weeks the cat had displayed intermittent tetraparesis and proprioceptive ataxia. The cat had no other clinical signs, with normal activity and appetite. No abnormalities were found in physical examination, complete blood count (CBC), blood biochemical test, and cardiac ultrasonography at the primary care clinic. No treatment was instituted at this time. However, abnormal gait continued intermittently and the cat fell down the stairs once. A few days after falling, the cat visited the emergency hospital following collapse and respiratory distress. Chest and abdominal radiography revealed no abnormalities. The patient was referred to the neurology department of our hospital.

At presentation, the cat was in a stupor state with a recumbent posture. It showed tachycardia (200 bpm) and hyperthermia (39.3°C). The cat was non-ambulatory tetraparetic, and showed absent postural reactions, mildly increased spinal reflexes, and decreased superficial pain perception in all limbs. Vertical nystagmus in both eyes was noted, which was exacerbated by placing the cat in dorsal-recumbency. The resting pupillary diameter of both eyes was mid-range, but both direct and indirect pupillary light reflexes were decreased. CBC and blood biochemical tests were unremarkable. Neurological examination was consistent with a brainstem disorder, and MRI of the brain was indicated.

The patient was premedicated with midazolam (Dormicum, Maruishi Pharmaceutical Co., Osaka, Japan; 0.2 mg/kg IV) and anesthetized with propofol (PropoFlo28, Zoetis Japan, Tokyo, Japan) injection to effect. After endotracheal intubation, general anesthesia was maintained with 2% sevoflurane (SEVOFLO, Maruishi Pharmaceutical Co., Osaka, Japan). MRI was performed using 0.3T AIRIS Vento (Hitachi, Tokyo, Japan) with sagittal, transverse and dorsal planes on T2-weighted (TR/TE = 4,000/100) imaging; transverse planes on T1-weighted (TR/TE = 380/15) imaging; and fluid-attenuated inversion recovery (FLAIR; TR/TE = 9,000/100) imaging. Sagittal, transverse and dorsal planes of T1-weighted imaging after IV injection of gadolinium (OMNISCAN 32%, GE HealthCare Pharma Co., Tokyo, Japan; 64 mg/kg IV) were also performed. MRI revealed an extra-axial mass lesion at the dorsal medulla and the caudal fourth ventricle, compressing the medulla ventrally and the cerebellum dorsally (Figure 1). The mass was high-intensity on T2-weighted and FLAIR imaging, low-intensity on T1-weighted imaging (higher than the signal of cerebrospinal fluid) and was enhanced in the margins on post-contrast T1-weighted imaging (Figure 2). The third ventricle, lateral ventricles, and olfactory ventricle were enlarged, and the sulci were obscured throughout. Based on these findings, we suspected that the patient had obstructive hydrocephalus secondary to a mass lesion caudal to the fourth ventricle. Epidermoid cysts, arachnoid diverticula, abscesses and neoplasms (e.g., meningioma, lymphoma and ependymoma) were differential diagnoses for the mass (8–11). A histopathological examination was considered necessary for diagnosis. A second cystic lesion was found between the tectum and the cerebellum, dorsal to the quadrigeminal cistern. This lesion showed the same signal pattern as cerebrospinal fluid: high intensity on T2-weighted imaging, low intensity on T1-weighted imaging and FLAIR imaging and no contrast enhancement. This concurrent lesion was suspected to be an arachnoid diverticulum, but the clinical significance of the lesion was unclear.


[image: Figure 1]
FIGURE 1
 T2-weighted (A) and contrast-enhanced T1-weighted (B) sagittal MRI of the brain. An extra-axial cystic mass (white arrows) is observed caudal to the fourth ventricle and is compressing the fourth ventricle and medulla severely. A dilation of a second cystic lesion was also observed rostral to the cerebellum (*), which was considered an arachnoid diverticulum.
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FIGURE 2
 Transverse MRI at caudal (A–D) and rostral (E–H) level of the cerebellum. The cyst (*) severely compressed the fourth ventricle to the right, the medulla ventrally, and the cerebellum dorsally. High intensity on T2-weighted (A) and FLAIR (B) imaging, low intensity on T1-weighted imaging (C) (higher than cerebrospinal fluid) was observed, and contrast-enhanced T1-weighted imaging (D) showed a ring-shaped enhancement of the limbus (white arrows). The rostral cystic lesion (**) showed high intensity on T2-wighted imaging (E), lower intensity than that of cerebrospinal fluid on FLAIR imaging (F) and low intensity on T1-wighted imaging (G) without any contrast enhancement (H).


Although recovery was delayed after MRI, the patient was extubated temporarily after administration of concentrated glycerin (GLYCEOL, TAIYO Pharma Co., Tokyo, Japan; 1 g/kg slow IV), prednisolone (Prednisolone, Kyoritsu Seiyaku Co., Tokyo, Japan; 1 mg/kg SC), furosemide (Flosemide injection, Nichi-Iko Pharmaceutical Co., Toyama, Japan; 1 mg/kg IV). However, we reintubated when the patient stopped breathing and spontaneous respiration did not resume after which emergency craniectomy was performed.

A midline incision was made for an occipital approach to the dorsal medulla. After dural incision, a slightly glossy white mass was observed on the ventral side of the caudal border of the cerebellum (Figure 3). The mass was firmer than the brain parenchyma and had a cystic structure. Intraoperative imprint cytology of the contents of the cyst with Diff-Quick staining (SYSMEX Co., Kobe, Japan) revealed denucleated keratinocytes. No bacterial pathogens were observed. After internal decompression by excising the contents of the cyst, the cyst wall was excised. The brain parenchyma did not relocate and remained depressed after mass removal. We covered the craniectomy defect with a free flap of temporalis fascia and applied fibrin glue (Beriplast P Combi-Set Tissue adhesion, CSL Behring K.K., Tokyo, Japan). The wound was closed by a standard method. The excised lesions were fixed in 10% formalin solution. No cultural examination was performed.


[image: Figure 3]
FIGURE 3
 Intraoperative photographs. (A) After incision of the dura, a glossy white mass (black arrow) was revealed ventral to the cerebellum. (B) After removal of the contents of the mass, the cyst wall (black arrow heads) was excised. (C) After removal of the mass, the brain parenchyma did not relocate and remained depressed (*).


Fentanyl (DAIICHI SANKYO Co., Tokyo, Japan; 3 μg/kg/h constant rate infusion) for analgesia and cefazolin (Sefazolin sodium, KOA ISEI Co., Yamagata, Japan; 20 mg/kg IV) as antibiotic were administered during surgery with crystalloid fluid infusion. Post-operatively, the patient did not resume spontaneous respiration and was euthanized after 22 h of ventilator management. Necropsy was not performed.

Histopathological examination of the submitted tissue was consistent with intracranial epidermoid cyst (Figure 4). The cyst wall was composed of inwardly keratinized stratified squamous epithelium, and the cyst cavity contained keratinized materials. Multinucleated giant cells and macrophages infiltrated in the surrounding cerebellar white matter, in which multilayered keratinization was seen with fibrogliosis.


[image: Figure 4]
FIGURE 4
 Histopathological image of the cyst. The keratinized stratified squamous epithelium formed the cyst wall (black arrow), and keratin accumulated in the cyst cavity (*). Multinucleated giant cells and macrophage infiltration and fibrous gliosis were observed in the surrounding cerebellar white matter with multilayered keratinization (**). HE stain; bar = 100 μm.




Discussion

Previously, there is only one report of intracranial epidermoid cyst in a cat (8). In this report, all results were based on necropsy evaluation. In present case, we performed MRI and surgical treatment and this is the first report for this lesion in a cat. In both cases, the lesions were located adjacent to the fourth ventricle. Similarly, intracranial epidermoid cysts are likely to develop in cerebellopontine angles in humans and dogs (4, 12). While purebred dogs with intracranial epidermoid cysts have been sporadically reported (6, 13), there are no reports suggesting a genetic predisposition. There are currently too few feline cases to comment on breed or genetic predispositions. In dogs, intracranial epidermoid cysts usually occur in adulthood aged 7 years or younger (6, 13, 14). It takes time for these lesions to develop and expand despite a suspected congenital pathology. In humans, they are reported to occur often in middle age as 30–40 years old (3), and in another report they range widely from 16 to 78 years (15). Both feline cases were young to middle aged, consistent with reports in humans and dogs.

In our case, the cyst was depicted on MRI as a well-defined oval cyst beside the fourth ventricle. The inside of the cyst showed high intensity on T2-weighted and FLAIR imaging, low intensity on T1-weighted imaging, and the cyst wall was slightly enhanced by contrast medium in a ring-like pattern. A similar signal pattern has been reported in canine epidermoid cysts, suggesting that such imaging findings may be common in cats and dogs (1, 4). There is very little information when considering the differential diagnosis of cystic lesions in the fourth ventricle in cats because only abscesses and arachnoid diverticula have been reported thus far (10). In dogs, dermoid cysts, choroid plexus cysts and ependymal cysts are other cystic lesions in the fourth ventricle, and can be differentiated from epidermoid cysts by MRI (1, 4, 16, 17). In contrast-enhanced T1W imaging, abscesses show thicker ring-like lesion than epidermoid cysts and choroid plexus cysts show strong and homogeneous contrast enhancement (10, 16). Arachnoid diverticula and ependymal cysts show low intensity on FLAIR imaging (1, 17). Dermoid cysts are similar to epidermoid cysts in that they contain stratified squamous epithelium, but they are distinguished histologically by the presence of organs that make up hair follicles, such as hair, sweat glands, and sebaceous glands in dermoid cysts. That is why dermoid cysts often show heterogeneous high intensity on T1-weighted MRI due to the presence of lipids whereas epidermoid cysts often show low intensity (1, 4). Other mass lesions, not necessarily cystic, that may occur in the fourth ventricle in cats are tumors, including meningioma, lymphoma, ependymoma, and metastatic tumors (11, 18, 19). These tumors often show moderate to fine contrast-enhancement (11, 20) whereas epidermoid cysts usually show slight ring-enhancement. Although definitive diagnosis requires pathological evaluation, MRI findings in our case support a diagnosis of an epidermoid cyst and are comparable to reports in other species.

MRI revealed a second cystic lesion rostral to the cerebellum. This lesion was adjacent to the quadrigeminal cistern and had the same signal pattern as cerebrospinal fluid, consistent with an arachnoid diverticulum. Although few cases in cats with arachnoid diverticulum have been previously reported, they are common in dogs and are incidental findings in more than half cases (21). The cerebellar compression rate in our case was ~30%, which was higher than reported canine cases. However, no significant relationship between the cerebellar compression rate and clinical signs has been demonstrated in dogs (21). Therefore, the clinical contributions of this concurrent lesion compressing the medulla or cerebellum in our case were unknown. Other differentials for this lesion included true cystic lesions such as choroid plexus cysts (22), cystic tumors like meningiomas and replacement by cerebrospinal fluid after cerebellar atrophy. Histopathological examinations are needed to confirm its nature.

In humans, surgical removal of intracranial epidermoid cysts is the treatment of choice, and complete removal of the lesion is expected to result in a good prognosis (2, 15). In the present case, the epidermoid cyst was removed by an occipital approach, but the patient did not regain spontaneous respiration after surgery. This patient was already in respiratory arrest before surgery, suggesting severe medulla injury prior to surgery, but it is unknown if surgery contributed to the lack of improvement or if we simply intervened too late. In dogs, an epidermoid cyst in the fourth ventricle was surgically treated previously, and clinical signs similarly deteriorated after surgery (13). It is difficult to conclude whether surgery is recommended in dogs and cats based on these two reports. In cats, the lateral approach to meningiomas in the cerebellar fossa has been reported, in which no complication was observed (23). This approach is a surgical technique that manipulates the caudal fossa between the tentorium ossium and the nuchal crest from the lateral aspect and is considered to have the advantage of causing less damage to brain parenchyma such as the medulla. This technique may have improved the clinical course of the present case. However, because epidermoid cysts were often located ventral to the cerebellum and covered by cerebellar hemispheres, it may have been difficult to observe the lesions grossly by the lateral approach alone.

In human intracranial epidermoid cysts, incomplete resection of the squamous epithelium composing the cystic wall leads to recurrence, then the prognosis depends on whether complete surgical resection is achieved (2). In dogs, cases of suspected postoperative recurrence have been reported in intracranial and spinal cord epidermoid cysts (13, 24). There are few studies of surgical outcomes and prognosis in animals, and further studies are required to determine the best timing and approach for the surgical treatment of epidermoid cysts.

There are several limitations to the case we reported here. First, the clinical contributions of the rostral cystic-like lesion were still unclear. Any histopathological examination of this lesion was not performed while the excised lesion was diagnosed as an epidermoid cyst. There was a possibility that the cat failed to recover spontaneous respiration due to not only the epidermoid cyst but also the concurrent lesion. Another limitation to our description is the use of a low-field MRI. However, MR imaging in this case are similar to the images in canine case that were also performed with low-field MRI (6). Other reports using high-field MRI showed a slight heterogeneity in the epidermoid cysts (13), which differs in some respects from the images of the present case. Third, the information of the clinical course was limited. The presentation to our department was about 6 weeks after the onset of the disease, and details during this time were lacking. Moreover, we were not able to gain the information on the long-term postoperative course of this case because the patient died after surgery. In order to demonstrate that the surgery may be the standard therapy of intracranial epidermoid cysts in cats, it is necessary to experience a number of successful cases with long-term survival.

In summary, feline intracranial epidermoid cysts are considered histologically benign masses that cause central vestibular disorders due to their anatomic features of predominance around the fourth ventricle. Surgical resection may be necessary for treatment; however, the prognosis is still unclear.
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Case report: A CLCN1 complex variant mutation in exon 15 in a mixed-breed dog with hereditary myotonia
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At 4 months of age, a male dog was presented with a complaint of a stiff gait following a startle response. Neurological examination revealed no deficits, but clinical myotonia was easily induced upon requesting the patient to jump. Additionally, myotonia of the upper lip muscles was observed upon manipulation. Hereditary myotonia was suspected, and electromyography confirmed the presence of myotonic potentials. Genetic testing of the myotonic patient identified a complex of mutations, including c.[1636_1639 delins AACGGG] and c.[1644 A>T], both located in exon 15 of the CLCN1 gene leading to the formation of a premature stop codon. Genetic investigations of the mother and four littermates revealed that, except for one littermate who was wild type, all others carried a copy of the mutated gene. To the best of the authors' knowledge, these mutations have not been previously reported.
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Introduction

Myotonia, defined as a delayed relaxation of muscles after contraction, is the prominent sign of hereditary myotonia (1). In animals, non-dystrophic hereditary myotonia associated with abnormal chloride channel 1 has been previously described in many species, including goats (2), dogs (3–15), cats (16–18), pigs (19), and buffaloes (20). These species have been confirmed to be affected. In dogs, it was previously associated with purebred dogs (3–11). Only one study illustrates the genetic mutation associated with hereditary myotonia in a family of mixed-breed dogs (12).

The knowledge of the mutations involved in the CLCN1 gene could prevent the propagation of the defect, consequently reducing the incidence of dogs suffering from the condition. CLCN1 gene mutations exhibit complex heterogeneity with different mutations found across various dog lineages (5–8, 10–12). As more mutations are discovered, more comprehensive genetic screening for suspected dogs can be developed.

Here, we describe a recessive form of hereditary myotonia in a mixed-breed dog including the clinical presentation, electrophysiological abnormalities, and genetic characterization of a novel complex exon 15 mutation of the CLCN1 gene, along with the genetic investigation of its relatives.



Case presentation

A 4-month-old male dog was referred with the main complaint of a stiff gait when startled or during any sudden movement initiation. This transient motor difficulty had been present since the first months of life. Otherwise, there were no other disclosed abnormalities, and the patient was reported as a normal puppy regarding growth and behavior. During the clinical evaluation, general physical parameters and neurological examination were all within normal limits. The dog had generalized muscular hypertrophy. Myotonia was easily induced, most prominently when the patient was requested to jump high steps. Additionally, due to the dog's defensive behavior, picking him up caused him to growl, and upper lip myotonia was also observed. The “warm-up phenomenon” (improvement in muscle stiffness and the ease of movement that occurs after repeated use of the affected muscles) was also present (Supplementary Video 1). The owners did not perceive the myotonic episodes as having a significant impact on the animal's overall quality of life. They noted that during the episodes, the patient might be in discomfort, but no signs of vocalization or pain behavior were described.

Considering the clinical myotonia, warm-up phenomenon, muscle hypertrophy, and absence of weakness, non-dystrophic hereditary myotonia associated with abnormal chloride channel 1 was suspected. Therefore, electromyography (EMG) was performed, and whole blood was sent for genetic investigation. Additional blood tests, including a complete blood count, creatinine, urea, alanine aminotransferase, alkaline phosphatase, total protein, and creatine kinase enzyme, were also conducted.

Blood samples were also collected from the mother and four littermates for genetic analysis. Unfortunately, no neurological examination was possible for these animals. However, no similar clinical signs were reported, and based on videos, photos, and a general physical examination performed by a generalist veterinarian at the time of blood collection, no abnormalities were found.



Diagnostic assessment

EMG was performed (Neurotec Neuromap® EQPE041) without any anesthetic medications. The band-pass filter was set between 30 and 10,000 Hz, and display settings were configured to 100 μV/division sensitivity and 10 ms/division sweep speed. The electrode was a concentric needle (Neurotecnologia® D039035408 40 mm, 28 G), and the grounding was a surface electrode with an alligator clip placed on the inguinal skin.

Myotonic potentials were present and myotonia was also characterized by its “wax and wane” sound in the tibialis cranialis, gastrocnemius, biceps femoris, and extensor carpi radialis muscles (Figure 1; Supplementary Video 2). Ancillary blood analysis showed no abnormalities.


[image: Figure 1]
FIGURE 1
 Myotonic discharges from the dog with hereditary myotonia (Neurotec Neuromap® EQPE041; 500 μV/division sensitivity and 1 s/division).


Blood samples obtained from the myotonic dog (dog 1), its mother (dog 2), littermates (dogs 3–6), and an unrelated wild-type dog (dog 7, sourced from the DNA bank of the Veterinary Molecular Biology Laboratory of the Department of Veterinary Clinical Science of the FMVZ-Unesp) underwent genomic DNA extraction and purification using the DNeasy Blood & Tissue kit (Qiagen) following the manufacturer's instructions. DNA concentration was then measured using spectrophotometry (Nanodrop® 2000—Thermo Scientific™).

The primers used to amplify the 23 exons (coding sequence) of the canine CLCN1 gene (Supplementary Table 1), along with the PCR conditions and thermocycling, were previously described (12). The amplicons were analyzed by 1.5% agarose gel electrophoresis, purified with magnetic beads, and sequenced via Sanger sequencing. The electropherograms were examined using Geneious Prime® 2019.1.3 software. The obtained sequences were compared to the reference of the CLCN1 gene from Canis lupus familiaris (GenBank NP_001003124.1).

The alignment of sequences from the myotonic dog (dog 1), its mother (dog 2), littermates (dogs 3–6), and a wild-type dog (dog 7), along with the GenBank reference sequence (NP_001003124.1), revealed a complex of mutations c.[1636_1639delinsAACGGG] and c.[1644A>T], both in exon 15. This second mutation, c.[1644A>T], resulted in the modification of the amino acid sequence p.Glu548Asp. The chloride channel in the mutated animal has the initial 545 amino acids preserved, followed by the generation of four different amino acids (546–549). The variant complex c.[1636_1639delinsAACGGG] caused the formation of a premature stop codon in exon 15 (positions c.1646-1648). This results in a truncated protein with ~400 fewer amino acids compared to the normal CLC protein (NP_001003124.1), which has 976 amino acids in the dog (Figure 2).


[image: Figure 2]
FIGURE 2
 (A) Partial capillary sequencing chromatogram for exon 15 of CLCN1 in an unrelated wild-type dog (dog 7), a myotonic dog (dog 1), and the dam (dog 2). The arrow indicates the start of the mutation (c.1636-1639delinsAACGGG), and the arrowhead indicates the second observed mutation (c.1644 A>T). (B) Schematic representation of nucleotide and amino acid sequences of the wild-type dog (top, NC_0518520.1) and the myotonic dog (bottom) with the corresponding nucleotide numbers and amino acids. The box representing four nucleotides in the wild-type sequence indicates the amino acids deleted in the myotonic animal (c.1636-1639del TGCT), while the hatched (- - -) box in the myotonic dog sequence (AACGGG) results from the insertion of 6 nucleotides (c.1636_1639delins AACGGG). The described complex mutation results in a frameshift and the formation of a premature stop codon. Nucleotide highlighted in gray indicates the observed substitution (c.1644 A>T). *Indicates a premature stop codon (TAA - c.1646-1648). (C) Membrane topology model of the human skeletal muscle chloride channel monomer, ClC-1 [modified from Brenes et al. (25)], representing the premature stop codon formation and compromising the structure of α-helices P (encompassing amino acids 541-551), Q and R as well as the CBS1 and 2 domains in addition to the P-Q and Q-R loops and the C-terminal, all of which play key roles in the proper functioning of this channel. In green are the structures that are preserved, and in orange are the structures that are absent in the dog with myotonia.


Dog 4 had no alterations in the region of the observed mutation (wild type). Dogs 3, 5, and 6 each presented a copy of the mutated gene. The mother (dog 2) also showed the presence of a copy of the mutated sequence. Dogs 2, 3, 5, and 6 were considered heterozygous for the described mutations.

No treatment was instituted as the condition didn't seem to impact the patient's quality of life. Nonetheless, owner education was emphasized as a crucial aspect of managing this condition. Educating the owners about the nature of clinical myotonia is important because the episodes can cause psychological distress for some people who may mistakenly believe the dog is in active pain during these events. Additionally, owners were advised to remove all affected relatives from breeding programs to prevent the propagation of the genetic mutation.



Outcome and follow-up

Two years after the initial evaluation, the patient showed no worsening of the condition in terms of frequency and severity. The dog exhibited normal growth and behavior, and despite some visible generalized muscle hypertrophy (Supplementary Video 1), no other clinical abnormalities were found.



Discussion

Delayed relaxation of skeletal muscles after onset of movements or startle, muscle hypertrophy, and the “warm-up” phenomenon are highly indicative of hereditary myotonia related to chloride channel 1 abnormalities. The “warm-up” phenomenon serves as a valuable clinical tool in diagnostic criteria for hereditary myotonia (HC), distinguishing myotonic events from paradoxical myotonia, where muscle rigidity typically worsens with exercise (12, 21). Myotonia in domestic animals can also occur with sodium channel abnormalities, but these are usually associated with weakness, which was not observed in this dog.

While myotonia caused by mutations in CLCN1 has been well-documented in purebred dogs (3–11), reports and genetic investigations in mixed-breed dogs remain limited but have been described (12). To the best of our investigation, no pure-breed ancestors could be identified in our patient.

Clinical myotonia was confirmed through EMG evaluation, which detected myotonic discharges [frequencies may range from 20 to 150 Hz, potential amplitudes range from 10 to 1,000 mV and last 500 ms or longer (22, 23)] resulting in a characteristic sound and distinguishes them from cases of pseudomyotonia, where clinical myotonia is present without myotonic potentials (1, 21). A limitation of this study is the lack of histological analysis of the musculature, as the biopsy was not authorized by the owner. This analysis is important to rule out cases of dystrophic myotonia, which was not the initial suspicion for this dog. In cases of hereditary myotonia, the muscle is usually only characterized by variation in the diameter of the fibers (15, 16).

Mutations in the CLCN1 gene responsible for hereditary myotonia have been documented in various dog breeds, including Miniature Schnauzers (6), Australian Cattle Dogs (8), Labrador Retrievers (10), American Bulldogs (11). However, in the dog with myotonia from the present study, none of the previously reported mutations in the CLCN1 gene associated with myotonia in dogs or other domestic animals were identified. Only one study has reported a mutation in the CLCN1 gene in a family of mixed-breed dogs, and that mutation was a complex variant in exon 6, different from the variant found in our study, which is located in exon 15 (12). Several mutations have been described in humans in exon 15, but not at the same position as the complex variant found in our study (3, 14, 24). The complex mutation observed in this patient resulting in a premature stop codon affected the structure of α-helices P (encompassing amino acids 541–551), Q (555–571), and R (576–585), as well as the 2 intracellular C-terminal cystathionin-β-synthase (CBS) segments (609–876), in addition to the P-Q and Q-R and the C-terminal loops, all of which play key roles in the proper functioning of CLCN1. This importance is underscored by ~110 mutations located in this region that have been reported in humans, where amino acid alterations have led to congenital myotonia (25). Further supporting the significance of these α-helices (P, Q, and R) and CBS domains, congenital myotonia has also been described in animals, with point mutations in this region reported in a horse (26), cat (16), dogs (8–10), and goats (27). To highlight the importance of this region of the CLCN1 gene in cases of myotonia in animals, we can mention goats, which were the first domesticated species described with myotonia and the responsible mutation is a single nucleotide change that results in the substitution of proline for a conserved alanine residue in the CBS (27). Therefore, it is reasonable to consider that, even in the absence of patch-clamp studies, the truncated CLCN1 (~400 aa shorter than the normal chloride channel 1) observed in the dog from the present study is responsible for the clinical myotonia. Considering the distribution of findings in the studied family and the sequencing results, it is concluded that this is an autosomal recessive form of the disease, similar to all other cases of hereditary myotonia associated with chloride channel mutations described in domestic animals to date.

Despite being a disease that typically does not severely compromise the quality of life of affected dogs, myotonia can still cause some limitations and predispose patients to accidental falls. In some cases, myotonic episodes may be frequent enough to hinder normal daily activities and require treatment attempts (10). Hereditary myotonia does not seem to reduce the life expectancy of affected individuals. Patients are often diagnosed as adults (7, 8, 10, 12) and typically experience no severe decline in quality of life or developmental issues. The patient described in our study had a follow-up period of 2 years, during which no deterioration in condition was observed. Nevertheless, from an owner's perspective, these episodes may resemble completely different physiological conditions, such as cramping syndromes, and thus owners may extrapolate the discomfort from any muscle cramp they have experienced themselves. Therefore, owner education is crucial regarding the nature of this condition and any available treatment options. When treatment is chosen, details such as type of medication, dosage, and expected outcomes have been previously reported.

Moreover, it is essential not to overlook owner education regarding the hereditary nature of this disease, and preventing mating and breeding of affected individuals should be strongly advised.
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Case report: Positioning head tilt observed in a dog and four cats with bilateral peripheral vestibular dysfunction
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Positioning head tilt (PHT) is a dynamic neurologic sign that occurs when the head tilts in the opposite side of a voluntary lateral turn of the head. Notably, a head tilt is absent when the head is held stationary or when the animal is moving forward. PHT is thought to be caused by a lack of inhibitory input to the vestibular nuclei due to dysfunction of the cerebellar nodulus and uvula (NU). NU dysfunction is proposed to not only be caused by pathologies that affect the NU itself, but also by reduced input of proprioceptive information from the spindles of cervical muscles. As an example of the former, it has been noted in dogs with hypoplasia of the cerebellar nodulus and uvula (NU), dogs with lysosomal storage diseases, and in a dog with a cerebellar tumor. As an example of the latter, it has been observed in feline cases of hypokalemic myopathy and myasthenia gravis. In this study, we describe and discuss our observations of PHT in one dog and four cats with lesions affecting the peripheral vestibular apparatus bilaterally.
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1 Introduction

Positioning head tilt (PHT) in veterinary neurology is a clinical sign that occurs when the head tilts in the opposite side of a voluntary lateral turn of the head (e.g., tilting to the left when the head moves to the right and vice versa) (1, 2). Notably, a head tilt is absent when the head is held stationary or when the animal is moving forward. PHT has been documented in various cases, including three dogs with cerebellar hypoplasia [specifically of the nodulus and uvula (NU)] (1), a dog with a tumor invading the NU (3–5), and nine dogs with lysosomal disease (6). In the latter, the entire brain including the NU was atrophic. The PHT is thought to be caused by a lack of inhibitory input to the vestibular nuclei due to NU dysfunction. Additionally, PHT has been reported in 14 cats with hypokalemic myopathy (7) and 2 cats with myasthenia gravis (8). In these cases, the mechanism of PHT is believed to involve altered function of muscle spindles in the rectus and obliquus capitis muscles. This alteration possibly leads to disrupted proprioceptive information from the spindles to the NU, hindering the NU's ability to inhibit the excitation of rostral, medial, and caudal vestibular nuclei induced by head movement (7, 8).

Bilateral peripheral vestibular diseases occur occasionally in dogs and more frequently in cats, often resulting from bilateral otitis interna or idiopathic vestibular disease (9). Affected animals typically crouch low to the ground, walk tentatively, and may fall to both sides (9). Unlike unilateral vestibular conditions, these animals do not exhibit head tilt or pathological nystagmus and lack vestibulo-ocular reflexes. Instead, they often display wide lateral head excursions, interpreted as attempts to stabilize the visual field in the absence of physiological nystagmus (9).

In this study, we describe the cases of one dog and four cats with bilateral peripheral vestibular diseases presenting with PHT. The mechanism of PHT in these animals is discussed.



2 Case description


2.1 Case 1

A 14-year-and-8-month-old female neutered domestic short-haired (DSH) cat was referred to Tamura Animal Clinic for detailed examination of ataxia and wide lateral head excursions which had been present for an unknown period of time. The cat had been treated with steroids (details unknown) for unilateral head tilt (side unknown) during the previous 2 months at another hospital. When wide lateral head excursions were observed, PHT was observed concurrently (Supplementary Video 1). Neurological examination revealed vestibular ataxia, loss of vestibulo-ocular reflexes, and unresponsiveness to sound. The neuroanatomical lesion localization was: peripheral vestibulocochlear apparatus, bilaterally. The complete blood count (CBC) revealed no abnormalities. Serum biochemistry revealed increased alanine transaminase activity [132 IU/L; reference interval (RI) 18–51 IU/L]. MRI findings were consistent with bilateral otitis media/interna (0.3T Hitachi Airis II comfort) (9–11) (Figure 1). Cerebrospinal fluid (CSF) was not collected due to financial constraints. Medical treatment with cefovecin sodium (8 mg/kg s.c., once every 2 weeks) and marbofloxacin (8.5 mg/kg, p.o., sid) was prescribed for 10 weeks, but the signs did not change at the end of treatment.


[image: Figure 1]
FIGURE 1
 Transverse T2-weighted magnetic resonance images at the level of tympanic bullae. (A) Case 1. Both tympanic cavities are almost completely filled with fairly homogenous material hyperintense to gray matter (arrows). (B) Case 3. The right tympanic cavity is almost completely filled with fairly homogenous material hyperintense to gray matter (arrow). Material of similar signal intensity adheres along the walls of the left tympanic cavity (arrowhead). (C) Case 4. The right tympanic cavity is completely filled with fairly homogenous material hyperintense to gray matter (arrow). A faint crescent of material of similar signal intensity is present along the ventral border of the left tympanic cavity (arrowhead). (D) Case 5. Both tympanic cavities are completely filled with fairly homogenous material hyperintense to gray matter (arrows).




2.2 Case 2

An 8-year-old female neutered DSH cat was referred to Tamura Animal Clinic with signs of horizontal nystagmus with fast phase to the right and lateral head excursions that had been observed for 10 days before referral. The cat had a subcutaneous ureteral bypass system which had been implanted for treatment of ureteral calculus 3 years earlier by the referring veterinarians. Additionally, polyarthritis had been diagnosed 4 months prior and prednisolone was administered since (dose at time of referral: 1.5 mg/kg once daily). Two and a half months before presentation, the cat had started showing signs consistent with a unilateral vestibular disorder. Specifically, signs reported in medical files and by the owner included a spontaneous pathological nystagmus, head tilt, wide-based stance, and vestibular ataxia. Details on the side of the abnormalities were not noted in the files. Thereafter, the vestibular signs had gradually improved. When the current signs were noticed, 10 days before referral, the prednisolone was reduced to 0.8 mg/kg once daily. At the time of arrival at Tamura Animal Clinic, although a detailed neurological examination could not be performed due to the aggressive nature of the cat, neither pathological nor physiological nystagmus was observed. PHT was observed during head excursions (Supplementary Video 1). The neuroanatomical lesion localization was: peripheral vestibular apparatus, bilaterally. CBC and serum biochemistry revealed no abnormalities. MRI revealed no abnormalities in the brain, middle ear, or inner ear (0.3T Hitachi Airis II comfort). CSF was not collected due to financial constraints. A diagnosis of bilateral idiopathic vestibular disease was made. No specific treatment was given. Vestibular ataxia improved, but there was no change in head movement. Four months later, the cat died as a consequence of progressive anemia of unknown cause.



2.3 Case 3

A 12-year-and-5-month-old female neutered DSH cat presented with a right-sided head tilt and horizontal nystagmus with fast phase to the right that had been present for the last 3 months. The patient was treated with steroids (details unknown) at another hospital. Two months after onset, the head tilt was less noticeable but persistent. The cat was referred to Neuro Vets Animal Neurology Clinic with signs of vestibular ataxia most prominently noticeable in the pelvic limbs and wide lateral excursions of the head that had been noticed for 2 weeks before. When the cat walked, mild PHT was observed (Supplementary Video 2). Neurological examination revealed bilateral, but slightly asymmetrical vestibular ataxia (tendency of leaning to the left with the pelvic limbs and caudal trunk), loss of vestibulo-ocular reflexes, and unresponsiveness to sound. The neuroanatomical lesion localization was: peripheral vestibulocochlear apparatus, bilaterally. CBC and serum biochemistry revealed no abnormalities. MRI findings were consistent with bilateral otitis media/interna (0.4T Hitachi APERT Lucent) (9–11) (Figure 1). CSF was not collected due to financial constraints. Medical treatment with amoxicillin clavulanate (30 mg/kg, p.o., bid) was initiated for 8 weeks. The neurologic signs did not resolve but were less severe over the course of treatment and after treatment at the 8-week follow-up.



2.4 Case 4

A 15-year-old female neutered DSH cat was presumptively diagnosed with bilateral otitis media/interna 1 week prior, directly after topical medication (Neptra, Elanco) had been applied in both ears for a diagnosis of otitis externa (based on otoscopic findings) bilaterally at another hospital. Tympanic membrane integrity or rupture was not reported in the medical files. Directly after topical medical treatment, cat showed severe bilaterally symmetrical vestibular ataxia, drooling, and bilateral Horner syndrome (miosis, enophthalmos, ptosis, and protrusion of the third eyelid), and had become unresponsive to sound. Directly afterwards, the ears were flushed and prednisolone (1 mg/kg, p.o., sid) and metoclopramide (0.2 mg/kg, p.o., tid) were administered by the referring veterinarian. The ataxia gradually improved but other signs persisted and the cat was referred to the neurology department of IVC Evidensia Referral Hospital Arnhem. Neurological examination revealed bilaterally symmetrical vestibular ataxia, wide lateral head excursions, PHT (Supplementary Video 1), bilaterally mildly decreased palpebral reflexes, bilateral Horner syndrome, loss of vestibulo-ocular reflexes, and unresponsiveness to sound. The neuroanatomical lesion localization was: peripheral vestibulocochlear apparatus, bilaterally. CBC and serum biochemistry revealed no abnormalities. MRI (1.5T Canon Vantage Elan), otoscopy findings, and clinical history were consistent with a diagnosis of bilateral tympanic membrane disruption, ototoxicity, and (suspectedly sterile) otitis media/interna (Figure 1) (9–11). CSF was not collected. After flushing of the tympanic cavities, the patient was treated medically with topical auricular medication every other day (honey ear drops, Dermiel®, AST Farma B.V., The Netherlands, and triamcinolone acetonide 0,1%), topical ear cleaner once every 2 weeks (VetSoothe Clear®), and oral dexamethasone (0.08 mg/kg, p.o., sid) for 1 week. Topical auricular medications were tapered and stopped after 2 months. At 4-month follow-up, persistent bilaterally symmetrical vestibular ataxia was still noticed and the cat remained unresponsive to sound. Signs of Horner syndrome were less apparent (mild ptosis, miosis, and protrusion of the third eyelid were still present).



2.5 Case 5

A 3-year-and-8-month-old female French bulldog was referred to Tamura Animal Clinic for sudden onset of vomiting, rotatory nystagmus, and abnormal head and trunk movements that had started 2 days before referral. The dog had difficulty standing up, and repeatedly and rapidly rolled the head from side to side with the abdomen on the floor. The trunk also rolled from side to side (Supplementary Video 3). Neurological examination revealed severe bilaterally symmetrical vestibular ataxia, head shaking, loss of vestibulo-ocular reflexes, and unresponsiveness to sound. The neuroanatomical lesion localization was: peripheral vestibulocochlear apparatus, bilaterally. CBC and serum biochemistry revealed elevated C-reactive protein (CRP) concentration (>7.0 mg/dL; RI <0.3). MRI findings were consistent with bilateral otitis media/interna (Figure 1) (9–11), inflammatory changes around the bulla tympanica on the right, and focal meningitis in the area of the right brain stem (0.3T Hitachi Airis II comfort). CSF was not collected due to financial constraints. Medical treatment with maropitant citrate monohydrate (1 mg/kg, s.c. sid), cefovecin sodium (8 mg/kg s.c.), orbifloxacin (5 mg/kg s.c. sid), and subcutaneous fluid (for 6 days) until the dog had a satisfactory oral fluid and food intake. One week after the start of treatment, the patient was able to walk, but head excursions and PHT were observed (Video 3). CRP concentration had dropped to within RI. Additional cefovecin sodium (8 mg/kg s.c. once every 2 weeks) and marbofloxacin (6.9 mg/kg, p.o., sid) were administered for 8 weeks. Eight weeks later, residual neurological deficits were present, consisting of mild bilaterally symmetrical vestibular ataxia, head excursions, and PHT. At reevaluation 4 years later, mild bilaterally symmetrical vestibular ataxia remained, but head excursions and PHT had disappeared. It is unclear when the PHT had disappeared.




3 Discussion

The neural pathway for the maintenance of head equilibrium is described as follows. In a resting animal, the left and right otoliths receive symmetrical gravitational stimulation. This stimulation is transmitted through the vestibular nerve to the left and right lateral vestibular nuclei, which maintain head equilibrium by equally contracting the oblique and rectus capitis muscles, the antigravity muscles of the head, on both sides through the ipsilateral lateral vestibular spinal tract. When the head moves to the left, the rostral, medial, and caudal vestibular nuclei detect the shift in the center of gravity to the left, mainly through the input from the left and right semicircular canals. To maintain equilibrium, the left side of the body through the medial vestibulospinal tract increases the tone of the left-sided antigravity muscle groups and the right side decreases it, thereby preventing the body from falling to the left (12). Additionally, the responses of vestibular neurons are influenced by the current behavior and motor function of the animal. Vestibular neuron activity is modulated not only by input from the peripheral vestibular apparatus but also by proprioceptive receptive afferents and efferent signals from the motor nuclei and cortex during active movements (13).

When the head moves laterally to the left, the NU compares the input from the vestibular apparatus through the vestibulocerebellar tract with the input from the muscle spindles of the neck muscles through the spino-cuneocerebellar tract. This comparison provides relative positional information between the head and the trunk. The NU then outputs signals to inhibit the overexcitation of the left-sided reflexive rostral, medial, and caudal vestibular nuclei. Dysfunction of the NU can cause a head tilt to the right due to an excessively high tension of the left-sided antigravity muscles (1). This phenomenon highlights the importance of the NU receiving input from both the vestibular apparatus and the muscle spindles of the cervical muscles for its inhibitory function (12). In conditions like hypokalemic myopathy and myasthenia gravis in cats, reduced input from the cervical muscle spindles due to muscle spindle dysfunction can result in PHT (7, 8). In the five cases presented here, none of the patients were considered to have a dysfunction of NU or a muscular disease. In cases with bilateral peripheral vestibular dysfunction, head movement is detected by cervical muscle spindles. Stimulation of the medial vestibulospinal tract increases the tension of the oblique and rectus capitis muscles on the side toward which the head turns (1). However, the NU does not produce an inhibitory output because the input from the vestibular apparatus to the NU is lost, resulting in the PHT (7, 8). Interestingly, PHT in Case 5 disappeared at reevaluation 4 years later. Similarly, in a canine case of cerebellar hypoplasia, PHT also resolved, which was postulated to be due to “compensation” (1). Bilateral vestibular signs are known to be compensated over time (14, 15), suggesting that some form of cerebello-vestibular system compensation might explain the disappearance of the PHT in Case 5.

We postulate that in our five reported cases, it was the lack of input from the peripheral components of the vestibular system (i.e., the inner ear structures and vestibulocochlear nerve) that lead to NU dysfunction and the clinical signs of PHT. For two of the five patients (cases 2 and 5), we consider it unlikely that both peripheral vestibular systems were affected at the same time. We propose that the unilateral vestibular involvement first resulted in unilateral peripheral vestibular signs and then the other, previously normally functioning vestibular system was affected culminating in bilateral peripheral vestibular dysfunction. These cases showed pathological nystagmus at the second occasion. We hypothesize that some degree of compensation had occurred after the initial onset of unilateral vestibular dysfunction. When the unilateral peripheral vestibular system is damaged, input from that side of the peripheral vestibular system is absent. Signal transmission to the vestibular nuclei neurons on the damaged side is markedly reduced to absent. Vestibular compensation is thought to occur due to the release of inhibition through commissural fibers from the vestibular nuclei of the healthy side to the affected side, resulting in an increase in spontaneous firing, and also input of rotational information from the semicircular canal of the healthy side (16). Up to the time of loss of peripheral vestibular input from the previously healthy side, bilateral vestibular nuclei were active once again (the function of the nuclei on the affected side “compensated”). Loss of peripheral vestibular input from the previously healthy side then results in a new imbalance of activity in both vestibular nuclei and pathological, spontaneous nystagmus. The eventual disappearance of pathological nystagmus afterwards could then be explained by another “round” of compensation.

The repeated and rapid rolling of the head and trunk to the left and right with the abdomen on the floor observed on the second day in Case 5 has not been previously reported. However, similar signs have been described in laboratory cats within 0–2 days following bilateral labyrinthectomy (14, 15). In these studies, cats were able to sit up 1–2 days post-operation, and head oscillations, referred to as “excursions” in the literature, were noted (14, 15). These head oscillations included a slight rolling component, although the side was not described. The PHT observed in the present study may correspond to the rolling component these authors referred to (14, 15). The period from the 2nd to 7th day post-operation was marked by rapid recovery, with standing and walking abilities being restored. Weeks 2–6 represented the slow recovery phase, during which most functions returned, aside from persistent mild ataxia. Four months after the operation, oscillations of the head were no longer apparent in those experimentally lesioned cats (14, 15).

This study has some limitations, including the small number of cases. A more detailed observation of clinical signs and progression in a larger cohort with similar characteristics is warranted. Another limitation is that the diagnosis and treatments of bilateral otitis interna in three cats and one dog was based solely on the history, clinical findings, and MRI findings. Culture and sensitivity testing of middle ear content or flushes was not performed in those cases. Although a diagnosis of infectious otitis interna is not formally confirmed (which would require either rigorous sampling or histopathology), the presence of clinical signs such as loss of physiological nystagmus and unresponsiveness to sound supported the diagnosis of bilateral vestibulocochlear dysfunction. Together with the MRI findings, the diagnoses of otitis media/interna in this report align with those in other reports and that are accepted within the veterinary neurology community (9, 10, 17, 18). Antibiotic treatment for otitis media/interna should, when possibly, be based on sensitivity testing (17). However, unfortunately, even when cultures are performed they are often negative even though a bacterial cause is still highly suspected (9, 11, 17, 18). Empirical choices, clinician preferences, and generally broad-spectrum antibiotics therefore come into play when treating cases of (suspected) bacterial otitis media/interna.

In conclusion, this report identified a third lesion site (bilateral peripheral vestibular apparatus) capable of producing PHT, in addition to the previously reported NU and bilateral cervical muscle spindles. Although hypothetical, all of these lesion sites are part of the system that maintains head equilibrium during head movement and any lesion affecting these structures might result in PHT. These hypotheses may be strengthened through further observation of clinical cases.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

Ethical approval was not required for the studies involving animals in accordance with the local legislation and institutional requirements because this is a retrospective observational descriptive study. Therefore, live animals were not used in this study, and the ethical approval is not required due to its nature. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

ST: Conceptualization, Data curation, Writing – original draft, Writing – review & editing. YN: Data curation, Writing – review & editing. KS: Data curation, Writing – review & editing. YT: Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

The authors thank the following for referring the clinical cases: Yuji Takenaga, DVM, KAITA animal hospital (Case 1); Chisako Kamio, DVM, Animal Medical Center ALOHA (Case 2), (Case 3); Yojiro Tamura, DVM, Ohno Chuou Momiji Animal Hospital (Case 5). The authors thank Laurent Garosi, Vet Oracle Telefariology, DVM, FRCVS, Dip ECVN for help in the interpretation of the magnetic resonance imaging study (Case 4). The authors thank all participating veterinarians and other staff who contributed to the clinical management of these patients. A part of this case study was presented as an oral presentation at the annual congress of the Japanese Society of Veterinary Neurology in Naha, Japan, in June 2024.



Conflict of interest

The 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.



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.2024.1495807/full#supplementary-material

SUPPLEMENTARY VIDEO 1 | Cases 1, 2, and 4-Positioning head tilt (the head tilts in the opposite side of a voluntary lateral turn of the head).

SUPPLEMENTARY VIDEO 2 | Case 3-Mild positioning head tilt (the head tilts in the opposite side of a voluntary lateral turn of the head).

SUPPLEMENTARY VIDEO 3 | Case 5-Head tilting from side to side and trunk twisting from side to side, and positioning head tilt (head tilts in the opposite side of a voluntary lateral turn of the head).



References

 1. Tamura S, Nakamoto Y, Uemura T, Tamura Y. Head tilting elicited by head turning in three dogs with hypoplasic cerebellar nodulus and ventral uvula. Front Vet Sci. (2016) 3:104. doi: 10.3389/fvets.2016.00104

 2. Tamura S. Commentary: Transient postural vestibulo-cerebellar syndrome in three dogs with presumed cerebellar hypoplasia. Front Vet Sci. (2021) 8:613521. doi: 10.3389/fvets.2021.613521

 3. Liatis T, Hammond D, Chapman GE, Cloquell Miro A, Stalin C, Gutierrez-Quintana R. MRI findings in a young dog with gliomatosis cerebri. J Small Anim Pract. (2022) 63:83. doi: 10.1111/jsap.13394

 4. Tamura S. Was the “alternating head tilt” a “positioning head tilt”? J Small Anim Pract. (2022) 63:84. doi: 10.1111/jsap.13447

 5. Liatis T, Gutierrez-Quintana R. Response to: was the “alternating head tilt” “positioning head tilt”? J Small Anim Pract. (2022) 63:85. doi: 10.1111/jsap.13427

 6. Tamura S, Tamura Y, Nakamoto Y, Hasegawa D, Tsuboi M, Uchida K, et al. Positioning head tilt in canine lysosomal storage disease: a retrospective observational descriptive study. Front Vet Sci. (2021) 8:80266. doi: 10.3389/fvets.2021.802668

 7. Tamura S, Nakamoto Y, Tamura Y. Reversible positioning head tilt observed in 14 cats with hypokalaemic myopathy. J Feline Med S surg. (2023) 25:6. doi: 10.1177/1098612X231175761

 8. Tamura S, Nakamoto Y, Sozu Y, Tamura Y. Positioning head tilt observed in two cats with myasthenia gravis. J Feline Med S surg Op Rep. (2024) 10:1. doi: 10.1177/20551169231224534

 9. Rossmeisl JH. Vestibular disease in dogs and cats. Vet Clin Small Anim. (2010) 40:81–100. doi: 10.1016/j.cvsm.2009.09.007

 10. Castillo G, Parmentier T, Monteith G, Gaitero L. Inner ear fluid-attenuated inversion recovery MRI signal intensity in dogs with vestibular disease. Vet Radiol Ultrasound. (2020) 61:531–9. doi: 10.1111/vru.12876

 11. Dutil GF, Guevar J, Schweizer D, Roosje P, Kajin F, Volk HA, et al. Otitis media and interna with or without polyps in cats: association between meningeal enhancement on postcontrast MRI, cerebrospinal fluid abnormalities, and clinician treatment choice and outcome. J Feline Med Surg. (2022) 24:e481–9. doi: 10.1177/1098612X221125573

 12. Thomson C and Hahn C. Vestibular system. In:Thomson C, Hahn C, , editors Veterinary Neuroanatomy: a Clinical Approach. St Louis, MO: Elsevier (2012). p. 75–83.

 13. Cullen KE and oy JE. Signal processing in the vestibular system during active versus passive head movements. J Neurophysiol. (2004) 91:1919–1933. doi: 10.1152/jn.00988.2003

 14. Money KE, Scott JW. Functions of separate sensory receptors of nonauditory labyrinth of the cat. Am J Physiol. (1962) 202:1211–20. doi: 10.1152/ajplegacy.1962.202.6.1211

 15. Thomson DB, Inglis JT, Schor RH, Macpherson JM. Bilateral labyrinthectomy in the cat: motor behavior and quiet stance parameters. Exp Brain Res. (1991) 85:364–72. doi: 10.1007/BF00229414

 16. Curthoys IS, Halmagyi GM. Vestibular compensation. Adv Otorhinolafyngol. (1999) 55:82–110. doi: 10.1159/000059059

 17. Gotthelf LN. Diagnosis and treatment of otitis media. Vet Clin Small Anim. (2004) 34:469–87. doi: 10.1016/j.cvsm.2003.10.007

 18. Jacobson LS, Janke KJ, Kennedy SK, Lockwood GA, Mackenzie SD, Porter CD, et al. A Pandora's box in feline medicine: presenting signs and surgical outcomes in 58 previously hoarded cats with chronic otitis media-interna. J Feline Med Surg. (2023) 25:1098612X231197089. doi: 10.1177/1098612X231197089

Copyright
 © 2024 Tamura, Nakamoto, Santifort and Tamura. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









 


	
	
CASE REPORT
published: 03 January 2025
doi: 10.3389/fvets.2024.1522745








[image: image2]

Case report: FGF4L1 retrogene insertion is lacking in the tall dachshund phenotype
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Two retrogene insertions, FGF4L1 (formerly 18-FGF4, colloquially CDPA) and FGF4L2 (formerly 12-FGF4, colloquially CDDY), have recently been discovered as determinants of short leg phenotype in dogs. This case study is comprised of a family of standard wirehaired dachshunds in which the dogs lacking the FGF4L1 gene exhibit a tall phenotype. The tall phenotype in the dachshunds of this report precludes the dog’s working function of den work. The data presented in this report provide information as to how FGF4L1 status could be used in making breeding decisions in dachshunds to maintain working ability without compromising animal health.
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Introduction

Canine morphology exhibits the widest variation of any mammal (1, 2) and in many breeds, morphology relates to working function. In dachshunds, a short leg phenotype was intentionally selected to enable the dog to work optimally in its historic hunting specialization: the pursuit of badger within dens, a function for which dachshunds are still used today (3). Dachshund literally translated from German means “badger dog.” With their shorter legs compared to terriers, dachshunds working underground can dig and pull prey more easily, illustrating that their body morphology serves a functional purpose (3).

Two retrogene insertions, FGF4L1 (formerly 18-FGF4, colloquially CDPA) and FGF4L2 (formerly 12-FGF4, colloquially CDDY), are associated with a short leg phenotype in most dog breeds (4, 5). The insertions are reported to behave in a dominant manner with a gene dose effect, meaning that one copy of either gene is sufficient to shorten limb length in dogs but that two copies have a more pronounced effect (5). FGF4L1 has a greater impact on limb length than does FGF4L2, with two copies of FGF4L1 reducing antebrachial length by 25%, while two copies of FGF4L2 reduces antebrachial length by only 10% (5, 6). It has been reported that some dog breeds such as beagles exhibit short leg phenotype due to FGF4L2 only, while other dog breeds such as dachshunds exhibit a shorter leg phenotype due to both FGF4L1 and FGF4L2 (5). A few dog breeds such as miniature pinschers exhibit short leg phenotype without either retrogene insertion. In addition to affecting limb length, FGF4L1 is associated with carpal valgus in dogs (5, 7) and FGF4L2 is associated with early disk degeneration (6, 8–10). In 697 dachshunds, allele frequency for FGF4L1 and FGF4L2 was reported to be 0.98 and 0.95, respectively, meaning that 96% of the dachshunds tested had 2 copies of FGF4L1 and 90% had 2 copies of FGF4L2 (11). Thus, most dachshunds are homozygous for both FGF4 retrogene insertions.

We report here a case of an FGF4L1 zero-copy standard dachshund with a tall phenotype (48 cm height at withers) that falls outside the upper limit (40 cm) (12) suitable for den work in earth dog breeds. We also report an FGF4L1 zero-copy sibling with a similar tall phenotype, and FGF4L1 one-copy sire, dam, and littermate with the typical dachshund short phenotype. Our findings suggest that at least one FGF4L1 copy is necessary in dachshunds to maintain a phenotype capable of the dog’s below-ground den hunting specialization (Figure 1).

[image: Figure 1]

FIGURE 1
 Family tree of the dachshunds including genotypes.



Timeline


June 15, 2024


Tall dachshund identified in response to social media request.


August 6, 2024


Height/weight data, and genotype (FGF4L1 and FGF4L2) obtained from case dog.


August 10, 2024


Genotype (FGF4L1 and FGF4L2) data obtained from sire, dam and female littermate of case dog.


October 23, 2024


Genotype (FGF4L1 and FGF4L2) obtained from male littermate of case dog.



Narrative

A 5-year-old male intact standard wirehaired dachshund registered with the Deutscher Teckelklub was identified by one of the authors (KS) in response to a social media request for photographs of dachshunds of known FGF4 genotype for a book chapter on body morphology in working dachshunds. The dog was observed to lack the breed-typical short leg phenotype and was not immediately recognizable as a dachshund but was otherwise healthy. Height at withers was 48 cm, and weight was 17.5 kg (both approximately twice what is typical for a standard dachshund). Review of genotype data revealed the dog to have 0 copies of FGF4L1 and 1 copy of FGF4L2. The breeder of the dog was interviewed. The breeder had maintained ownership of the sire, dam, and a female littermate of the tall dachshund. It was reported that the sire and dam had been paired twice, and in each litter, multiple puppies of typical short leg phenotype were produced, along with one or two puppies of tall phenotype. The owner of a second tall dachshund, a male littermate to the case dog, was contacted. Height at withers for this second tall dachshund was 41 cm and weight was 11.7 kg. Each dachshund owner provided photographs of their dog(s) and FGF4L1 and FGF4L2 genotype data. Genotype and phenotype data are summarized in Table 1. Each phenotype group (short and tall) contained dogs with 1 or 2 FGF4L2 copies. However, no tall dachshund had the FGF4L1 insertion, while all of the short dachshunds had the FGF4L1 insertion. All of the dogs described in this report were healthy and no diagnostic tests or therapeutics were indicated.



TABLE 1 Phenotype and FGF4L1 & FGF4L2 Genotype for the Dachshund Family.
[image: Table1]




Discussion

To our knowledge, this is the first report describing the phenotype of dachshunds lacking a copy of the FGF4L1 gene. The dachshunds presented in this report illustrate that a genotype lacking FGF4L1 may result in a tall phenotype unsuitable for den work. It is not known if this tall phenotype could result in musculoskeletal disorders later in life. Interestingly, the smaller of the two reported tall dachshunds carried two FGF4L2 copies and the taller individual carried only one FGF4L2 copy. This is consistent with the previously reported gene dose effect for limb length for these insertions (5), which predicts that a dog with four doses of these retrogene insertions (two copies of both FGF4L1 and FGF4L2, the typical dachshund pattern) would be shorter than a dog with two doses (zero FGF4L1 + two FGF4L2, the typical beagle pattern). Of the dachshunds in this report, one had the typical beagle pattern (zero FGF4L1 + two FGF4L2) and was of similar height (41 cm) to a 15-inch (38 cm) beagle.

It has also been reported that FGF4L1 has a more profound effect on limb length than FGF4L2 (5). The morphology of the dachshunds in our report supports that claim. The dachshunds with two doses of these retrogene insertions in the pattern one FGF4L1 + one FGF4L2 were short, but the dachshund with two doses in the pattern zero FGF4L1 + two FGF4L2 was tall. It is noteworthy that the short dachshund with three doses of these retrogene insertions in the pattern one FGF4L1 + two FGF4L2 was not readily distinguishable from the other short dachshunds. Thus, the dogs of our report suggest that FGF4L1 in at least one copy is necessary to the breed-defining short leg phenotype of dachshunds. Additionally, these dogs suggest that, provided FGF4L1 is present, FGF4L2 copy number is a less important determinant of limb length in dachshunds and may even be unnecessary to produce a short leg phenotype. In contrast, FGF4L2 might be necessary for breed-defining short leg phenotype in breeds lacking FGF4L1 such as the beagle.

Although the zero-copy FGF4L1 genotype in dachshunds is rare, the description of the dogs in this report is particularly timely, given the fact that in October 2024, the German government banned the exhibition of dogs with one or two FGF4L2 copies, and possibly one or two FGF4L1 copies (13). In 2021, the Animal Welfare Dog Regulations (Tierschutz-Hunderverordung) (14) were revised in Germany to prohibit exhibition of dogs that are the product of so-called “torture breeding” (qualzucht), which is the breeding of dogs with any inherited defect. In October 2024, implementation guidelines for the law were made public. The guidelines, which are intended to clarify the expectations for implementation by state veterinarians, list both FGF4L1 and FGF4L2 as “torture breeding traits” (qualzuchtmerkmale). It is unclear whether the guidelines ban dogs with one or two copies of both insertions, or only the FGF4L2 insertion. Regardless, the guidelines amount to a ban of many short leg dogs, including most dogs of breeds (such as dachshunds) with a high FGF4L2 gene frequency. Banned dogs are excluded from breed shows, working trials or any activity that has a competitive character or attracts an audience. Some of these activities are necessary Deutscher Teckelklub prerequisites for breeding in dachshunds.

A short leg phenotype itself, however, is not a defect, as illustrated by its common occurrence in nature in various species of animals such as the badger, weasel, otter, skink, turtles, and most rodents, where it conveys an adaptive advantage in moving through burrows, climbing, and swimming, and by lowering the animal’s center of gravity (15, 16). Carpal valgus, although associated with FGF4L1 genotype, is uncommonly a clinical problem in dachshunds and is considered a fault according to the breed standard (17, 18). In 30 dachshunds, thoracic limb angular limb deformity was noted upon radiographic evaluation, but lameness, elbow incongruity, and osteoarthritis were uncommonly present (19), suggesting that thoracic limb shape may differ in dachshunds compared to other breeds without causing welfare concerns.

In contrast to FGF4L1 which is of questionable health significance in dachshunds, a genotype comprised of one or two FGF4L2 copies poses greater welfare concerns due to the association with intervertebral disk disease (IVDD) risk. However, the association between FGF4L2 and IVDD risk is a recent discovery (6) and the science on the subject is rapidly evolving. Within the last 2 years, evidence for a gene dose effect for FGF4L2-associated IVDD risk has been reported (10, 20). The gene dose evidence suggests stakeholders of breeds with high FGF4L2 allele frequency could adopt a strategy of initially breeding for FGF4L2 heterozygosity to reduce incidence of symptomatic disk disease and avoid genetic bottleneck, and then breed for zero copies once the frequency of the wild type allele increases. The dogs of our report suggest that lack of FGF4L2 may not preclude breed-defining short leg phenotype in dachshunds, provided FGF4L1 is present. The dachshund is a healthy breed other than FGF4L2-associated IVDD risk, with a longer life expectancy than most breeds of dogs, including mixed breeds and non-chondrodystrophic breeds (21–25). For this reason, it seems prudent to allow breed clubs time to adopt spinal health breeding schemes based on recent scientific advancements.



Conclusion

The dachshunds described in this report demonstrate that lack of FGF4L1 retrogene insertions may result in a tall phenotype that renders the dogs unsuitable for den work, the hunting niche for which the breed was developed. The scientific literature does not support a dachshund breed ban based on FGF4L1 genotype, since evidence for significant adverse health consequence of one or two FGF4L1 copies is lacking.
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Surgical management of single-level thoracolumbar vertebral body segmentation and formation failure causing progressive thoracolumbar myelopathy in three adult large-breed dogs

Francisca Couto*, Joana Tabanez, Jeremy Rose and Colin Driver


Lumbry Park Veterinary Specialists, Hampshire, United Kingdom

Edited by
 Joao Miguel De Frias, University of Edinburgh, United Kingdom

Reviewed by
 Shinji Tamura, Tamura Animal Clinic, Japan
 Filipa Lourinho, Southern Counties Veterinary Specialists, United Kingdom

*Correspondence
 Francisca Couto, franciscacouto.vet@gmail.com 

Received 30 September 2024
 Accepted 11 December 2024
 Published 07 January 2025

Citation
 Couto F, Tabanez J, Rose J and Driver C (2025) Surgical management of single-level thoracolumbar vertebral body segmentation and formation failure causing progressive thoracolumbar myelopathy in three adult large-breed dogs. Front. Vet. Sci. 11:1504477. doi: 10.3389/fvets.2024.1504477
 

Objective: This study aimed to evaluate the medium-term outcome following spinal cord decompression and instrumented fixation of single-level congenital thoracolumbar vertebral malformations, characterized by combined failures of segmentation and formation, causing thoracolumbar myelopathy in three large-breed dogs.

Study design: This was a retrospective clinical study.

Animals: The animals involved in the study were three large-breed dogs.

Methods: Electronic patient records were retrospectively reviewed for adult large-breed dogs (>1 year) (>25 kg) with thoracolumbar myelopathy and a radiologic diagnosis of spinal cord compression associated with thoracolumbar vertebral malformation. The examination, diagnostic imaging, surgical management, and outcomes are described. The medium-term outcome was determined based on the neurological examination and follow-up imaging studies conducted up to 12 months post-operation.

Results: Three large-breed dogs were identified, presenting with progressive, non-painful T3–L3 spinal cord segment disease. Diagnosis was made using MRI and CT, which revealed single-level complex congenital vertebral malformation with combined failures of segmentation and formation in the T8–L1 region. Surgical management consisted of ventral cord decompression by bilateral mini-hemilaminectomy and partial corpectomy and vertebral fixation. Temporary postoperative neurological deterioration was observed in two cases. Follow-up was conducted at 6 weeks (examination) and 3 (examination), 6, and 12 months (examination and CT) postoperatively, and improved neurological function was confirmed, with all cases being ambulatory with persistent, mild paraparesis.

Conclusion: This retrospective study demonstrates the successful medium-term outcome following surgical management of complex thoracolumbar vertebral malformations in large-breed dogs.

Keywords
 vertebral stabilization; veterinary spinal surgery; thoracic malformations; corpectomy; congenital diseases vertebral stabilization; thoracicolumbar vertebral malformations; congenital diseases


1 Introduction

Congenital anomalies of the vertebral column are commonly identified in the thoracic spine of small-breed dogs, with French Bulldogs, English Bulldogs, Pug dogs, and Boston Terriers being overrepresented (1–5). These anomalies are less often observed in large-breed dogs, with limited case reports in puppies (2). Although the appropriate terminology has been debated, congenital thoracic vertebral malformations (CTVM) can be classified by failure of vertebral body segmentation (such as block vertebrae) and/or formation (such as hemivertebrae, wedge-shaped vertebrae, and “butterfly” vertebrae) (6, 7). This condition may predispose to abnormal angulation of the vertebral column (kyphosis, lordosis, or scoliosis), vertebral instability, canal stenosis, and spinal cord compression. Some deformations are common incidental findings in ‘at-risk’ breeds and are not commonly associated with clinical signs; others can develop neurological dysfunction with progressive, non-painful, pelvic limb ataxia, paraparesis, and incontinence. In these cases, non-surgical treatment is expected to result in a poor outcome (8). Different surgical techniques have been described with the aim of relieving spinal cord compression and stabilising the abnormal region (9, 10). In large-breed puppies, only two cases have been reported with a successful outcome following surgical treatment (1, 2). To the best of our knowledge, this is the first retrospective case series that evaluates medium-term outcomes following decompression fixation of complex thoracolumbar vertebral malformations, characterized by combined failures of segmentation and formation, in three adult large-breed dogs.



2 Materials and methods


2.1 Animals

Electronic patient records were retrospectively reviewed for adult (>1 year) large-breed dogs (>25 kg) with a radiologic diagnosis of spinal cord compression associated with thoracolumbar vertebral malformation. Three young adult (2–4 years old), intact female large-breed dogs (Rottweiler, Bloodhound, and Irish Water Spaniel) were identified (Table 1). All presented with a chronic, several-week history of progressive gait abnormalities, without apparent signs of discomfort. Cases 1 and 3 were ambulatory paraparetic with asymmetric pelvic limb ataxia (worse on the right and left, respectively) and abnormal pelvic limb postural reactions. Case 2 was non-ambulatory paraparetic with absent pelvic limb postural reactions and a cutaneous trunci cutoff at the level of T10. All three dogs were bright, alert, and responsive on initial examination. Segmental spinal reflexes and cranial nerve examination were normal. The remainder of the physical examination was unremarkable. In all dogs, complete blood count and serum biochemical profile were within normal limits. All cases had a T3–L3 spinal cord segment neuroanatomic localization. Given the progressive and non-painful history, congenital malformation, infectious/inflammatory processes, degenerative conditions, and neoplasia (e.g., intramedullary tumors) were considered most likely.



TABLE 1 Signalment and clinical summary.
[image: Table1]



2.2 Preoperative imaging

Diagnostic imaging, including magnetic resonance imaging (MRI) and computed tomography (CT), was reviewed by at least one board-certified neurologist. MRI was acquired under general anesthesia using a 1.5 Tesla scanner (Siemens Symphony Tim System). Standard spin-echo T2-weighted (T2W) sagittal, transverse, and dorsal short tau inversion recovery (STIR) sequences were obtained through the thoracolumbar spine. CT images were obtained either under sedation or general anesthesia using a 160-slice scanner (Aquilion PRIME Toshiba, Canon Medical Systems USA, Inc., United States) with a 0.5-mm slice thickness in the transverse plane and a 1-mm reconstructed slice thickness in the sagittal and dorsal planes. CT images were used to evaluate the osseous structure for anomalous or traumatic lesions for surgical planning and postoperative follow-up. The images were evaluated using multi-planar reconstruction in a bone window using commercially available DICOM imaging software (OsiriX)1. ROI tools were used for linear measurements.

In case 1 (Figure 1), the T13 and L1 vertebral bodies were abnormally shaped and were non-segmented but had separate vertebral arches (pedicles, dorsal lamina, and spinous process). This caused a severe focal kyphotic deformity with secondary vertebral canal stenosis and ventral spinal cord compression. On T2W images in transverse view, within the cranial segment, the spinal cord diameter measured 5 × 5 mm, whereas at the apex of the malformation, it measured 4.5 × 3.7 mm. In addition, there were adjacent intervertebral disc degeneration and vertebral endplate sclerosis at T12. Case 2 had similar incomplete formation and segmentation of the T8 and T9 vertebral bodies (Figure 2), again causing significant kyphoscoliosis and spinal cord compression. Cranially, the spinal cord diameter was 5 mm, progressively decreasing to 1.8 mm and 3.5 mm above T8 and T9, respectively. In case 3 (Figure 3), there was incomplete ventral formation and segmentation of the T10 and T11 vertebral bodies. This formed one “mushroom-shaped” vertebral body, with adjacent intervertebral disc degeneration and protrusion (T9–T10 and T11–T12). In all cases, there was an increase in T2-weighted signal intensity within the spinal cord at the apex of the deformity, corresponding to the greatest degree of spinal cord compression, presumably reflecting oedema, inflammation, and/or gliosis.
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FIGURE 1
 Preoperative imaging of case 1. T2W MRI (top row) and CT (bottom row) in sagittal (left) and transverse (right) planes at the level of incompletely formed and segmented T13 and L1 (dashed line represents transverse level).
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FIGURE 2
 Preoperative imaging of case 2. T2W MRI (top row) and CT (bottom row) in sagittal (left) and transverse (right) planes at the level of incompletely formed and segmented T8 and T9 (dashed line represents transverse level). Asterisk = malformed left pedicle of T9 removed during surgery.
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FIGURE 3
 Preoperative imaging of case 3. T2W MRI (top row) and CT (bottom and right) in sagittal (left) and transverse (right) planes at the level of incompletely formed and segmented T10 and T11 (dashed line represents transverse level).




2.3 Surgical procedures

All three cases were premedicated with methadone (0.2–0.3 mg/kg) and dexmedetomidine (3–5 mcg/kg), administered intravenously or intramuscularly. General anesthesia was then induced with propofol (4–6 mg/kg) to effect and maintained with isoflurane. Prophylactic antibiotics were given intravenously at induction (cefuroxime 20 mg/kg) and subsequently repeated every 90 min during this procedure. Perioperative analgesia was achieved with methadone (0.1–0.2 mg/kg every 4 h) and continuous rate infusion (CRI) of ketamine (5–10 mcg/kg/min).

The dogs were positioned in sternal recumbency (as close as possible to preoperative imaging). A dorsal approach to the thoracolumbar spine was performed in all patients for a combination of ventral spinal cord decompression (via bilateral mini-hemilaminectomy and partial lateral corpectomy) and vertebral fixation with varying instrumentation. In case 1 (Figure 4), pedicle screw–rod fixation was performed using 4.0-mm diameter titanium alloy polyaxial screws (Fitzbionic Ltd., Surrey, UK) and 5.0-mm diameter interconnecting rods. In cases 2 (Figure 5) and 3, pins (2.4-mm diameter stainless steel threaded interface pins, Imex Veterinary Inc., Movora, Texas, USA) and bone cement (gentamicin-impregnated polymethylmethacrylate, PMMA, Stryker, Michigan, USA) were used. Vertebral pedicle and body implants were placed in a bi-cortical fashion using a free-hand technique along trajectories and depths determined from preoperative planning CT. In case 3 (Figure 6), a bilateral laminoplasty was subsequently performed using a contoured titanium alloy mesh (Veterinary Instrumentation, Sheffield, UK) anchored to a rib head with 2.0-mm self-tapping self-drilling screws and bone cement. A postoperative CT scan, taken immediately after the surgery, showed satisfactory ventral spinal cord decompression. In addition, implant placement was considered satisfactory because there was no evidence of vertebral canal breaches at any level, and the implants purchased satisfactory volumes of the vertebral pedicle and/or body according to the preoperative in silico plans.
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FIGURE 4
 Immediate postoperative CT scan imaging of case 1. Dashed lines represent transverse levels. A = bilateral partial lateral corpectomy; asterisk denotes the region of bone removed to ventrally decompress the spinal cord. B = 4.5-mm pedicle–body screws in L2.
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FIGURE 5
 Postoperative CT scan imaging of case 2. Sagittal (top left), transverse (right column), and three-dimensional (bottom left) reconstructions. Dashed line represents the transverse level imaged. Asterisk denotes the region of bone removed from the left pedicle and dorsal aspect of the body of the T9 vertebra.
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FIGURE 6
 Postoperative CT scan imaging of case 3. Sagittal (top left), transverse (right column), and three-dimensional (bottom left) reconstructions. Dashed line represents the transverse level imaged. Asterisk = region of bone removed from bilateral partial lateral corpectomy. A titanium mesh laminoplasty was used to limit postoperative haematoma formation within the vertebral canal (arrow).


Postoperatively, all dogs were prescribed intravenous analgesia with methadone (0.1–0.2 mg/kg every 4–6 h) and continuous rate infusion (CRI) of ketamine (2–5 mcg/kg/min), according to pain scores. In addition, they were treated with oral gabapentin (10 mg/kg twice daily), paracetamol (10 mg/kg three times daily), and non-steroidal anti-inflammatory drugs such as meloxicam (0.1 mg/kg) or robenacoxib (1–2 mg/kg), once daily.




3 Results


3.1 Clinical outcome and follow-up

In two dogs (cases 1 and 2), transient neurological deterioration was evident, with both dogs suffering significant diminishment of voluntary motor function but with intact deep pain sensation. In addition, the dog in case 2 revealed spinal hyperesthesia associated with the incision site. In both cases, the following day, revision surgery revealed large compressive epidural hematomas, which were aspirated. The duration of hospitalization was 19 and 22 days for cases 1 and 2, respectively. Both dogs were discharged as non-ambulatory paraparetic but were ambulatory at the 6-week follow-up. Case 3 did not deteriorate postoperatively and was discharged after 9 days of hospitalization with ambulatory paraparesis. Preoperative and postoperative urinary and fecal incontinence was not perceived in these patients. Postoperative recommendations included restricted rest, with a gradual increase in the length of controlled lead walks, and physiotherapy by a certified canine rehabilitation therapist. Follow-up by a neurologist included repeated neurological examination at 6 weeks, and at 3, 6, and 12 months after surgery. Improvement was observed in all three dogs, with persistent but improved ambulatory paraparesis, fewer mistakes in paw placement, and better coordination. Two cases underwent follow-up CT scans at 6 and 12 months, which revealed unchanged vertebral canal volume and implants from the postoperative period.




4 Discussion

Congenital thoracic vertebral malformations are believed to be caused by the failure of vertebral ossification centers to form, fuse properly, or both, during embryonic or fetal development (4, 11). A variety of thoracic malformations have been reported in small-breed dogs with kyphosis, including wedge-shaped thoracic “hemivertebrae” and “butterfly” vertebrae, which are commonly observed in the mid to caudal thoracic vertebral region, between T6 and T9. Despite being rarely reported in large-breed dogs, congenital thoracic vertebral malformations in small animals can result in progressive kyphotic deformation of the vertebral column, with spinal cord compression and vertebral canal stenosis typically manifesting in young dogs (4, 9, 10, 12–14). In this retrospective study, a complex combined failure of vertebral formation and segmentation between T8 and L1 was associated with focal but marked kyphosis of the vertebral column at a single level in adult large-breed dogs.

Progression of clinical signs and poor outcomes have been reported in multiple studies after non-surgical treatment (8, 9, 14). Surgical techniques include fixation with or without spinal cord decompression and decompression without fixation (2, 9). Different surgical techniques for spinal decompression have been described (including dorsal laminectomy, hemilaminectomy, and/or corpectomy), and several strategies for spinal fixation (13). Two previous reports in large-breed dogs have demonstrated successful outcomes with surgical spinal decompression and fixation (1, 2). One report described a partial ventral corpectomy and fusion with pins and cement (1). Another described unilateral hemilaminectomy and lateral corpectomy, followed by bilateral stabilization with pins and PMMA bars (2). Although spinal fixation is not always considered necessary, the decision to proceed with it should take into consideration multiple factors, including the extent of the surgical technique used for spinal cord decompression (such as bilateral hemilaminectomy over multiple vertebrae, partial corpectomy, radical dorsal laminectomy, or hemilaminectomy with corpectomy), the three-compartment concept of spinal stability (i.e., if two or more compartments are compromised, the vertebral column should be considered unstable), disease chronicity, and imaging findings suggestive of instability (13, 15). In the current case series, given the ventral spinal cord compression, decompression with a bilateral mini-hemilaminectomy followed by a partial lateral corpectomy was considered necessary. In addition, different strategies for spinal fixation have been reported, and the most commonly used instrumentation includes screws and plates, screws/pins, and PMMA (5, 13, 15). Furthermore, surgical experience, anatomical considerations, and the type of spinal fixation required help with the implant selection (15). Polyaxial pedicle screws and rods were used in case 1 due to implant availability and ease of application in the thoracolumbar region. Cases 2 and 3 were managed with threaded pins and PMMA due to appropriate implant sizing and ease of use.

Similar to previous reports in large-breed dogs treated surgically (1, 2), two of the three dogs in the present study demonstrated an immediate postoperative neurological deterioration. Postoperative CT scan and revision surgery confirmed the presence of epidural hematoma formation. Although considered unlikely, we cannot rule out the possibility of an underlying coagulopathy being the cause of the hematoma in cases 1 and 2. Further tests, such as a coagulation profile, were not performed in all three cases. Other complications, following surgical treatment, have been previously reported, such as iatrogenic injury to the spinal cord, nerve roots, intervertebral discs, and vascular structures, as well as invasion of the thoracic cavity, abnormal positioning of the implant, implant failure, or infection (9, 13, 15). Given the deterioration in both cases 1 and 2, in case 3, bilateral laminoplasty was performed to help limit the risk of postoperative spinal cord compression related to hematoma and dependent oedema formation, which was thought to be more of a risk in large-breed dogs due to the depth of the surgical wound and extent of muscle dissection. It is unclear whether this attempt was successful, but it may be beneficial in future cases.

Although all dogs in the present study gradually improved at 6 weeks, and at 3, 6, and 12 months after surgery, they remained with a mild residual ataxic gait. This incomplete recovery has also been reported in previous studies and may be associated with the chronicity and irreversible damage to the spinal cord before surgery (9).

The limitations of this study include its retrospective nature and the small study population. A recent study discussing a congenital malformation in a large-breed dog treated with corpectomy and stabilization, reported a good prognosis with a long-term outcome of 34 months. This patient displayed a persistent, mild paraparesis (2). In addition, another study in brachycephalic dogs, investigating surgically managed malformations, reported chronic complications in 58% of the cases. A long-term follow-up was documented between 2006 and 2020 (14). This retrospective case series suggests that successful medium-term outcomes are possible in the surgical management of large-breed dogs with complex thoracolumbar vertebral malformations suffering from myelopathy. However, long-term evaluation should be considered in order to further evaluate potential chronic complications associated with surgery.
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Case report: Resolution of lameness via compartmental resection of a malignant nerve sheath neoplasm of the median nerve in a dog
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A 7-year-old golden retriever was evaluated for a 6-month history of progressive right thoracic limb lameness. A lameness (grade 3 out of 5 on visual gait analysis) and pain with palpation of the medial aspect of the brachium proximal to the elbow were identified on exam. Magnetic resonance imaging of the right thoracic limb revealed a well-delineated, ovoid mass arising from the median nerve just proximal to the elbow. Compartmental resection of the mass with limb preservation was performed. Microscopically, the mass was a malignant nerve sheath neoplasm. One week postoperatively, the lameness was mild (grade 1). Three months postoperatively, the lameness had resolved (grade 0). One year postoperatively, the dog’s gait remains normal. Malignant nerve sheath neoplasms commonly arise in the brachial plexus or cervical spinal nerves, often affecting the innervation provided by the radial nerve. Given its role in providing weight support, dysfunction of the radial nerve significantly impacts the gait. Conversely, dysfunction of the median nerve should not impair the gait. In the present case, compartmental resection of the neoplasm affecting the median nerve resolved the dog’s lameness. The return of normal limb function supports the contention that the lameness was consequent to general somatic afferent dysfunction, neuropathic pain, rather than general somatic efferent function (paresis).
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Introduction

Causes of lameness in dogs are broadly divided into orthopedic and neurological etiologies. In orthopedic disorders, lameness occurs secondary to mechanical disruption of the limb movement, pain, or a combination of both. In neurological disorders, lameness occurs secondary to paresis, pain, or a combination of both. Regardless of the cause, the resultant lameness may look similar on visual gait analysis. In most cases, determining the underlying etiology requires physical examination and diagnostic imaging; however, it can be challenging if an apparent site of pain, mechanical dysfunction, or paresis is not readily identified on physical examination.

The following report details the diagnostic investigation and treatment of a dog with a chronic thoracic limb lameness. Examination alone failed to identify an orthopedic or neurologic etiology of the lameness. Clinicopathologic investigations and diagnostic imaging identified a malignant nerve sheath neoplasm (MNSN) involving the median nerve. With compartmental resection of the neoplasm, long-term resolution of the lameness and control of the neoplasm were achieved. The authors suggest that the dog’s lameness reflected neuropathic pain related to involvement of the median nerve. Compartmental resection with limb preservation was possible given the functional neuroanatomy provided by the median nerve and associated innervation.



Case report

A 7-year-old, 35-kg, female spayed golden retriever presented for evaluation of a 5-month history of progressive right thoracic limb lameness. At the onset, the primary veterinarian appreciated a mild lameness on visual gait analysis (grade 1 out of 5) (1). No other abnormalities were identified on physical examination. A complete blood count and a serum biochemistry panel were normal. Radiographs of the right elbow disclosed mild sclerosis of the trochlear notch. Treatment with omega fatty acid supplements (Vetoquinol Triglyceride Omega, Fort Worth, TX, USA) failed to improve the lameness. At re-evaluation 6 weeks later, the lameness had worsened. Physical examination remained normal except for the right thoracic limb lameness. Point-of-care serology (SNAP 4Dx Plus Test, IDEXX Laboratories, Inc., Westbrook, ME, USA) for E. canis was positive; serology for D. immitis, B. burgdorferi, and A. phagocytophilum was negative. Follow-up PCR testing for E. canis was negative. Treatment with meloxicam (0.1 mg/kg orally q 24 h for 7 days) and doxycycline (10 mg/kg orally q 24 for 14 days) failed to improve the lameness. Two months after the onset of lameness, repeat radiographic evaluation of the right elbow was unchanged. Additionally, radiographs of the shoulder and carpus were obtained and were normal with the exception of mild antebrachiocarpal joint osteoarthritis. Four months after the onset of lameness, computed tomography (CT) of the right thoracic limb was performed at different referral hospital. Apart from sclerosis at the trochlear notch, no other abnormalities were reported. Injections of methylprednisolone acetate (20 mg per injection) into the tendon sheath of the biceps brachii tendon and into the area of the tendon of insertion of the supraspinatus muscle were performed. Despite methylprednisolone therapy, the lameness persisted. Five months after onset, the dog’s lameness continued to worsen and she was referred to Red Bank Veterinary Hospital for further evaluation of the lameness.

On presentation, a grade 3 out of 5 lameness of the right thoracic limb was observed. Pain was elicited with palpation of the medial aspect of the brachium proximal to the elbow. There also was moderate atrophy of the right thoracic limb musculature. With the exception of muscular atrophy, the remainder of the orthopedic examination was normal. Likewise, neurological examination was normal.

At the time of evaluation, only the CT imaging report was available for review. Since prior diagnostic imaging failed to reveal the cause of the lameness, magnetic resonance imaging (MRI) of the cervical vertebral column, right shoulder, and elbow was performed. Prior to MRI, a complete blood count, serum biochemistry profile, and a 3-view thoracic radiographic study were obtained. The blood work and thoracic radiographs were normal. Using a 1.5 -Tesla MRI unit (GE Brivo MR355 Inspire, General Electric Medical Healthcare Milwaukee, WI) multiplanar images were obtained of the cervical vertebral column and right shoulder. For cervical vertebral column and shoulder, sequences acquired included T2-weighted (T2W) and T1-weighted (T1W) prior to and following intravenous administration of contrast medium (0.2 mL/kg of gadolinium based contrast medium [0.2 mL/kg IV, Dotarem, Guerbet Princeton, NJ]). In the craniocaudal plane, a short tau inversion recovery (STIR) sequence was obtained of the right brachium that included the elbow and shoulder joints.

In the right thoracic limb, a 1.5 cm × 5.0 cm ovoid subcutaneous mass was identified on the medial aspect of the distal brachium immediately adjacent to the brachial artery and vein. The mass was homogenously hyperintense on STIR images. (Figure 1) Subjectively, the right thoracic limb musculature was atrophied. The cervical vertebral column and right shoulder were normal. The imaging features were felt consistent with a neoplasm; however, a granuloma could not be excluded from consideration. Given the anatomic location, involvement of the median nerve was suspected. Muscular atrophy was considered secondary to disuse.

[image: Figure 1]

FIGURE 1
 (A) On a short tau inversion recovery MRI sequence obtained in the craniocaudal plane, an ovoid hyperintense mass is readily identifiable adjacent to the medial aspect of the distal portion of the right humerus (arrow). (B) The mass (arrow) observed in panel A is visible on a multiplanar reconstruction CT image created along a plane similar to the short tau inversion recovery sequence.


Having identified a mass on MRI, the prior CT study, which had been performed at a different institution, was obtained for review. At the same location as observed on the MRI, there was a well-defined, a soft tissue attenuating, ovoid mass (Figure 2).

[image: Figure 2]

FIGURE 2
 (A) On CT, the mass is identified as a round, soft tissue attenuating mass (red arrow) adjacent to the brachial artery and vein on the medial aspect of the right distal humerus (yellow arrows). (B) For comparison, the left brachial artery and vein are seen at approximately the same location on the left limb (yellow arrows). Transverse multiplanar reconstruction CT; acquired using a bone algorithm, window and level have been adjusted to make the mass most conspicuous. Inset: The yellow line is approximately the location of the transverse images in panel A and B. A-biceps brachii m. B-cleidobrachialis m. C-brachialis m. D- anconeus m. E- triceps brachii m, medial head, *- tendon of insertion of the triceps brachii muscle.


In consultation with the owner, surgical exploration with the intent of compartmental resection of the mass and limb preservation was pursued. The following day, the dog was anesthetized. The hair overlying the medial aspect of the distal brachium and elbow was clipped and the skin was aseptically prepared. A 10 cm incision was made over the medial aspect of the distal brachium just proximal to the elbow. Deep to the subcutaneous fat and deep fascia, a focal mass involving the median nerve was identified. The collateral ulnar artery was isolated and ligated at the point where it crossed the median nerve. The communicating branch of the musculocutaneous nerve was identified and transected. Compartmental resection of the mass was achieved in which the median nerve was transected approximately 5 cm proximal and distal to the mass. The fascia and skin were closed routinely.

The excised mass and median nerve were submitted for histopathology. Microscopically, the nerve was expanded and effaced by a neoplastic population of indistinct, spindle-shaped cells. In some areas, the neoplastic cells formed whorls and fascicles. The neoplastic cells had variable amounts of eosinophilic cytoplasm and elongated, oval nuclei. The nuclei contained stippled chromatin with a single nucleolus. Occasional nuclear atypia was observed. Areas of necrosis and invasion through the perineurium also were present. Throughout the mass, there were areas of positive immunoreactivity for myelin protein zero which confirms involvement of the nerve. The microscopic findings combined with the immunohistochemistry were consistent with a MNSN. At the proximal and distal cut ends of the nerve, the neoplastic cells blended with the normal nerve cells. Consequently, radiation therapy was offered, however, the owner declined treatment.

Following surgery, the patient had a grade 2 out of 5 lameness on the right thoracic limb. The patient was discharged with carprofen (2.1 mg/kg orally q 12 h) and gabapentin (8.5 mg/kg orally q 12 h) for 14 days. One week post-operatively the owner reported improvements to the lameness.

At recheck 3 months and 8 months following surgery the dog’s gait was normal. Neurologic exam also was unremarkable. Cutaneous sensory testing of the palmar aspect of the paw was not performed. Via telephone communication with the owner, the dog continues to walk normally at 12 months postoperatively.



Discussion

Lameness as a consequent to neurological dysfunction is the result of paresis/paralysis whereas lameness secondary to orthopedic disorders result in dysfunction of skeletal structures, muscles, tendons, ligaments, or joints. Neurologic and orthopedic disorders frequently are accompanied by pain which may further contribute to gait abnormalities. However, pain in the absence of an orthopedic or a neurologic disorder also may result in lameness.

Numerous classification schemes exist to categorize pain including those based on duration (acute or chronic), location, underlying disease (cancer pain), and mechanism involved (2). More broadly, pain can be classified as nociceptive or neuropathic (3). Nociceptive pain results from a noxious stimulus acting on a normal somatosensory nervous system (3). The somatosensory system, also known as general somatic afferent (GSA) system, is concerned with the perception of a noxious stimuli (nociception) as well as the perception of touch and temperature (4). In nociceptive pain, there is activation of normal receptors (nociceptors) in response to noxious stimuli. In short, nociceptive pain occurs secondary to damage or injury to non-neural tissue which evokes normal physiological activation of the somatosensory nervous system.

In contrast, neuropathic pain occurs secondary to disease or injury directly impacting either the peripheral or central nervous system components of the somatosensory system (3). In dogs, intervertebral disk herniation is commonly associated with neuropathic pain (2, 5). Persistent neuropathic pain may affect up to 15% of dogs following surgical treatment of intervertebral disk herniation (6). Moreover, neuropathic pain in dogs with intervertebral disk herniation may manifest as a nerve root signature (NRS) in which the affected dog is non-weight bearing in a standing position with possible concurrent lameness (7). In dogs with NRS secondary to caudal cervical spinal nerve root involvement, it is challenging to discern whether concurrent lameness is the result of neuropathic pain, general somatic efferent (GSE) dysfunction leading to paresis, or both.

In the present case, knowledge of the functional anatomy of the median nerve is imperative in understanding the etiology of the dog’s lameness. The median nerve arises primarily from the C8 and T1 spinal nerves with occasional contributions from the C7 and T2 spinal nerves (8). The median nerve provides both GSE and GSA innervation (8). Median nerve GSE axons innervate the pronator quadratus, pronator teres, flexor carpi radialis, deep digital flexor, and superficial digital flexor muscles (8). GSA axons, via the palmar branches of the median nerve, innervate cutaneous areas of the palmar aspect of the forepaw distal to the carpus (8). In the present case, GSE dysfunction can be excluded from playing a role in the cause of the lameness. Firstly, experimental transection of the median nerve in normal dogs does not produce an observable gait disturbance or lameness (9). Moreover, if GSE dysfunction contributed to the cause of the dog’s lameness, a worsening lameness postoperatively would have been anticipated as the median nerve was transected during compartmental resection of the neoplasm. In fact, the opposite occurred; the lameness completely resolved following resection of the neoplasm and transection of the median nerve proximal to the neoplasm along with transection of the communicating branch of the musculocutaneous nerve. Therefore, it is most plausible that with transection of median nerve, loss of GSA function abolished neuropathic pain secondary to the neoplastic infiltration of the nerve.

Ultimately, neuropathic pain can be challenging to identify. While subjective and objective methods of establishing pain exist, differentiating neuropathic pain from nociceptive pain is difficult in noncommunicating species. In the present case, neuropathic pain, as a result of neoplastic infiltration of the peripheral somatosensory nervous system, alone remains the most plausible explanation for the lameness. The MNSN affecting the median nerve fulfills the definition of neuropathic pain in that the median nerve conveys GSA information.

While neuropathic pain is often treated with analgesic medications, compartmental resection of the MNSN not only resolved the neuropathic pain as evidenced by a return of a normal gait but also constituted a definitive treatment. Conventionally, treatment of MNSNs in dogs frequently consists of local surgical excision and transection of the involved innervation combined with limb amputation (10–16) Treatment also may involve radiation therapy alone or following surgery (10, 12, 14–17). Depending on the extent of proximal invasion by the neoplasm, laminectomy may be required to excise neoplastic invasion within the intervertebral foramen, vertebral canal, or into the spinal cord, in an attempt to obtain margins histologically clear of neoplastic cells. Despite excessive surgical excision including laminectomy, achieving clear histological margins is difficult. Survival times with surgical excision and amputation vary widely and most reports do not provide the specific anatomic location of neoplasm along the course of the affected nerve(s). In general, dogs treated with local excision and amputation with or without radiation therapy, the median survival times vary from 120 days to 1,303 days with most studies reporting approximately 1 to 2 years (10, 12, 14–16, 18). In dogs with neoplastic extension into the intervertebral foramen, vertebral canal, or the spinal cord, the median survival time may be as short as 5 months, suggesting histological margins are important (14). In other studies, the influence of obtaining histologically clear margins is uncertain as clear margins did not significantly affect survival times (10, 12, 18). It is possible that such survival data is confounded by adjuvant radiation therapy (12).

In the present case, knowing the median nerve GSE function does not contribute to maintaining a normal gait, compartmental resection of the neoplasm with limb preservation was able to be performed. Conceptually, compartmental resection entails excision of the anatomical “compartment” that contains the neoplasm (19). In the setting of soft tissue sarcoma, the muscle or muscle groups containing the neoplasm are excised in an attempt to remove the neoplasm within the robust anatomic borders provided by the normal tissue rather than making arbitrarily sized borders (19). Compartmental resection with limb preservation may offer survival times similar to, if not longer, than excision and amputation (10, 12). Median survival time for dogs undergoing compartmental resection and limb preservation may be as long as 1,303 days (10). In the context of a MNSN, the “compartment” is likely considered the nerve itself. Consequently, neoplastic infiltration outside the epineurium may be an important determinant in considering compartmental resection with limb preservation. Neoplastic infiltration may confer higher recurrence rates and shorter survival times than non-infiltrative neoplasms (median survival time of 487 days vs. 2,227 days, respectively) (10). To date, the histologic diagnosis of MNSN can be difficult given variation in histological features of MNSN, histological similarities shared with other mesenchymal neoplasms, and the lack of specific immunohistochemical markers unique to MNSNs (20). Moreover, histological features do not impact survival following surgical resection (12).

Importantly, compartmental resection with limb preservation offers the potential of return of normal limb function. With compartmental resection, restoration of normal limb function occurs in approximately 60% of dogs with the remainder of dogs having residual lameness. Given the importance of the radial nerve to the maintenance of the gait, compartmental resection of neoplasms involving the radial nerve should be carefully considered as postoperative gait deficits are likely (10).

To the authors’ knowledge, four cases of MNSN involving the median nerve have been well documented (10, 11, 21, 22). The exact anatomic location of the neoplasm along the course of the median nerve was reported in three dogs (10, 11, 22). In two dogs the neoplasm was located at the level of the elbow; however, excision with amputation was performed in both dogs making comparison to the present case difficult (11, 21). In one dog, the neoplasm was located adjacent to the carpus and compartmental resection with limb preservation was performed (22). One month postoperatively, lameness was considered minimal (22). Further description of the dog’s gait was not provided. Limb amputation was performed at 26 months postoperatively due to recurrence (22). In the fourth case, the anatomic site of the neoplasm affecting the median nerve was not reported and the dog underwent compartmental resection with limb preservation (10). Although lameness improved postoperatively, the dog maintained a persistent weight-bearing lameness, experienced recurrence, and survived for 306 days (10). In contradistinction to the present case, reports of dogs treated with compartmental resection for MNSN of the median, lameness persisted postoperatively (10, 22).

Results achieved in the present case combined with previous reports suggest that compartmental resection of MNSN involving the median nerve with limb preservation is an acceptable treatment strategy providing survival times comparable to resection and limb amputation. Microscopic assessment of the proximal extent of the neoplastic involvement of the nerve should be performed to assess completeness of resection. Although experimental transection of the median nerve in normal dogs does not produce lameness, residual lameness may remain in dogs treated with compartmental resection for MNSN involving the median nerve (10, 22). While GSE dysfunction may play a role in postoperative lameness, new or persistent neuropathic pain may also contribute to the clinical signs. Future studies should investigate additional therapeutic interventions for the treatment of neuropathic pain in dogs having undergone compartmental resection that demonstrate residual neuropathic pain or lameness.

The present case report has several limitations. Chiefly, it is challenging to infer broad conclusions from a single case. Comparison to previously reported cases is hindered by differences in preoperative patient assessment, surgical techniques, and means of follow-up. While follow-up in the present case was collected via direct examination and telephone communication, imaging was not performed to assess the potential for recurrence at the surgical site. While recurrence may be present, maintenance of a normal gait suggests otherwise. Likewise, thoracic radiographs were not performed to assess for metastasis. Despite such drawbacks, the successful resolution of lameness postoperatively supports the notion that neuropathic pain may solely underlie the lameness observed in dogs with MNSN. Ultimately, the present case adds to the growing body of literature supporting the role of compartmental resection with limb sparing in providing long term survival for the treatment of MNSN in dogs.



Conclusion

Dogs with malignant nerve sheath neoplasms frequently are presented for lameness as a result of paresis alone or in conjuction with neuropathic pain. Knowledge of the functional neuroanatomy of both the GSE and GSA innervations helps guide clinicians with treatment options. Although conventional treatment for MNSN involves excision combined with limb amputation, in cases involving innervation that has a limited impact on the ability to bear weight and walk, such as those involving the median nerve, compartmental resection with limb preservation may be considered. Even in cases involving radial nerve innervation in which residual deficits are expected, compartmental resection may improve lameness through alleviation of neuropathic pain (10). Postoperative care directed at control of neuropathic pain may result in additional improvement in limb function.
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SUPPLEMENTARY VIDEO 1 | Visual gait analysis at the time of presentation, a grade 3 out of 5 lameness of the right thoracic limb is present.



SUPPLEMENTARY VIDEO 2 | 3-month after compartmental resection of a malignant nerve sheath neoplasm of the median nerve, the dog’s gait is normal.



SUPPLEMENTARY VIDEO 3 | An incision has been made on medial aspect of the right thoracic limb just proximal to the elbow. The median nerve has been isolated and retracted out of the surgical field using DeBakey hemostats. The closed tips of a Brown-Adson forceps trace the nerve from proximal (left side of the video) distally into a mass involving the median nerve. The smaller nerve that enters the mass is the communicating branch of the musculocutaneous nerve. In the second segment of the video, curved mosquito hemostats are used to grasp the proximal transected end of the median nerve to aide in the dissection of the mass distally (the elbow is toward the top left corner of the video).
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Case report: Successful surgical resection of an intracranial frontal lobe dermoid cyst in a cat
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Introduction: Intracranial dermoid cysts (IDCs) are rarely observed in veterinary medicine, and reports regarding treatment strategies for feline IDCs are severely lacking. This report describes the surgical management of epileptic seizures caused by IDCs in a cat.

Case presentation: An 8-year-old, spayed, female American Shorthair cat presented with epileptic seizures. The epileptic seizures, which had developed at the age of 5 years, had been controlled by phenobarbital administration. At 8 years old, the cat contracted acute hepatitis, prompting a switch from phenobarbital to other antiseizure medications. This drug switch caused an increase in the frequency of epileptic seizures. Magnetic resonance imaging (MRI) revealed a dermoid cyst as a heterogeneous intensity mass on T2-weighted images, without falx cerebri displacement. The preoperative seizures occurred more than three times a day (cluster seizures), even though the cat was administered multiple antiseizure medications. The seizures ceased after surgical removal of the dermoid cyst. The cat did not experience seizures for 14 months after surgery, even with discontinuation of antiseizure medications.

Conclusion: In cats, surgical removal of frontal lobe IDCs may effectively control epileptic seizures without fatal complications, thus potentially leading to a great prognosis.
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1 Introduction

Intracranial dermoid cysts (IDCs) are rare in veterinary medicine, although they have been occasionally reported (1–3). IDCs are congenital lesions characterized as benign mass lesions in the cranial cavity containing keratinaceous debris and adnexa, which include hair follicles, sebaceous, apocrine, and sweat glands covered by squamous epithelium (3). Dermoid cysts originate from ectoderm and mesoderm remaining in the embryonic fusion plane (4). Intracranial extension of nasal dermoid cyst in a cat has been also reported (5). Reports of surgical management of a dog treated with ventriculoperitoneal shunt (3) and a cat treated with surgical removal (5) are available; however, to date, there are no reports of successful surgical treatment of IDCs in cats worldwide, and information on treatment strategies for feline IDCs is severely lacking. In this report, we describe the clinical symptoms, diagnostic findings, surgical procedures, and outcomes of a cat with frontal lobe IDCs.



2 Case presentation


2.1 Signalment and history

A 5-year-old spayed female American Shorthair cat presented to a local veterinary hospital with a single epileptic seizure (day 1). Computed tomography revealed an intracranial 7.4 mm × 8.6 mm × 13 mm mass located in the frontal lobe region. The primary veterinarian suggested surgical intervention for the mass; however, the owners declined and elected to manage the seizures. Phenobarbital (3 mg/kg, PO, q12h, Phenobal tablets 30 mg, Daiichi Sankyo, Inc., Tokyo, Japan) was administered, and the patient was seizure-free for 3 years. However, 3 weeks before visiting the Animal Medical Center of Gifu University (day 872), when the cat was 8 years old, she developed acute hepatitis. The local veterinarian discontinued phenobarbital administration and switched to zonisamide (3 mg/kg, q12h, PO, CONSAVE tablets 25 mg, DS Pharma Animal Health, Osaka, Japan) due to the deterioration of hepatic function. After this switch, cluster seizures were observed, and levetiracetam (20 mg/kg, q8h, PO, E Keppra tablets 250 mg, UCB Japan, Tokyo, Japan) and gabapentin (5 mg/kg, q8h, PO, GABAPEN tablets 200 mg, Pfizer Japan, Tokyo, Japan) were administered. The additional antiseizure medications resulted in 3 seizure-free days. The acute hepatitis was treated with enrofloxacin (5 mg/kg, PO, q24h, Enroclear 50 mg tablet; Kyoritsu Seiyaku Corporation, Tokyo, Japan), amoxicillin (11 mg/kg, PO, q12h, Amoxiclear 100 mg tablet, Kyoritsu Seiyaku Corp.), and prednisolone (1 mg/kg, q24h, PREDONINE 5 mg; Shionogi Pharma Corp., Osaka, Japan). This treatment improved her condition and elevated hepatic enzyme levels.

The patient presented to the Animal Medical Center of Gifu University on day 889 for further examination and treatment of the intracranial mass and epileptic seizures. At presentation, the vitals were normal, and the physical examination was unremarkable. All items of the complete blood count were within the normal range, and serum biochemistry was mostly normal except for mildly increased alanine aminotransferase (ALT; 107 IU/L, reference interval: 22–84 IU/L). Thoracic and abdominal radiography was also normal. Neurological examination revealed the menace response reduced bilaterally. The clinical history and neurological examination suggested that the neurolocalization was forebrain. Magnetic resonance imaging (MRI; 3.0-T magnet, Achieva 3.0 T, Philips Japan, Tokyo, Japan) revealed a mass lesion (8.9 mm × 10 mm × 13 mm) in the left frontal lobe. Transverse, sagittal, and dorsal T1-weighted images (T1WI; TR, 2,000 ms; TE, 8) and T2-weighted images (T2WI; TR, 3,600; TE, 90) and T2-w fluid-attenuated inversion recovery (FLAIR; TR, 10,000 ms; TE, 100 ms) were obtained. Transverse T2*-weighted images (T2*WI; TR, 780 ms; TE, 18 ms) were also acquired. Postcontrast T1WI was obtained following intravenous administration of gadodiamide contrast medium (0.1 mmol/kg, Omniscan; GE Healthcare, Tokyo, Japan). Postcontrast T1WI was acquired in the transverse, sagittal, and dorsal planes. All slice thicknesses were 2 mm. The lesion showed heterogeneous signal intensity on T2WI, which was mainly isointense, and showed internal hyperintensity and hypointensity in the remaining part compared with the normal brain gray matter (Figures 1A,D,E). The margins were demarcated. The T1WI demonstrated hyperintensity at the margins and heterogeneous hyperintensity inside the mass (Figure 1B). The postcontrast T1WI revealed slight contrast enhancement at the margin of the mass (Figure 1C). The white matter adjacent to the mass appeared as the hypointense region in T2WI and T2*WI and isointense without contrast enhancement in T1WI. However, peripheral brain edema was not observed (Figures 1A,D,E). Although the lesion mildly compressed the brain parenchyma, displacement of the falx cerebri was not observed (Figures 1A,D). The abnormality of the cribriform and nasal cavity was not detected as well. The cerebrospinal fluid (CSF) could not be obtained. Considering the case signalment, the clinical history, and the MRI findings, the differential diagnosis included anomalous (such as dermoid cyst, epidermoid cyst, and subarachnoid cyst), infectious or inflammatory (such as cholesterol granuloma, toxoplasma gondii granuloma, brain abscess, and cryptococcal granuloma), and neoplastic diseases (meningioma and lymphoma). However, none of those diseases were completely consistent with the findings of this case.
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FIGURE 1
 Magnetic resonance imaging of intracranial dermoid cysts (IDCs). The transverse T2-weighted image demonstrates a mass lesion with heterogeneous intensity at the midline. The center of the mass lesion is hyperintense, and the periphery is isointense to hypointense (white arrowhead) (A). This transverse T1-weighted image shows the center is hypointense, and the periphery is isointense to hyperintense (B). The edge of IDCs is mildly contrast enhanced in the transverse postcontrast T1-weighted image (white arrow) (C). The falx cerebri midline shift is not observed at the middle level of the IDCs (A, yellow arrow). However, the brain parenchyma has shifted to the left side at the caudal slice of the IDCs in the transverse T2-weighted image (D, yellow arrowhead). The transverse T2-weighted images showed a hypointense area in the white matter adjacent to the IDCs without edema, and it was demonstrated as an isointense area without contrast enhanced in T1WI (yellow dotted circle) (A–D). This lesion was also detected as a hypointense area on the T2* transverse image (E, yellow dotted circle). The preoperative (F) and postoperative (G) midsagittal planes of T2-weighted images demonstrated that IDCs have been completely removed after surgery, and the saline used during the surgery is accumulated in the extraction cavity (G).


Presumably, the epileptic seizures would be difficult to control with medical therapy despite the administration of multiple antiseizure medications hereafter because cluster seizures were observed again the day after the first presentation at the Animal Medical Center of Gifu University (day 875). Moreover, the cluster seizures were observed almost every day after day 875. The dose up of the antiseizure medications seemed to be required to control the seizures with medicine. However, the effect of increasing the dose of medicines would not be immediate. The owners decided to have the cat undergo surgical removal of the mass, which was performed on day 907.



2.2 Surgical procedure

The cat was induced with alfaxalone [2.5 mg/kg, intravenous (IV) to effect, Alfaxan multidose; Meiji Animal Health, Kumamoto, Japan] and maintained with sevoflurane with 40% 02 and alfaxalone, constant rate infusion (CRI) (3–4 mg/kg/h). She was also administered cefazolin sodium (20 mg/kg, IV, Cefamezin Alpha; LTL Pharma, Tokyo, Japan), maropitant citrate (1 mg/kg, SC, Cerenia, Zoetis Japan, Tokyo, Japan), famotidine (0.5 mg/kg, IV, Gaster injection 20 mg, LTL Parma), and prednisolone (1 mg/kg, SC, prednisolone injection; Kyoritsu Seiyaku, Tokyo, Japan) as pre-anesthetic medication. The patient was positioned in ventral recumbency on a vacuum bean bag. Adequate intraoperative analgesia was achieved with fentanyl (20–30 mcg/kg/h CRI, fentanyl injection 0.5 mg, Terumo, Tokyo, Japan). Dopamine hydrochloride (1–13 mcg/kg/h, CRI, dopamine hydrochloride 100 mg IV infusion, Nipro, Osaka, Japan) was used to control intraoperative blood pressure. Craniotomy was performed using a transfrontal sinus approach. After craniotomy, the dura mater was incised, and the mass was approached through a cortical incision in the left frontal lobe. When the hard mass covered by a capsule was visually recognized, the capsule was incised, and internal decompression of the mass was performed. A large amount of keratinized material, including hair, was collected from inside the mass (Figure 2). Some of the contents were subjected to bacterial culture testing. The mass was internally decompressed, and the capsule was separated from the surrounding brain parenchyma. The brain parenchyma around the mass seemed normal. The brain parenchyma and capsule were easily separable. As the capsule of the mass was completely continuous with the falx cerebri, the capsule of the mass was excised along with the falx cerebri. The rostral part of the mass was attached to the lamina cribrosa; therefore, it was cauterized and sectioned using bipolar on the rostral side as far as possible. After the irrigation of the extraction cavity with sterile saline, the dural replacement was performed using the fascia. The left temporal fascia was collected and divided into two pieces: one was attached to the cranial cavity side of the cribriform plate, whereas the other was used for dural reconstruction. Fibrin glue (Beriplast P Combi-Set Tissue adhesion, CSL Behring, Tokyo, Japan) was used to adhere the dura mater to the fascia graft. The skull was reconstructed using excised bone flaps, titanium screws (U-CMF AXS Self-drilling Screw 3 mm; Stryker, Tokyo, Japan), and titanium plates (Dynamic Mesh 0.6 mm, Stryker). The bone flap was returned to the originated location and stabilized with tiny, thin titanium plates and screws on four sides instead of sutures. MRI examination was performed immediately after surgery, and complete removal of the mass was confirmed (Figures 1F,G).
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FIGURE 2
 Surgical microscopic image (A) and the macroscopic image of the resected intracranial dermoid cysts (IDCs) soaked in saline (B). IDCs contain hair (black arrow) and keratin (arrowhead) (A). The hair is separated from the IDC contents and is floated in saline (B). The image in the top right rectangular dashed frame is a magnified image of hair suspended in saline (B).


The histopathological findings were the cyst wall was formed by the stratified squamous epithelium, and the cyst contained exfoliated keratin that was arranged concentrically, hair, and inflammatory cells such as lymphocytes and macrophages but did not include the skin adnexa (Figure 3). An epidermoid cyst was suspected by the postoperative histopathological examination; however, the finding that the mass contained hair was not consistent with the feature of epidermoid cysts. The bacterial culture test results were negative. The mass was made a diagnosis of IDCs based on the comprehensive evaluation of the clinical and histopathological findings.
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FIGURE 3
 Histopathological image of the intracranial dermoid cyst. The cyst is lined by the stratified squamous epithelium. Concentric layers of exfoliated keratin are observed in the cyst. Lymphocyte and macrophage infiltrates around the cholesterol clefts and hair are also observed. Hemorrhage, hemosiderin-laden macrophages, and multinucleated giant cells are also observed in the inflammatory focus. At the edge of the inflammatory foci, the proliferation of collagen fibers, angiogenesis, and calcification is revealed.




2.3 Postoperative clinical course

No postoperative neurological deficits were observed, and the patient was discharged 1 day after surgery and administered an antibacterial drug (cephalexin, 17 mg/kg, PO, q12h, Cefaclor tablet 75; Kyoritsu Seiyaku Corp.) and antiseizure medications, including zonisamide (6 mg/kg, PO, q12h) and levetiracetam (15 mg/kg, PO, q12h).

Two weeks after surgery, the surgical wound became infected because the cat rubbed the surgical wound against the wall. Potassium clavulanate amoxicillin hydrate (15 mg/kg, PO, q12h; Augmentin Combination Tablets; GSK, Tokyo, Japan) was administered, which resulted in complete scar closure.

The epileptic seizures disappeared after surgery, and antiseizure medications were tapered off and completely discontinued on day 964. On day 1,337 (approximately 14 months after surgery), the cat presented to the local clinic for a health checkup. The patient was making good improvement without seizures and other neurological deficits, even after the discontinuation of the antiseizure medications. Radiographs showed no abnormalities in the titanium plates and screws as well (Figure 4).
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FIGURE 4
 Radiographs of head on the day 1,377. Four titanium plates and eight screws are used to stabilize the outer plate of the frontal sinus. Alternation in opacity around the implants or implant migration is not observed.





3 Discussion

To our knowledge, this was the first report of a dermoid cyst in the frontal lobe of a cat that was successfully treated. Three case reports of IDCs have been presented in veterinary medicine (2, 3, 5). As clinical symptoms, a dog with IDCs in the fourth ventricle had head tilt, hind limb ataxia, aggressive behavioral change, and a 7-month history of progressive abnormal behavior such as avoiding exercise and bumping into obstacles (3). Another dog with IDCs in the left cerebellar peduncle presented head tilt and a 3-year history of episodes of hind limb weakness and ataxia (2). One case report described a cat with a nasal dermoid cyst that extended to the calvarium and contacted the left olfactory bulb and frontal lobe (5). In this case, the clinical signs were symptoms of the forebrain, including focal epilepsy. Reported clinical signs of infratentorial IDCs include hind limb ataxia and vestibular dysfunction (2, 3). Fourth ventricle IDCs can also present with signs involving the forebrain, including increased aggression and visual impairment, although these clinical signs suggest secondary obstructive hydrocephalus (3). The forebrain signs for fourth ventricle IDCs in the previous report did not include epileptic seizures but included mentation abnormalities, whereas those of IDCs affected the frontal lobe in both of the cases previously reported and our case included only epileptic seizures. The differences in forebrain signs between the secondary obstructive hydrocephalus and the fourth ventricle and frontal lobe IDCs may include increased aggression and behavior changes.

The intracranial cyst in this case contained not only the squamous epithelium but also a small amount of hair. Dermoid cysts have been reported as intracranial mass lesions which commonly contain hair in human medicine, whereas epidermoid cysts, which have similar pathological features to dermoid cysts, contain only the squamous epithelium. The difference between dermoid cysts and epidermoid cysts is the presence of not only hair but also the skin adnexa, including dermal elements such as hair follicles, sebaceous glands, and sweat glands in humans (6). IDCs sporadically have been reported in veterinary medicine, including one feline case (3, 5). The MRI findings of the previous feline case with dermoid cyst were heterogeneous hyperintensity on both T1WI and T2WI, rim contrast enhancement, located midline, and nasal cavity lesion extending through the cribriform plate and into the calvarium (5). These features are remarkably similar to our case; however, a nasal lesion connected to the intracranial mass was not detected by imaging modalities. The MRI findings and the presence of hair suggested it was a dermoid cyst, although the histopathological examination could not have detected the skin adnexa. Our case was eventually diagnosed with IDCs based on an MRI and the presence of hair in the cyst. The definitive reason for the cyst containing hair was unclear. One of the possibilities is that the intracranial mass connects to the invisible small nasal dermoid cyst resulting in the intracranial mass being made as the cyst that contains hair. Monitoring with imaging modalities such as CT and MRI may be necessary hereafter whether any nasal cavity lesions are detected.

Common intracranial mass lesions are accompanied by a mass effect (7). Usually, mass lesions are also unevenly distributed on either the left or right side (7). However, in this case, no obvious displacement of the falx cerebri was observed, whereas displacement of the brain parenchyma due to the mass effect occurred. This is consistent with the pathophysiology of this condition, in which the epithelial tissue remains in the neural tube when the brain is formed during neural tube closure in the embryonic period (8). In human medicine, IDCs are already known to be predominantly observed near the midline structure (8). The midline location of the mass and the absence of displacement of the falx cerebri might be one of the characteristic findings in frontal lobe IDCs in veterinary medicine as well. A mass effect in the brain parenchyma may be caused by IDC growth after birth, although there was no evidence of significant IDC size increase between the CT images on day 1 and MR images on day 889 in this case. The size increase might have been associated with the onset of the epileptic seizure, if it had occurred before the onset of the epileptic seizure. The alternation in the IDC size could not have been perceived because clinical symptoms other than epileptic seizures were not observed.

There was no significant change in the size of the IDCs between days 1 and 889. It seemed to be slightly larger in vertical and horizontal length; however, the difference is a minor change that is potentially affected by the difference in imaging modality. This finding suggested that the cause of increased seizure frequency was not IDC enlargement. The other possible cause could be withdrawal seizures. Administration of the initial antiseizure medication, phenobarbital, was discontinued rather than tapered off. This sudden change in antiseizure medication could result in withdrawal seizures. To prevent withdrawal seizures, the dose of the antiseizure medications is recommended to be decreased by 20% or less on a monthly basis (9). However, phenobarbital discontinuation was inevitable because of severe hepatic dysfunction in this case. Readministration of phenobarbital in this case also was not recommended, even though cluster seizures were observed with other antiseizure medications, such as zonisamide, levetiracetam, and gabapentin. The seizures eventually completely ceased after surgery; this result suggests that the cause of the seizures is potentially associated with the presence of IDCs. The remaining possibilities of the cause could be the inflammation and hemorrhage inside or outside the IDCs. Histopathological examinations revealed chronic inflammation and hemorrhage in the IDCs. T2WI and T2*WI on MRI showed a hypointense region in the white matter adjacent to the IDCs, which could be a chronic hemorrhage outside of the IDCs (10). T2* WI hypointense lesions include hemorrhage, mineralization, gas, fibrous tissue, and iron deposits (10). Mineralization, gas, and fibrous tissue were hypointense in both T2WI and T1WI, which is not consistent with our case. Iron deposits including hemorrhage (deposits of hemosiderin) could be the lesion. However, intraoperative findings did not reveal hemorrhage in the white matter around the IDCs. It is possible that the lesion was small, chronic, and a mild change, and it was located inside the normal brain parenchyma, so the surgeon could not recognize the alternation. The IDCs may have elicited inflammation of brain tissue surrounding the IDCs; however, evidence could not be identified from preoperative MRI and intraoperative findings. CSF analysis could have been useful for detecting intracranial inflammation, although CSF was not collected in this case.

Surgical intervention for IDCs has been reported in a cat (5) and a dog (3). The neurological signs, including focal seizure activity, of the cat who had surgical resection of IDCs continuous with a nasal lesion at the frontal lobe temporarily improved, but rhinosinusitis with suspected local meningitis of the left olfactory bulb was observed as the complication more than 8 months after surgery, and the seizure activity relapsed (5). In our case, the mass lesion was found only in the cranial cavity, so the destruction of the cribriform plate was not observed even after surgery. It was suggested that the infection of the sinus and meninges was not observed because of the intact cribriform plate in our case. If the IDCs are connected to the nasal lesion, the complications of the infection of the sinus and meninges should be monitored, although the risk of such complications may be lower for the IDCs localized only to the frontal lobe. However, the skin adnexa, including hair follicle, was not observed in the pathological tissue of our case. This finding indicates the possibility that there is a residual lesion around the resection cavity. The prognosis of this case was excellent at 14 months after surgery, although longer follow-up and MRI scans are required because the possibility of recurrence and infection is still present. The dog with IDCs in the fourth ventricle and secondary hydrocephalus was treated with a ventriculoperitoneal shunt. The neurological deficit improved temporarily; however, the dog was euthanized because of the deterioration of neurological symptoms 4 weeks after surgery. To our best knowledge, there is no report of the resection of the medullary IDCs, although there are two reports of direct surgical intervention for the fourth ventricle of the intracranial epidermoid cyst, which has a similar pathology to IDCs. The medulla oblongata was injured by surgical invasion in the dog who underwent surgical resection of an intracranial epidermoid cyst in the fourth ventricle (11). In another previous report, a suboccipital approach for intracranial mass lesions and abnormal results on preoperative neurologic examination, including head tilt and abnormal mentation, were identified as risk factors associated with death (12). In addition, the odds ratio of death with a suboccipital approach increased in dogs with brain stem tumors in this report (12). Our feline case, which had frontal lobe IDCs, did not develop any fatal complications except for surgical wound infection as a minor complication. This result suggests that the risk factors associated with the surgical removal of IDCs are similar to other intracranial masses, including epidermoid cysts and brain tumors. The decision to perform surgical intervention ought to be made with caution if IDCs or epidermoid cysts are located in the infratentorial region, whereas the surgical resection of frontal lobe IDCs could be a relatively safe and reasonable treatment option.

Therefore, surgical resection of frontal lobe IDCs should be considered as a therapeutic option, especially if clinical symptoms are difficult to control with medicinal therapy. In our case, the macroscopic lesion of IDCs was completely removed, and the clinical signs have not recurred over 1 year after the surgery.
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SUPPLEMENTARY VIDEO S1 | The video shows intracranial surgical manipulation for extraction of dermoid cyst. The capsule of dermoid cyst was observed after incision of the dura matter and the cerebral cortex of the left frontal lobe. The capsule was made incision, white keratinized material and hair were recognized in the capsule. Internal decompression of the cyst was completed, and the capsule was easily detached and removed from the normal brain parenchyma.
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Case Report: Ischemic brain infarction and cognitive dysfunction syndrome in an aged dog
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This case report describes a rare occurrence of canine cognitive dysfunction syndrome (CDS) accompanied by ischemic brain infarction, providing insights into the relationship between neurodegeneration and cerebrovascular pathology in aged dogs. A 19-year-old neutered male miniature poodle exhibited progressive behavioral changes over three years, including nocturnal restlessness, inappropriate urination, and aimless wandering. Neurological examination revealed mild disorientation, decreased proprioception, and weakened postural reactions in the hind limbs, with a cognitive dysfunction rating (CDDR) score of 64 indicating severe cognitive impairment. Magnetic resonance imaging (MRI) revealed hallmark indicators of brain atrophy, such as widened cerebral sulci and ventricular enlargement, along with multifocal ischemic lesions in the right parietal and occipital area. Histopathological findings confirmed widespread neurodegeneration, including severe vacuolation and neuronal necrosis in the precentralis interna and anterior subcallosal regions. Congo Red-positive staining identified amyloid-like deposits in cerebral vessels, and Lewy bodies in the brainstem suggested concurrent vascular and amyloid pathology. This case provides evidence of a potential connection between cerebrovascular pathology and CDS, indicating that ischemic and hemorrhagic lesions may aggravate neurodegeneration and contribute to cognitive and neurological deficits. The coexistence of brain infarction and amyloid deposits in this dog resembles pathological processes observed in human conditions such as Alzheimer’s disease and vascular dementia, highlighting the multifactorial nature of CDS. Advanced neuroimaging and histopathological analysis were critical in diagnosing and understanding this complex interaction. Further research is needed to clarify the mechanisms linking neurodegeneration and cerebrovascular disease in aging dogs.
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Introduction

Canine cognitive dysfunction syndrome (CDS) is a neurodegenerative disorder observed in aging dogs, often compared to Alzheimer’s disease (AD) in humans due to similar clinical signs and neuropathological features (1, 2). CDS primarily affects dogs older than eight years, leading to progressive cognitive decline, behavioral abnormalities, and memory impairment, closely resembling human dementia (3). These similarities have positioned CDS as a valuable translational model for studying neurodegenerative diseases, contributing to a better understanding of disease mechanisms across species (2, 4). However, CDS remains underdiagnosed, resulting in many untreated cases and significantly affecting the quality of life for both affected dogs and their caregivers.

Despite these similarities, significant pathological distinctions exist. While both CDS and AD involve neuronal degeneration and vascular changes, hallmark features of AD, such as neurofibrillary tangles and Hirano bodies, are absent in dogs with CDS (1, 2, 5, 6). Nevertheless, studies indicate that tau hyperphosphorylation and amyloid-β accumulation in the aging canine brain may contribute to cognitive impairment, reinforcing the need for further research into shared and distinct pathological mechanisms (6, 7).

Cerebrovascular pathology, including brain infarction, is uncommon in dogs and has rarely been documented alongside CDS (8). However, recent studies suggest that neuroinflammation, oxidative stress, and vascular dysfunction may contribute to both neurodegenerative and cerebrovascular diseases, underscoring the importance of evaluating their potential interplay (7, 9, 10). Investigating these connections may improve our understanding of their impact on aging animals and guide clinical management.

This case report presents a rare occurrence of CDS accompanied by brain infarction in a geriatric dog. Imaging and histopathological analyses were conducted to explore the potential relationship between cognitive dysfunction and cerebrovascular pathology, offering insights into similar conditions in aging animals.



Case description


Case presentation and diagnostic investigations

A 19-year-old neutered male miniature poodle, weighing 5.2 kg, was presented with progressive behavioral changes, including nocturnal restlessness, excessive barking, aimless wandering at night, and compulsive pacing. Additional clinical signs included inappropriate urination and intermittent oral bleeding. The owner reported a gradual progression of these clinical signs over three years, leading to concerns about the dog’s overall health and the possibility of CDS.

On physical examination, the dog appeared lethargic and less responsive to environmental stimuli. Pale mucous membranes were noted, and a firm mass was palpable in the right maxillary region. Mild respiratory distress was observed, with a respiratory rate of 40 breaths per minutes. Additionally, a suspected mammary gland tumor was identified in the left fourth mammary gland. Other physical examination findings were unremarkable. The neurological status of the dog was evaluated. The dog showed mild disorientation and slightly decreased proprioception in all limbs. The cranial nerve examination was unremarkable, and postural reactions were mildly weakened in the hind limbs. The spinal reflexes were within normal limits.

An assessment for CDS was conducted based on the dog’s medical history, clinical signs, physical examination and neurological findings. The dog scored 64 points on the canine cognitive dysfunction rating scale (CCDR) (11), indicating severe cognitive impairment.

Hematological evaluation revealed severe anemia [hematocrit (HCT) 13.5%, reference interval (RI) 37.3–61.7%; red blood cell count (RBC) 1.79 × 10^12/L, RI 5.65–8.87 × 10^12/L; hemoglobin (HGB) 4.1 g/dL, RI 13.1–20.5 g/dL] and marked leukocytosis [white blood cell count (WBC) 30.75 × 10^9/L; RI 5.05–16.76 × 10^9/L]. Reticulocytosis was significant (333.6 × 10^3/μL; RI 10–110 × 10^3/μL). Biochemical analyses showed mild elevations in symmetric dimethylarginine (SDMA) levels (15 μg/dL; RI ≤ 14 μg/dL), alanine aminotransferase (57 U/L; RI 0–50 U/L) and alkaline phosphatase (1,036 U/L; RI 23–212 U/L), alongside markedly elevated C-reactive protein (50.8 mg/dL; RI 0–10 mg/dL). Electrolyte levels were within normal limits.

Diagnostic imaging was performed to assess the maxillary and mammary masses and evaluate systemic involvement. Computed tomography (CT) of the head revealed a 2.4 × 0.8 × 4.5 cm mass in the right maxilla, with extensive alveolar bone resorption affecting the maxillary premolars and molars, while the medial cortical bone remained intact. CT of the left mammary region identified a calcified mass (1.9 × 2.9 × 3.0 cm) suggestive of a subcutaneous mammary gland tumor. No evidence of metastasis was observed.

Neurological signs prompted magnetic resonance imaging (MRI), which revealed widened cerebral sulci and ventricular enlargement, consistent with brain atrophy. The ventricle-to-brain height ratio (VBHR) was 24–25%, exceeding the normal threshold (< 15%), indicating ventricular dilation. The interthalamic adhesion (ITA) measured 5.41 mm, which is lower than the normal range (6.09–7.49 mm) but thicker than the range typically observed in dementia (3.03–4.61 mm) (25). (Figure 1). T2-weighted and diffusion-weighted imaging (DWI) demonstrated multifocal hyperintensities in the right parietal and occipital area, located in the dorsolateral regions of the cerebrum, consistent with ischemic lesions. Apparent diffusion coefficient (ADC) mapping confirmed restricted diffusion, indicative of brain infarction (Figure 2). These findings were suggestive of cerebrovascular abnormalities contributing to cognitive dysfunction and neurological deficits.
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FIGURE 1
 Transverse T2-weighted magnetic resonance images of CDS dog at the level of the interthalamic adhesion. The measurement of the interthalamic adhesion was 5.41 mm and heights of the right and left ventricles (ventricle to brain height ratio) is measured at 24–25% in the transverse view (A,B). Generalized broadened and deeply observed cerebral sulci, along with ventricular enlargement was also prominent at the sagittal view (C).
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FIGURE 2
 Transverse T2-weighted, diffusion-weighted imaging (DWI) and an apparent diffusion coefficient (ADC) magnetic resonance images of a dog with multifocal brain infarcts. Lesion locates in the right parietal (A–C) and occipital area (D–F) appears hyperintense with peripheral hypointensity (arrows) on T2 (A,D) and DWI (B,E), and hypointensity (arrowhead) on an ADC map (C,F).


Given the severity of the clinical conditions, including advanced CDS and cerebrovascular disease, humane euthanasia was elected. A limited post-mortem examination focusing on the central nervous system was performed to confirm the imaging findings and obtain a comprehensive understanding of the underlying pathology.

Histopathological analysis revealed extensive neurodegeneration, with widespread vacuolation and neuronal necrosis prominently affecting the precentralis interna and anterior subcallosal regions (Figures 3A,B). In addition, the right parietal regions, corresponding to the hyperintensity areas observed on MRI, revealed intravascular microthrombi distributed in the perivascular spaces and microhemorrhagic infarcts in the surrounding cortical areas, consistent with ischemic brain injury (Figures 3C,D). Numerous microglia and astrocytes were closely associated with neurons, indicating reactive gliosis (Figure 3E). Pyknotic neurons and structures resembling neurofibrillary tangles were observed in the hippocampus (Figure 3F) and brainstem (Figures 3G–I). Lewy body-like structures were identified in the brainstem (Figure 3J), suggesting the possibility of abnormal protein aggregation. Additionally, vascular abnormalities included hemorrhagic infarcts in the inferior frontal gyrus (Figure 3K) and subcallosal regions (Figure 3L). Congo Red-positive staining confirmed amyloid-like vascular deposits in the frontal (Figures 4A,B), prefrontal (Figures 4C,D), and cerebellar cortices (Figures 4E,F). Reactive gliosis, with increased astrocytes and microglia, was observed in the frontal gyrus near the caudate nucleus (Figures 4G,H). These findings supported a diagnosis of advanced neurodegenerative disease with concurrent cerebrovascular pathology.
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FIGURE 3
 Histopathological features of neurodegeneration and cerebrovascular pathology in a geriatric dog with CDS. Severe vacuolation and neuronal necrosis in the precentralis interna and anterior subcallosal region of the cerebral cortex (A,B). Low magnification view showing extensive vacuolation (A). High magnification view highlighting pronounced neuronal necrosis (B). Intravascular microthrombi distributed in the perivascular spaces (C) and microhemorrhagic infarcts (D) in the right parietal lobe, consistent with ischemic brain injury. Reactive gliosis with numerous microglia and astrocytes closely associated with neurons, observed in the surrounding cortical areas (E). Pyknotic neurons and neurofibrillary tangle-like structures in the CA (Cornu Ammonis) 1 and CA2 regions of the hippocampus, resembling features of human neurodegenerative diseases (F). Axonal degeneration and neurofibrillary tangle-like structures in the brainstem (G) and posterior cerebellum (H,I). Lewy bodies (circled) identified within neuronal cells in the brainstem, indicative of abnormal protein aggregation (J). Hemorrhagic infarcts in the inferior frontal gyrus (K) and subcallosal region of the anterior cerebral hemisphere (L). Note: Scale bar = 20 μm for all panels.
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FIGURE 4
 Congo red staining of neurodegeneration and cerebrovascular pathology in a geriatric dog with CDS. Congo Red-positive vascular deposits in veins within less folded sulci on the cortical surface of the frontal area (A,B). Amyloid-like deposits in vessels of the prefrontal cortex, particularly in sulci on the cortical surface (C,D). Congo Red positivity in vessels of the marginal gyrus in the anterior (E) and posterior (F) cerebral cortices, with thickened vessels surrounding neurons. Reactive gliosis in the frontal gyrus near the caudate nucleus, characterized by increased astrocytes and microglia (G,H). Scale bar = 20 μm for all panels.





Discussion

This case report describes a rare presentation of CDS accompanied by ischemic brain infarction, providing insights into the relationship between neurodegeneration and cerebrovascular pathology in aged dog. While neurodegenerative diseases such as CDS and AD share several clinical and pathological features, this report emphasizes the distinctive aspects of CDS and its association with brain infarcts.

Over three years, the dog exhibited hallmark signs of cognitive dysfunction, including nocturnal restlessness, inappropriate urination, and behavioral changes. These clinical features aligned with a severe CDS diagnosis, confirmed by a CDDR score of 64. Canine CDS and human AD share common features, such as cognitive decline and behavioral changes (12, 13). However, significant pathological differences exist between the two. Prominent neurofibrillary tangles, a hallmark of AD, are notably less prominent in CDS, suggesting differences in the underlying mechanisms (12, 14–16).

The findings of this case provide evidence for the role of cerebrovascular pathology in the progression of CDS. MRI findings demonstrated hallmark indicators of brain atrophy, including widened cerebral sulci and ventricular enlargement, consistent with neural tissue loss due to aging and chronic disease (14, 17–19). In addition, diffusion-weighted imaging identified multifocal ischemic lesions in the right parietal and occipital areas, emphasizing the role of cerebrovascular events in the disease progression (8, 20, 21). These ischemic changes, combined with hemorrhagic infarcts, created a complex pathology exacerbating the dog’s cognitive and neurological deficits (6). Similar observations have been reported in dogs with brain infarcts, indicating significance of vascular alterations in neurodegenerative conditions (4, 21). In particular, the presence of ischemic and hemorrhagic lesions has been shown to exacerbate neurodegenerative processes, further impairing cognitive function in both dogs and humans (10, 17). This case emphasizes the role of cerebrovascular pathology in the progression of CDS and reflects similarities with pathological processes seen in human conditions, such as vascular dementia and AD.

Histopathological findings confirmed widespread neurodegeneration, including severe vacuolation and neuronal necrosis in the precentralis interna and anterior subcallosal regions. Pyknotic neurons and structures resembling neurofibrillary tangle-like inclusions were identified in the hippocampus and brainstem. Although these inclusions were morphologically consistent with neurofibrillary tangles, definitive confirmation was not possible due to the absence of silver impregnation or immunohistochemical (IHC) staining for phosphorylated Tau. Additionally, eosinophilic cytoplasmic inclusions resembling Lewy bodies were observed, suggesting the possibility of abnormal protein aggregation. However, the possibility of lipofuscin accumulation could not be excluded, highlighting the need for confirmatory IHC staining, such as ubiquitin or alpha-synuclein, in future studies (9, 14). Amyloid-like deposits in the vessels of the frontal, prefrontal, and cerebellar cortices, verified through Congo Red-positive staining, suggest a role for amyloid angiopathy in the development of CDS (1, 4). The identification of amyloid deposits and reactive gliosis supports the hypothesis that vascular amyloid pathology plays a contributory role in cognitive dysfunction (10, 22). Such findings are consistent with studies demonstrating that dogs with CDS frequently exhibit amyloid deposition in the brain parenchyma and vasculature, suggesting shared mechanisms with AD (1, 4, 22).

The vascular abnormalities observed in this case are particularly significant and provide valuable insights into the underlying mechanisms contributing to the dog’s clinical deterioration. Hemorrhagic infarcts were identified in the inferior frontal gyrus and subcallosal regions in this dog, strongly indicating a substantial cerebrovascular component to the observed neurological and cognitive decline. These vascular lesions likely disrupted critical neural networks responsible for cognition and behavior by reducing regional cerebral perfusion and contributing to microvascular pathology, such as blood–brain barrier dysfunction and neuronal damage (9, 22). Neuropathological evidence suggests that cerebrovascular alterations, including silent brain infarcts, exacerbate pre-existing neurodegenerative processes, thereby accelerating cognitive and behavioral deterioration (9, 23). Silent brain infarcts, which are linked to increased dementia risk and accelerated cognitive decline in humans, may exert similar effects in dogs, underscoring the importance of vascular factors in CDS progression (23).

This case is distinguished by its integration of imaging and histopathological findings to demonstrate the relationship between cerebrovascular disease and neurodegeneration. While prior studies have documented microhemorrhages and brain atrophy in aging dogs (15, 18), few have explored the association between ischemic infarcts and CDS. In human dementia research, the link between silent brain infarction and AD is well established, but similar studies in dogs are rare (9, 10, 23, 24). This report contributes to the field by proposing a potential connection between brain infarction and CDS, using advanced diagnostic methods to support the findings.

However, several limitations should be noted. The absence of confirmatory IHC staining limited the definitive characterization of key neuropathological findings. Structures resembling neurofibrillary tangles were identified in the hippocampus and brainstem but could not be conclusively distinguished without silver impregnation or IHC for phosphorylated Tau. Similarly, eosinophilic cytoplasmic inclusions resembling Lewy bodies were observed in the brainstem, suggesting abnormal protein aggregation. However, the possibility of lipofuscin accumulation could not be excluded. Reactive gliosis was identified based on astrocytic and microglial proliferation observed on H&E staining. However, the absence of IHC markers such as GFAP for astrocytes and Olig2 for oligodendroglial lineage cells limited the precise characterization of gliosis and neuroinflammation. Additionally, the absence of serial imaging and longitudinal clinical monitoring limits the ability to establish a definitive temporal relationship between the vascular events and the progression of cognitive dysfunction.

These limitations emphasize the need for advanced diagnostic techniques, including IHC and special staining, to improve diagnostic accuracy and provide a more comprehensive understanding of neurodegenerative and cerebrovascular changes in CDS. Future studies employing these advanced methods are essential to clarify the relationship between neurodegenerative and vascular changes and to develop more effective diagnostic and therapeutic strategies for aging dogs with CDS.

In conclusion, this case illustrates the multifactorial nature of CDS, with both neurodegenerative and vascular factors contributing to the dog’s clinical presentation. The coexistence of cognitive decline, ischemic infarcts, and amyloid deposits suggests that CDS may represent a complex interaction between neurodegeneration and cerebrovascular pathology.
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Case Report: Presumed cerebral salt wasting syndrome in a 10-week-old German Shorthaired Pointer
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This case report describes a rare presentation of cerebral salt-wasting syndrome (CSW) in a 10-week-old German Shorthaired Pointer following a traumatic brain injury. The patient presented stuporous and tetraplegic with advanced imaging revealing a depressed skull fracture and active brain hemorrhage. Following surgical intervention, the dog exhibited persistent hypovolemia and hyponatremia prompting treatment with intravenous hypertonic saline and enteral sodium supplementation. Positive response to sodium supplementation, coupled with elevated fractional excretion of uric acid (FEUA) despite clinical improvement, supported the diagnosis of CSW. This report contributes novel insights into CSW in veterinary medicine, emphasizing the distinctive features of its presentation, diagnostic considerations, and treatment responses. The clinical utility of FEUA as a diagnostic tool is highlighted for the first time in a canine patient, providing a valuable tool for differentiation. This information enhances veterinary practitioners’ awareness, facilitating more accurate diagnoses and tailored treatment strategies for similar cases in the future.
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Introduction

Cerebral salt-wasting syndrome (CSW), also known as renal salt-wasting syndrome, is a rare condition characterized by hyponatremia and extracellular volume depletion (1, 2). Although the most common cause of CSW in humans is primary central nervous system (CNS) disorders such as trauma (3–5), this syndrome has also been reported in people without any history of CNS disease (6–8). While the exact pathogenesis of CSW remains unclear, it is believed to result from complex interactions between the CNS and the kidneys, causing excess sodium excretion. The biggest challenge in diagnosing CSW is excluding syndrome of inappropriate antidiuresis (SIAD), however numerous criteria have been proposed to differentiate between the two diseases (9–11). Although well described in the human literature, CSW in canines has only been described in one other recent case report, despite historical reference as a differential for hyponatremia (12, 13). This case report describes the diagnosis, treatment, and outcome of presumed CSW in a 10-week-old German Shorthaired Pointer puppy.



Case description

A 10-week-old intact female German Shorthaired Pointer was presented for further evaluation of a traumatic brain injury (TBI). The dog was bitten on the head by another dog in the home, immediately becoming laterally recumbent and unresponsive. Prior to this, the dog was reportedly healthy, and up to date on her preliminary vaccines and anthelmintic series. No known familial diseases were reported prior to acquisition.

Upon evaluation by the primary veterinarian immediately following the incident, the dog was stuporous, hypothermic, and tachypneic. Serum chemistry panel, CBC, serum total T4, and full body radiographs did not reveal any significant abnormalities. Serum sodium was within the reference level at 148 mmol/L. The dog received a 20 mL/kg lactated ringer’s solution (LRS) intravenous (IV) fluid bolus and supplemental oxygen. The dog was referred to a local specialty hospital for further care. Physical examination at that facility identified moderate asymmetry of the left caudal temporalis region attributed to a suspected depressed skull fracture. Neurologic examination revealed the dog to be stuporous and tetraplegic, with intact spinal reflexes in all four limbs, an absent menace response bilaterally with bilaterally miotic pupils that were minimally responsive to light, and bilateral ventral strabismus. Computed tomography (CT) of the head and cervical spine was performed, revealing a depressed left-sided temporal fracture (Figure 1). The dog received a single dose of mannitol (1 g/kg), hypertonic saline (2 mL/kg), and levetiracetam (30 mg/kg IV) followed by 60 mL/kg/day LRS IV, and a fentanyl continuous rate infusion, as well as continued oxygen supplementation. After a night at this facility with minimal neurologic improvement, the patient was then transferred to our facility approximately 48 h after the initial trauma.

[image: Figure 1]

FIGURE 1
 Dorsal view of a CT 3D reconstruction showing a depressed skull fracture of the left temporo-parietal bone.


On presentation, the dog was stuporous and laterally recumbent, with appropriate perfusion parameters and mild tachypnea, weighing 7.85 kg. Neurologic examination revealed tetraplegia with absent menace response bilaterally, absent facial sensation, and miotic pupils bilaterally. The Modified Glasgow Coma Score (MGCS) upon presentation was 9. The findings suggested injury to the brainstem, as the stuporous mentation and tetraplegia would not be explained by the depressed skull fracture alone. A peripherally inserted central catheter was placed; a venous blood gas analysis obtained was normal, with serum sodium of 141 mmol/L ([137-151 mmol/L]) and adequate ventilatory parameters. No osmotic agents were administered due to concern for intracranial hemorrhage. The dog was anesthetized for magnetic resonance imaging (MRI), which confirmed a left-sided calvarial depression fracture with compression and edema of the left temporal and parietal brain cortices. Additionally, there was a cavitary lesion in the pons and midbrain most consistent with active brain hemorrhage, which was the likely cause for the stupor (Figure 2). The dog was hospitalized and treated with conservative IV fluids due to concern for cerebral edema (0.45% NaCl +0.05 mEq KCl at 50 mL/kg/day), ampicillin-sulbactam (30 mg/kg IV every 8 h), dexamethasone sodium phosphate (0.15 mg/kg IV every 24 h), pantoprazole (1.02 mg/kg IV every 12 h), ondansetron (0.52 mg/kg IV every 8 h), and acetaminophen (10 mg/kg IV every 8 h). In the first 24 h of hospitalization, the dog lost approximately 0.5 kg of body weight and appeared hypovolemic based on physical examination (persistent tachycardia, tachypnea, hypotension, and marked polyuria) and thoracic point-of-care ultrasound (POCUS) evaluation. The half strength NaCl IV fluids were replaced with LRS with physiologic KCl supplementation, and the rate of administration was incrementally increased up to 100 mL/kg/day over the next 12 h. Multiple fluid boluses were administered due to persistence of apparent hypovolemia, with no change appreciated in the dog’s volume status.

[image: Figure 2]

FIGURE 2
 (A) Mid-sagittal view of a T2 weighted MRI revealing a heterogenous, potentially cavitated lesion within the pons and caudal midbrain that is centrally T2 hypointense and peripherally hyperintense. (B) Transverse susceptibility weighted imaging (SWI) view at the level of the caudal midbrain revealing a bone fragment being displaced medially into the cranial vault creating a concave skull defect. Additionally, there are multiple ill-defined intra-axial abnormalities with moderate susceptibility artifact at the left temporal and parietal lobes, likely representing smaller bone fragments. There is an irregularly shaped, possibly cavitated lesion within the caudal midbrain with a strong central and peripheral blooming susceptibility artifact which is highly suggestive of hemorrhage. The falx cerebri is slightly deviated toward the right side and the left lateral ventricle is compressed.


Improvement in the dog’s mentation was noted after 36 h of hospitalization, MGCS 14, and a left sided rostrotentorial craniectomy with removal of a 1.5 cm long fracture fragment to decompress the brain was performed. Pre-operative bloodwork was largely unremarkable, with a serum sodium concentration of 146 mmol/L. The patient recovered uneventfully from general anesthesia and was soon able to eat a small amount of puppy food slurry. Two days post-operatively, the dog was eating more consistently but not meeting caloric demands. A nasogastric (NG) tube was placed, and a calorically dense liquid nutrition (NutriDapt™, Canine Biologics, Denver CO) was administered to supplement voluntary food intake. The ampicillin-sulbactam was discontinued and oral amoxicillin-clavulanate (Clavamox™, Zoetis, Parsippany NJ) was initiated. Additionally, dexamethasone was discontinued in favor of oral prednisone (0.6 mg/kg/day). The IV fluids were discontinued due to financial constraints, and enteral water was administered at a rate of 20 mL/h. Later that day, the dog had a generalized tonic–clonic seizure and therapy with levetiracetam was initiated (loading dose of 60 mg/kg IV, continuation at 30 mg/kg IV every 8 h).

On day 6 of hospitalization (day 3 post-operatively), due to continued weight loss (6.80 kg) (Figure 3), and persistent physical examination findings consistent with hypovolemia despite enteral fluids and feeding, a serum biochemistry was obtained. Abnormalities included marked hyponatremia (122 mmol/L) with hypochloremia (87 mmol/L, corrected to 104 mmol/L) and normokalemia (4.5 mmol/L). Calculated serum osmolality was 258 mOsm/kg. To address the sodium deficit, with a rate not exceeding 0.5 meq/L/h, LRS supplementation (130 mEq Na/L) via the NG tube was reinstated at 60 mL/h. Serum sodium concentration was measured a few hours later, and marked hyponatremia was confirmed (119 mmol/L). The dog was administered 2 mL/kg of 7% hypertonic saline IV, with no improvement in hydration status appreciated afterward.

[image: Figure 3]

FIGURE 3
 Simple dot plot depicting patient body weight in kilograms over time while hospitalized.


Despite gradual improvements in mentation and appetite, the dog remained polyuric with tacky mucous membranes and tachycardia. On day 7 of hospitalization, hyponatremia persisted (120 mmol/L) and two additional 2 mL/kg boluses of 7% hypertonic saline were administered. Approximately 8 h later, the dog remained hyponatremic (120 mmol/L) and a 7% hypertonic saline CRI IV (initially 2 mL/h for 5 h then tapered to 1.3 mL/h for 9 h) was initiated to correct the persistent volume depletion and marked sodium derangement. Administration of LRS at a rate of 60 mL/h via the NG tube was continued.

On day 8 of hospitalization, following 14 h of the hypertonic saline CRI, hyponatremia and hypochloremia had improved to 138 mmol/L and 103 mmol/L, respectively. Potassium remained within the reference interval at 4.5 mmol/L. Additional testing revealed a markedly elevated urine sodium concentration (310.5 mmol/L). Urine creatinine, urine uric acid, and serum uric acid were measured to calculate the fractional excretion of sodium (FENa 1.6% [0–0.5%]) and of uric acid (FEUA 19.71% [0–11%]). Despite the hyponatremia, the urine was moderately concentrated at 914 mOsm/kgH2O. The urine uric acid to urine creatinine ratio (uUA:uCr) was 0.20, which may further support the clinically presumed volume depletion (14). Pro-brain natriuretic peptide (proBNP) concentration measured 614 pmol/L ([0-900 pmol/L]).

The next morning (day 9), serum sodium concentration was higher than desired (157 mmol/L), and the hypertonic saline was discontinued. A CRI of enteral water (40 mL/h) via the NG tube was added to the LRS enteral supplementation. The following day, serum sodium concentration decreased to 141 mmol/L.

To facilitate discharge from the hospital, a saltwater-food slurry supplement was devised; ½ teaspoon of salt was mixed with 1,500 mL of water to create a 35 mmol/L sodium solution. The dog was given ½ cup of this saline solution with food every 4 h, therefore supplementing approximately 4 mEq Na per feeding. The following morning (day 11), serum sodium was normalized at 146 mmol/L and enteral LRS supplementation via the NG tube was discontinued. Over the next 2 days of hospitalization, supplementation with the salt solution was reduced to ⅓ cup with every meal. Water was offered free-choice, and the saline mixture was administered with food, with no NG tube supplementation. Serum sodium concentration remained at 146 mmol/L on days 12 and 13, and the dog’s clinical hydration status markedly improved. Figure 4 depicts the complete serum sodium concentrations for the dog while hospitalized. At the time of discharge, the dog was ambulatory with significant proprioceptive ataxia in all four limbs, and occasional support necessary to prevent falls. She was blind with an absent menace bilaterally and no other cranial nerve deficits. She was discharged with prednisone (0.15 mg/kg/day) for 3 days, levetiracetam, and amoxicillin-clavulanate. The owners were instructed to continue the saline solution at ⅓ cup (~2.5 mEq Na) added to the dog’s food every 4–6 h.

[image: Figure 4]

FIGURE 4
 Simple dot plot depicting patient serum sodium concentrations in millimoles per liter over time while hospitalized.


The dog was evaluated by the primary veterinarian weekly for electrolyte evaluation. Figure 5 shows the serum sodium concentrations at follow up as well as the tapering instructions for the saline solution. The saline supplementation was discontinued 6 weeks after discharge. The dog was re-evaluated by our neurology service 1 week later (8 weeks post-operatively), at which time the dog was strongly ambulatory with no obvious proprioceptive ataxia. A mildly hypermetric gait was noted, most prominent in the forelimbs. Menace response remained absent bilaterally, but the dog appeared to visually track moving objects and was able to avoid stationary obstacles. Additional testing revealed a FENa of 0.7%, FEUA of 13.4%, BNP of 697 pmol/L, and urine osmolality of 999 mOsm/kgH2O.

[image: Figure 5]

FIGURE 5
 Simple dot plot depicting patient serum sodium concentrations in millimoles per liter over time at all recheck examinations post discharge. Overlaying patterns indicate amount of saline solution supplementation at the time of evaluation.


Approximately 5 months post hospitalization, and 4 months after discontinuing all sodium supplementation, re-evaluation of the dog’s laboratory values revealed persistent derangements. Although serum sodium concentration (146 mmol/L) and FENa (0.6%) were normal, her FEUA was 45.25%, her BNP was 758 pmol/L, and urine osmolality was 1,676 mOsm/kgH2O.



Discussion

Two syndromes have been associated with hyponatremia in humans with brain injuries, namely the syndrome of inappropriate antidiuresis and cerebral salt wasting (12, 15). The SIAD is characterized by excessive release of antidiuretic hormone (ADH) with water retention that promotes mild hypervolemia, triggering compensatory sodium excretion in order to maintain euvolemia (16). CSW is characterized by increased renal sodium excretion causing hypovolemia, with compensatory water retention to maintain extracellular fluid volume. The treatment of each is disparate, therefore distinguishing between the two is essential; however, the clinical findings are very similar and reaching a correct diagnosis is challenging. Both syndromes are most often associated with CNS disease, resulting in hypotonic hyponatremia with an increased urine sodium concentration, and normal underlying renal, adrenal, and thyroid function (15).

CSW is clinically very similar to SIAD, but in this disorder ADH is appropriately secreted in response to volume depletion (17). Since its initial description, CSW has been most commonly reported as a sequential complication of CNS diseases in humans (3–5). More recently, some reports have described the same clinical syndrome without any concurrent CNS disease, which has prompted some to recommend renaming of the disease to renal salt wasting syndrome (8, 9). Precise definition of the syndrome is fairly controversial as the pathogenesis is poorly defined (18). Nevertheless, there is agreement that with this syndrome the kidneys are unable to conserve sodium, resulting in variable reductions in extracellular fluid volume (1).

As reviewed by Yee et al. (1) the two most widely cited theories regarding the pathogenesis of CSW implicate decreased renal sympathetic nervous system activity and increased natriuretic peptide secretion. Sympathetic innervation of the kidney plays a role in sodium absorption at the level of the proximal tubule as well as the release of renin by the juxtaglomerular cells (1, 2). Theoretically, decreased sympathetic tone would prevent the kidneys from mounting an adequate renin-aldosterone in response to decreased circulating volume. Yet, some humans with CSW are reported to have normal to elevated plasma concentrations of renin and/or aldosterone (1, 19). Renin and aldosterone concentrations were not measured in this dog.

Another theory implies excessive natriuretic peptide secretion induces natriuresis through an increased GFR and sodium excretion (1). Natriuretic peptides also have a potent effect on renal tubular function via antagonization of ADH activity and inhibition of sodium resorption (20). Identification of high serum concentrations of natriuretic peptides, particularly BNP, has been suggested as a method to differentiate CSW from SIAD. In CSW, the serum levels of BNP are elevated, whereas in SIAD, they remain within the normal range (21). However, this theory has not been easily corroborated in human CSW patients as some do not have elevated BNP concentrations, diminishing the accuracy of BNP as a diagnostic test (1). In the case described, concentrations of serum NT-proBNP, an inactive fragment of BNP with a long half-life, levels were measured at the initial onset of hyponatremia (9 days from the initial injury) as well as 1 month and 4 months after discharge; they remained at the upper end of the reference level at each measurement. One group has proposed that a proBNP cutoff of 125 pg./mL (or 458 pmol/L) can be used to distinguish between human SIAD and CSW (22). However, this was a pilot study and a definite distinguishing value of proBNP has yet to be confirmed (22, 23). The use of pro-BNP in dogs outside of cardiac diseases is extremely limited; therefore, although the high normal pro-BNP values in this case may support a diagnosis of CSW, this should be interpreted with caution.

In short, it is impossible to distinguish SIAD and CSW based on preliminary serum and urine laboratory analysis alone (24). Traditional guidelines emphasize the evaluation of patient volume status in classifying hypotonic hyponatremia and narrowing the list of differential diagnoses (18). However, the diagnostic assessment of volume status in human patients with hyponatremia has been reported to be low in sensitivity and specificity, with a wide range of subjectivity between evaluating clinicians, especially in neurologically inappropriate patients (17). Recent research has shown that diagnostic performance has improved when using an algorithm that includes both urine osmolality and urine sodium concentrations rather than overt volume status (25). The persistent elevation of FENa in this dog suggests that the hyponatremia was due to urinary excretion of sodium, but does not differentiate between etiologies of renal sodium loss.

Urine osmolality can be utilized to measure the tonicity of urine, revealing both solute output and concurrent ADH influence. A low urine osmolality indicates suppression of ADH activity, which is a normal response to low serum osmolality and allows excretion of excess free water (12, 18). Contrarily, an elevated urine osmolality indicates a response to ADH that impairs urine dilution. The dominant mechanism underlying hypotonic hyponatremia is impaired urinary dilution due to increased ADH activity, which can be physiologically appropriate or inappropriate depending on the patient’s volume status (18). In the case described, the dog consistently had a moderate elevation in urine osmolality, indicating an ADH dependent cause of hyponatremia but did not further distinguish the underlying etiology.

Recently, fractional excretion of uric acid (FEUA) has been used in differentiation of human SIAD from CSW (9). Uric acid is a product of purine metabolism that is freely filtered at the renal glomerulus and co-transported with sodium at the proximal tubule. The FEUA quantifies the percent excretion of the filtered load of uric acid across the glomerulus (7, 9). Multiple tubular uric acid transporters, have been identified that couple uric acid reabsorption to that of sodium (9).

A normal value for FEUA is <11% in humans, whereas patients with untreated SIAD and CSW have consistent elevations of FEUA >11% at the onset of hyponatremia (7, 9). After correction of the hyponatremia, the FEUA normalizes (<11%) in patients with SIAD but will remain persistently elevated (>11%) in patients with CSW (7). Thus, FEUA has been proposed as a more quantifiable measure to differentiate SIAD from CSW. In the case described, the FEUA was persistently elevated despite the resolution of hyponatremia and clinical volume status, as well as normalization of uUA:uCr at subsequent recheck evaluations.

The dog described in this report had markedly increased urinary sodium excretion occurring concurrently with findings suggesting hypovolemia, consistent with a diagnosis of CSW. The dog’s hyponatremia rapidly corrected after initiation of a hypertonic saline CRI. The positive response (i.e., increased mucous membrane moisture, skin turgor, normalization of heartrate and blood pressure, and reduction in weight loss) to sodium supplementation and continued isotonic enteral supplementation also supports the diagnosis of CSW (2).

There are several limitations to this case report. First, the patient was never directly screened for hypoadrenocorticism. Hypoadrenocorticism may also present with marked hyponatremia and either euvolemia or hypovolemia depending on the severity of the clinical signs. However, the dog’s hyponatremia resolved without mineralocorticoid supplementation. Another limitation to this report is the relative subjectivity of evaluating the dog’s volume status. The traditional guidelines for distinguishing SIAD from CSW rely heavily on whether the patient is euvolemic or hypovolemic, a challenging prospect unless physical examination changes are pronounced. The uUA:uCr was also quantified in this case to aid in volume status estimation.

Furthermore, the fractional excretion measurements utilized are only evaluating a single point in time. These values can be influenced postprandially, although the dog being fed the same diet after discharge will limit this variability. Ideally, pooled urine samples collected over 24 h should be utilized to acquire a more accurate fractional excretion of sodium, however this would not have been feasible to perform on an outpatient basis during recheck examinations. Finally, the interpretation of FEUA was made based solely on reference ranges in people; further investigation is required regarding normal FEUA in domestic animals.

In conclusion, we have described a juvenile dog with persistent hypotonic hyponatremia and clinical findings consistent with CSW secondary to a TBI. The dog lost weight and appeared dehydrated while developing marked polyuria and remained severely hyponatremic and hypovolemic despite replacement fluid administration. The hyponatremia resolved only with administration of hypertonic sodium chloride and oral sodium supplementation. Urine osmolality and urine sodium concentrations were markedly elevated in all measurements, suggesting an ADH dependent process and renal specific sodium loss. The elevated FENa (>0.5%) despite clinical evidence of hypovolemia and an elevated uUA:uCr also supports these assumptions (26). Subsequent testing revealed an increased FEUA, which remained persistently elevated despite the resolution of her hyponatremia, which aided in the differentiation of CSW from SIAD. This additional diagnostic evaluation expands the knowledge base on this condition in canine patients as previously described in the recent report from Chromiak et al. (13).
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Case Report: Endoscope-assisted single-incision double-channel mini-open hemilaminectomy for the treatment of acute thoracolumbar intervertebral disc disease in 11 dogs
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This study aims to explore the feasibility and efficacy of an endoscopic-assisted mini-open hemilaminectomy technique for spinal cord decompression in thoracolumbar intervertebral disc extrusion. A total of 11 dogs with acute thoracolumbar intervertebral disc disease were included in the study, preoperative magnetic resonance imaging (MRI) and computed tomography (CT) were used for precise localization. The surgery was performed using a lateral approach with a skin incision approximately 2 cm in length for a minimally invasive hemilaminectomy of the thoracolumbar spine. After separating the epaxial musculature below the articular process and exposing the tendon attachment of the accessory process, the endoscope and surgical instruments were placed. A nerve hook and nucleus pulposus forceps were used to remove the thoracolumbar intervertebral disc extrusions and relieve spinal cord compression. Postoperative MRI or CT confirmed complete removal of the disc extrusions with no significant complications observed, and all dogs exhibited normal gait and neurological examination results. This technique demonstrated advantages such as easy handling minimal incision, precise localization, and reduced iatrogenic damage, resulting in good postoperative recovery. This case series demonstrates that the endoscopic-assisted mini-open hemilaminectomy technique can safely be implemented to decompress the spinal cord in dogs. This novel technique adds onto the current growing surgical options for minimally invasive spinal surgery in veterinary neurosurgery.
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1 Introduction

Canine intervertebral disc disease (IVDD) is one of the most common spinal disorders in dogs, with a peak incidence typically occurring between 3 and 6 years of age. It primarily affects chondrodystrophic breeds, with a particularly high prevalence in short-legged, long-backed breeds such as Dachshunds and French Bulldogs (1–3). The core issue of this disease lies in the degenerative changes or injuries of the intervertebral disc, leading to the extrusion of the nucleus pulposus or annulus fibrosus, which compresses the spinal cord or surrounding nerves. This results in pain, neurological disorder, and even paralysis (1, 3–7). Currently, MRI is the golden standard for diagnosing IVDD.

The treatment of canine intervertebral disc disease can be categorized into conservative and surgical approaches. The choice of treatment largely depends on the severity of the neurological signs. According to the study by Crawford et al., conservative treatment (a combination of analgesic medication and restricted exercise) had been found suitable for dogs with mild disc extrusion and less severe spinal cord compression, achieving a success rate of 29% (8). Surgical treatment is indicated for dogs with more severe disc damage. Statistics had shown that open surgical procedures (a hemilaminectomy with anulectomy or with a partial discectomy) had achieved a success rate of 71% (8).

Currently, common techniques for thoracolumbar spinal cord decompression include hemilaminectomy and mini-hemilaminectomy. Those techniques are typically performed using an open approach (the muscle are disinserted from the bone extensively) allowing the surgeon to visualize the anatomical landmarks. Minimally invasive techniques have emerged in recent years in veterinary neurosurgery. This shift has been possible via the use of magnification and illumination technique. Endoscopic spinal surgery is gaining a lot of traction in human minimally invasive spine surgery (MISS) but little is known about the technique in veterinary medicine. Compared to traditional open surgeries, endoscopic surgeries offer smaller incisions, less tissue trauma, improved visibility, and a lower complication rates (9). Reports on the use of endoscopy for treating intervertebral disc disease in veterinary medicine had been limited (10–16). Moon et al. had demonstrated the feasibility of percutaneous endoscopic thoracolumbar mini-hemilaminectomy via a uniportal approach in small dogs. Although their study had simulated intervertebral disc extrusion using an injected barium and agarose mixture, the findings had indicated that this surgical technique was effective in alleviating spinal compression. It had provided a good view during the operation, required only a small skin incision (<1 cm), and had a relatively short operation time (58 min) (11). Hwang et al. had performed percutaneous endoscopic thoracolumbar pediculectomy on five healthy dogs at the thoracic spine and five healthy dogs at the lumbar spine. Postoperatively, only one dog had exhibited a transient, slight ipsilateral hind limb weakness, which had resolved within 4 days. The gait and neurological examinations of the other dogs had been normal. Two dogs had showed high signal intensities within the spinal cord on T2-weighted (T2W) magnetic resonance imaging (MRI), suspected to have been spinal cord edema or gliosis, which had improved after 4 weeks. These findings suggest that percutaneous endoscopic pediculectomy might have been an effective surgical method for decompression and removal of disc material in canine intervertebral disc disease (13).

Currently, there have been no reports on the use of the “single-incision double-channel mini-open” technique for treating thoracolumbar intervertebral disc disease in dogs. The uniqueness of this technique lies in achieving double-channel operation through a single incision, which not only retains the advantages of traditional endoscopic surgery, such as less intraoperative injury and rapid recovery, but also significantly enhances operational flexibility and visibility. This represents an important innovation in the treatment of intervertebral disc disease in dogs.

This study aims to describe a minimally invasive surgical technique for endoscope-assisted single-incision double-channel mini-open hemilaminectomy in the treatment of acute thoracolumbar intervertebral disc disease in dogs. The study reports on 11 cases treated with this technique and evaluates its efficacy in removing herniated disc material and achieving spinal cord decompression. To assess potential postoperative complications, neurological examinations, MRI, and computed tomography (CT) scans were conducted, and the clinical outcomes of the cases were followed to evaluate the safety of the technique.



2 Materials and methods


2.1 Case information and preoperative examination

This study included 11 dogs diagnosed with thoracolumbar intervertebral disc disease. All cases were of acute onset. Information such as breed, age, weight, and sex was recorded for all cases in Table 1. Physical examinations and neurological assessments were performed on each animal. Neurological assessments for all cases were conducted by a senior surgeon, focusing primarily on evaluating mental status, gait analysis, spinal reflexes, palpation, and pain perception. The neurological grading of the case follows the published scoring system (17). The grading system was as follows: grade 0, normal gait; grade 1, thoracolumbar pain with no neurological deficits; grade 2, ambulatory paraparesis; grade 3, non- ambulatory paraparesis; grade 4, paraplegia with intact deep pain perception in at least one limb; and grade 5, paraplegia with loss of deep pain perception. “Ambulation” was defined as the ability to walk 10 consecutive steps without support as previously reported (18). Complete blood count and blood biochemical analyze were performed before surgery; MRI (1.5 Tesla, uMR580, United Imaging Medical Technology Co., LTD, Shanghai, China) and CT (uCT 768, United Imaging Medical Technology Co., LTD, Shanghai, China) were used to diagnose thoracolumbar intervertebral disc disease in all cases and to identify the location of the affected intervertebral discs.



TABLE 1 Basic characteristics of dogs undergoing mini-hemilaminectomy assisted by endoscopy, including breed, sex, age, weight, neurological grading, and the location of the affected intervertebral disc.
[image: Table1]

Each dog was preoperatively administered butorphanol intravenously (0.2 mg/kg). Anesthesia was induced with intravenous propofol (6 mg/kg, administered to effect), followed by maintenance with inhalation of 1.5% isoflurane in oxygen via endotracheal intubation. During the surgery, dexmedetomidine was infused intravenously at a rate of 1 μg/kg/h for intraoperative analgesia, and lactated Ringer’s solution was administered at 5 mL/kg/h. Additionally, ceftriaxone (25 mg/kg) was used intraoperatively, with doses repeated every 90 min. The dogs were placed in a sternal position, and the surgical site was aseptically prepared.



2.2 Surgical procedure

The lesion site was identified preoperatively using MRI (Figures 1A,B). After shaving and aseptically preparing the surgical area, the dog was transferred to the CT table. The spinous process of the vertebra on the cranial side of the affected disc was palpated and clamped with sterile drape forceps. A CT scan was performed to confirm the correct clamping position (Figures 1C,D). The dog was then transferred to the surgical table, and the surgical site was re-disinfected. Sterile drapes were applied, and a thin sterile film was placed over the drapes to prevent spillage of saline irrigation during the surgery from soaking the animal. Based on the position of the drape forceps, the adjacent articular processes near the affected intervertebral disc were palpated. A 2 cm incision was made just below the articular process, with the incision center aligned with the articular process. During surgery, a vital signs monitor (ePM 12 M Vet, Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China) is used to track the heart rate, oxygen saturation, blood pressure, and end-tidal carbon dioxide levels.

[image: Figure 1]

FIGURE 1
 Surgical positioning and approach. (A) Locating the intervertebral disc for surgery using the MRI T2-weighted mid sagittal image. (B) Locating the intervertebral disc for surgery using the MRI T2-weighted transverse image. The arrow indicated the location showing the intervertebral disc lesion. (C) Palpation was used to secure the spinous process of the cranial vertebra at the lesion site with a sterile drape forceps. (D) After clamping the spinous process, the clamp position was confirmed via CT scan. (E) A modified unilateral biportal endoscopic surgical approach was adopted. A 2 cm incision is made just below the adjacent articular process to the damaged intervertebral disc, with the center of the incision aligned with the articular process. An endoscope with a sheath is inserted on one side of the incision, and surgical instruments are introduced on the other side of the incision. (F) Surgical instruments used in Endoscope-assisted single-incision double-channel mini-open hemilaminectomy, (a) Endoscope sheath (b) Endoscope (c) Gelpi retractor (d) Nerve hook (e) Periosteal elevator (f) Electric drill (g) Plasma cutter head (h) Rongeur (i) Nucleus pulposus forceps.


Using coblation system (ASC4250-01, ArthroCare Corporation, Texas, USA) and a periosteal elevator (3/3 mm, 155 mm; Puenhua, Jiangsu, China), the epaxial musculature below the articular process was separated to expose the lamina, and used a Gelpi retractor to secure the wound opening. The coblation system minimized bleeding and caused minimal thermal damage to tissues, promoting faster wound healing. During dissection, care was taken to note the tendinous attachment points of the accessory process, which served as navigation marker (Figure 2A). After sufficient exposure, an endoscope (30°viewing angle, diameter 2.4 mm, length 73 mm; Hangzhou VetLuc Co., Ltd., Zhejiang, China) with a sheath (diameter 2.9 mm, length 58 mm; Hangzhou VetLuc Co., Ltd., Zhejiang, China) was inserted on one side of the incision, surgical instruments were introduced on the other side of the incision (Figure 1E). The positions of the endoscope and surgical instrument can be interchanged depending on the specific situation. Using an infusion pressure bag (500 mL, Vega (China) Instrument Co., Ltd., Zhejiang, China), normal saline was continuously infused into the surgical site through the endoscopic channel. The pressure was set to 30 mmHg, with a flow rate of 0.4 L/min. A right-angle suction tip was placed at the edge of the wound, and a suction device (7A-23D, Yuwell Medical Equipment Co., Ltd., Jiangsu, China) was used to remove excess fluid from the wound. Under endoscopic visualization, the accessory process was breaked using the periosteal elevator and further ground down with a electric drill (TPS MicroDrill, Stryker, Michigan, USA). After grinding away the outer cortical bone and cancellous bone, advancing inward with the bur until the lamina was penetrated and epidural fat was visible (Figure 2B). A laminectomy rongeur (PC3260, 1 mm/210 mm, Shanghai Medical Instruments Co., Ltd., Shanghai, China) was used to enlarge the view. Bone debris was flushed out with saline irrigation. At this stage, the spinal nerve root could be observed (Figure 2C). Using a nerve hook (600,011, Byers, Jiangsu, China) and a nucleus pulposus forcep (2 mm/220 mm, Hongda Medical Equipment Co., Ltd., Jiangsu, China), the compressive intervertebral disc material was removed under endoscopic visualization (Figure 2D). This process continued until spinal cord decompression was achieved and no further disc material could be removed. The nerve hook was passed below the spinal cord and through the entire intervertebral disc space to confirm the absence of residual disc extrusion. The surgical site was flushed with saline, and the endoscope and instruments were removed. The surgical site was closed routinely. Bleeding during surgery was one of the challenges that needed to be addressed. We typically used coblation system, compression, or hemostatic sponges for hemostasis. The main surgical instruments were shown (Figure 1F).
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FIGURE 2
 Endoscopic view of the surgical sites. (A) The tendinous attachment points of the accessory process can serve as a navigationa marker. The accessory process can be clearly observed (arrow). (B) Fat tissue inside the spinal canal becomes visible after drilling through the lamina with a bur (arrow). (C) Upon enlarging the approach, the spinal nerve root can be observed (arrow). (D) The compressed disc tissue is removed using a nucleus pulposus forceps. The arrow pointed to the herniated intervertebral disc.




2.3 Postoperative care

MRI or CT were performed immediately after surgery to evaluate the decompression of the spinal cord. If preoperative CT imaging clearly showed the lesion, CT was preferred. Then the patients were hospitalized for 1 week for closely monitoring. During hospitalization, the condition of animals was closely monitored to prevent recurrence of spinal cord compression and complications. Additionally, postoperative monitoring helps assess the recovery of neurological function. Postoperatively, nonsteroidal anti-inflammatory drugs (NSAIDs) and butorphanol were administered for pain control. Sutures were removed 10–14 days after the surgery. From the third postoperative day, rehabilitation and laser therapy were used for the patients until they got discharged.




3 Results


3.1 Surgical technique evaluation

All cases were successfully treated. During the procedure, the combination of an endoscope and an irrigation system was used to flush out debris from drilling, ensuring a clear surgical field. The muscle attachment point of the accessory process served as a navigation marker, providing critical reference for precise operations. Ultimately, the herniated disc material was precisely removed under endoscopic visualization, effectively relieving spinal cord compression. In all dogs, the affected intervertebral discs were clearly exposed, herniated disc material was successfully removed, and the nerve roots and blood vessels were systematically identified and preserved. As mentioned earlier, bleeding was one of the biggest challenges during the surgery. Sometimes, it was difficult to control and affected the surgical procedure. In such cases, we paused the irrigation and the surgery to focus on hemostasis first. The surgery duration was approximately 80–90 min.



3.2 Case outcome

All dogs received laser therapy and rehabilitation treatment postoperatively to promote healing and restore motor function, with no significant complications observed. By the fifth postoperative day, all dogs exhibited normal gait and neurological examination results (Olby score of 14) (19).



3.3 CT and MRI evaluations

All affected dogs exhibited varying degrees of neurological disorders before surgery, with neurological grades ranging from 2 to 5. Preoperative imaging revealed different degrees of nucleus pulposus extrusion and intervertebral disc degeneration in all 11 dogs, with the extruded nucleus pulposus spanning 1 to 2 vertebral segments and the area of spinal cord compression ranging from 30 to 50%. No significant spinal cord edema or hemorrhage was observed.

The 3D reconstructed image showed that after performing an endoscope-assisted single-incision double-channel mini-open hemilaminectomy, the surgical window was clearly visible (Figures 3A,B).
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FIGURE 3
 Postoperative 3D-reconstruction image of Case 1 (A) and Case 3 (B), preoperative and postoperative MRI findings of Case 4 (C,D) and Case 11 (E,F). (A) Lateral view of the 3D reconstructed image of Case 1, with surgery performed on the right side (arrow). (B) Lateral view of the 3D reconstruction of Case 3, with the surgery performed on the left side (arrow). (C) Preoperative MRI of Case 4 in the T2-weighted mid sagittal image shows low to moderate signal material within the spinal canal compressing the spinal cord, with no significant abnormality in the spinal cord signal. The arrow indicated the affected intervertebral disc. (D) Postoperative MRI of Case 4 on day 3 in the T2-weighted mid sagittal image shows the disappearance of the abnormal signal material in the spinal canal, no significant abnormality in the spinal cord signal (lower arrow), and a mixed moderate-to-high signal observed in the muscles surrounding the foraminal endoscopic surgery site (upper arrow). (E) Preoperative MRI of Case 11 in the T2-weighted mid sagittal image shows low to moderate signal material within the spinal canal compressing the spinal cord. The arrow indicated the affected intervertebral disc. (F) Postoperative MRI of Case 11 at 16 months in the T2-weighted mid sagittal image shows localized high signal intensity in the spinal cord at the surgical site segment (upper arrow), mild disc protrusion, and no signs of spinal cord compression (lower arrow).


Due to the concern on anesthesia for postoperative MRI and CT evaluations, and in accordance with the owners’ preferences, we collected postoperative MRI data for only two cases. In case 4, during the initial MRI scan, on the T2W (sagittal) image, a material with low to moderate signal was observed within the vertebral canal, compressing the spinal cord, while the signal of the spinal cord parenchyma showed no significant abnormalities (Figure 3C). On the third postoperative day, the loss of abnormal signal material in the vertebral cavity can be seen below the T2W (sagittal) image, with no significant abnormality in the spinal cord signal, while the muscles around the surgical site (accessory process) showed moderate to high signal intensity (Figure 3D). In case 11, during the initial MRI scan, on the T2W (sagittal) image, a material with low to moderate signal was observed in the vertebral canal, compressing the spinal cord (Figure 3E). In the follow-up MRI 16 months after surgery, on the T2W (sagittal) image, the surgical site segment of the spinal cord showed a localized high signal intensity, with mild disc protrusion, but no signs of spinal cord compression (Figure 3F).




4 Discussion

Minimally invasive treatment of intervertebral disc disease is generally considered challenging, primarily due to the complex anatomical structure of the spine, the presence of multiple muscle tissues, nerves, and blood vessels nearby, and the proximity of the surgical site to the spinal cord. This study presents a minimally invasive neurosurgical technique for treating canine intervertebral disc disease. The study included 11 dogs treated with this surgical technique, all of which showed favorable imaging results postoperatively. Physical and neurological examinations of all dogs were normal.

The magnification and illumination functions of the endoscope can be achieved through the lens and cold light source or LED light source, enabling the magnified observation of small structures. This magnification and illumination capability helps veterinarians see fine details of the surgical site more clearly in darker or narrower surgical areas, which is particularly useful in surgeries involving the nervous system.

In human medicine, unilateral biportal endoscopy is a novel minimally invasive technique for treating thoracolumbar intervertebral disc herniation. The surgical approach involves making two incisions approximately 1 cm lateral to the dorsal midline, with saline infusion entering through one port and suction exiting through the other (20). In our preliminary stage of exploring the surgical approach, this technique was also tested on canine cadavers. The results showed that due to the looser skin in dogs and the larger space between the skin and muscle tissue, the infused saline would accumulate subcutaneously. Therefore, through modification and optimization, the approach was adjusted to use a single incision, with the suction device placed at the incision edge to effectively drain the fluid.

In other reports, the surgical site had been located and the working channel had been established under fluoroscopic guidance, using a Kirschner wire (K-wire) to locate the damaged intervertebral disc. After determining the position, a K-wire or spinal needle had been inserted and advanced medially to the pedicle until bony resistance had been met. Then, a series of gradually increasing dilators had been placed over the K-wire, and finally, a tubular retractor had been used to establish the working channel. Some studies had also employ a articulated arm to hold the retractor for the working channel (11, 13, 14). The positioning in this study was achieved using CT imaging, with surgical localization assisted by palpation and visual inspection, eliminating the need for fluoroscopy and simplifying the procedure.

In the reported surgical techniques, most had used a single-incision approach, where both the endoscope and other surgical instruments had been placed within the tubular retractor, with the surgical incision being approximately 1 cm in length (11, 13). In contrast, this study used a single-incision, double-channel approach for surgery. Although the surgical incision was relatively longer (about 2 cm), the double-channel surgical path provided more operating space. Tanaka et al. reported a lateral muscle-separating approach similar to the surgical approach in this study. The extent of the skin incision was from the posterior border of the articular process to the rostral vertebra and from the anterior border of the articular process to the caudal vertebra, with an average incision length of 2.7 cm. The incision length was correlated with the size of the dog. In this study, the surgical incision was made as a 2 cm cut below the articular process, regardless of the dog’s size (21). In our research, a 2 cm incision was sufficient to perform the surgical procedure. Spinal surgery is a technically demanding and challenging procedure and veterinarians must perform the surgery carefully and precisely, as even a slight error can damage nerves and lead to severe consequences. The single-incision, double-channel surgical approach was easier to perform, reducing the likelihood of iatrogenic injuries and improving the safety and stability of the surgery. Additionally, the surgical equipment and instruments used in this study were fewer and relatively easy to obtain.

Our study also has some limitations. For large dogs and obese dogs, where it was difficult to palpate the vertebral processes, drape forceps were not able to grasp the spinous processes. Additionally, the approximate surgical time was recorded in this study, which was around 80–90 min, longer compared to open hemilaminectomy (22). It should be noted that this surgical technique relies on endoscopic assistance, making the surgical costs higher than open surgeries that only require conventional spinal surgical instruments. Another limitation was that this surgical technique was suitable for cases where the prolapsed nucleus pulposus was located ventral to the spinal cord. For lateral or dorsolateral spinal extrusion or intradural extrusion, it might have been necessary to extend the laminectomy dorsally.

In our study, we reported a surgical technique using minimally invasive methods to treat canine intervertebral disc disease, which allowed for spinal cord decompression and removal of herniated disc material. Postoperative results indicated that the affected dogs recovered well without significant complications. Compared to traditional open surgery, this method offered advantages such as precise localization, reduced iatrogenic injury, and improved visibility. The use of a dynamic irrigation system during the procedure ensured a clear surgical field. Compared to the single-port approach, the double-channel design provided greater operating space, enhancing the safety and operability of the surgery. However, the sample size in this study was small, and there was a lack of long-term follow-up data to assess long-term efficacy. Further studies are needed to evaluate the application of this method in dogs with thoracolumbar intervertebral disc disease.
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Oligodendroglioma pseudoprogression after radiotherapy in a dog: a case report
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Pseudoprogression is a clinical and imaging phenomenon characterized by an increase in the size and contrast enhancement pattern of a glioma lesion following treatment with radiotherapy. In human beings, a substantial body of literature describes the phenomenon of pseudoprogression in glioblastoma after radiotherapy. The occurrence of gliomas in the cranial nerves has been reported in human beings as a clinically rare entity. A 7-year-old spayed female French Bulldog was presented with left-sided craniofacial muscle atrophy for a duration of 3 months and episodes of compulsive circling to the left. After a neurological examination, a magnetic resonance (MR) imaging scan of the brain was performed. A T2-and T2 FLAIR-weighted hyperintense, non-contrast-enhancing, T1-weighted hypointense intra-axial suprasellar lesion was found. In addition, an extra-axial, T1-weighted hyperintense, contrast-enhancing mass was identified at the level of the left trigeminal nerve. The lesions were presumptively diagnosed as a glioma and a left trigeminal nerve sheath tumor based on their imaging characteristics and the breed of the patient. A course of stereotactic radiotherapy (SRT) was prescribed, and 3 months after treatment, there was significant progression in the size of the suprasellar mass, indicative of either true progression or pseudoprogression. The left trigeminal nerve mass remained stable in size. Treatment with glucocorticoids resulted in a reduction in the size of the suprasellar mass, as observed on MR imaging 7 months after treatment. The left trigeminal nerve mass remained stable in size. Progression in the size of the suprasellar mass and the left trigeminal nerve mass occurred 9 months after the first course of treatment, and a second course of stereotactic radiotherapy was administered. Sixteen months after the first course of radiotherapy, a necropsy was performed. The suprasellar lesion and the left trigeminal nerve lesion were diagnosed as oligodendrogliomas on histopathology. Trigeminal nerve oligodendrogliomas and pseudoprogression following radiotherapy have not been previously described in dogs. Pseudoprogression should be considered a differential diagnosis for the progression of presumed or confirmed glioma lesions after treatment with radiotherapy. Concurrent oligodendroglioma lesions in the trigeminal nerve are also possible and should be included in the list of differential diagnoses for dogs with concurrent brain lesions.
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1 Introduction

Pseudoprogression is a clinical and imaging phenomenon in gliomas, where the size and contrast enhancement pattern of the lesion on magnetic resonance (MR) imaging increases within 1 to 6 months following treatment with radiotherapy. The incidence of pseudoprogression varies widely, ranging from 9 to 30% in humans with gliomas (1–4). Pseudoprogression is most likely induced by a pronounced local tissue reaction involving inflammation, edema, and abnormal vessel permeability, leading to new or increased contrast enhancement on MR imaging (5, 6). Some studies have found an association between the incidence of pseudoprogression and improved survival, potentially attributable to an active inflammatory response against the tumor (7).

A decline in neurological function may accompany the imaging changes observed in pseudoprogression, or these imaging changes may be clinically silent. Pseudoprogression is managed conservatively with supportive care, such as glucocorticoids, or, in severe cases, with hospitalization and medical management of clinical signs (seizure medications, hypertonic saline, and mannitol). Serial imaging demonstrates a reduction in the lesion following the initiation of supportive care. Pseudoprogression of gliomas is well described in humans and presents a diagnostic challenge for neuro-oncologists in terms of appropriate case management (8). In this report, we present the case of a dog affected with a suprasellar oligodendroglioma and a concurrent trigeminal nerve oligodendroglioma, which was treated with stereotactic radiotherapy. The dog developed pseudoprogression 3 months after completing treatment, as evidenced by serial MR imaging at regular intervals. A summary timeline of key clinical events in this case is presented in Table 1. Understanding the phenomenon of pseudoprogression is important for confirming that post-treatment gliomas in dogs may behave similarly to those in human beings. In addition, clinicians managing dogs affected with gliomas should consider pseudoprogression following radiotherapy, as it can mimic the clinical signs of true tumor progression. Oligodendroglioma lesions in the trigeminal nerve are also possible and should be included in the list of differential diagnoses for dogs with concurrent brain lesions.



TABLE 1 Description of suprasellar oligodendroglioma lesion progression and interventions during treatment.
[image: Table1]



2 Manuscript formatting


2.1 Headings


2.1.1 Case description

A 7-year-old spayed female French Bulldog was presented with left-sided masseter and temporalis muscle atrophy for a duration of 3 months and episodes of compulsive circling to the left. Diffuse atrophy of the muscles of mastication was present; palpation of individual muscle bellies was clinically impossible due to the degree of atrophy and the patient’s conformation at the time of the initial presentation. A right head tilt and right-sided facial paralysis were also noted on clinical examination. Absence of left-sided facial sensation and corneal sensation was not detected. Neuroanatomical localization was multifocal in nature, with clinical signs localizing to the left trigeminal nerve (motor and sensory branches), the right vestibular system, the right facial nerve, the midbrain (mesencephalon), and the pons (metencephalon). Magnetic resonance imaging of the brain was subsequently performed. All MR images were acquired using a high-field GE Excite HDX 1.5 T magnet (Milwaukee, WI), and intravenous contrast was administered using gadolinium 0.2 mL/kg (Clariscan, GE Healthcare, Marlborough, MA), unless otherwise noted. Lesion measurements on MR imaging were performed by a board-certified radiologist and measured in mm at the widest diameter from the rostral-caudal (RC), medial-lateral (ML), and dorsal-ventral (DV) axes in all studies performed.

A T1-weighted hyperintense, extra-axial, contrast-enhancing mass was noted in the left trigeminal nerve at the level of the pons (metencephalon) (Supplementary Figures 1A, 6A). The lesion was T2-weighted and T2-weighted FLAIR hyperintense and was 7.5 mm at the widest diameter. A presumptive diagnosis of trigeminal nerve sheath tumor was made based on these imaging findings and the neurologic examination. A T1-weighted hypointense, non-contrast-enhancing intra-axial suprasellar lesion was also evident. This lesion was T2-weighted hyperintense and had a heterogenous pattern of T2-weighted FLAIR hypointensity and hyperintensity within and surrounding the lesion. The suprasellar lesion measured 17 mm x 12 mm x 14 mm (Figure 1A and Supplementary Figures 2A–D). Given the breed and imaging changes, this lesion was presumptively diagnosed as a glioma.

[image: Figure 1]

FIGURE 1
 Sagittal T2-weighted images of the brain (A) before treatment. Arrowheads point to the T2 hyperintense lesion that was later diagnosed on histopathology as an oligodendroglioma. (B) Sagittal T2-weighted images of the brain 3 months after completing the first course of stereotactic radiotherapy. There was a qualitative and quantitative increase in the size of the mass (arrowheads) compared to panel (A). Panel (C), 7 months after completing stereotactic radiotherapy. The mass had significantly shrunk in size (arrowheads). Panel (D), 9 months after completing stereotactic radiotherapy. Note the increased size of the mass (arrowheads) compared to panels (A,C).


Computed tomography (CT) simulation was performed for radiotherapy treatment planning of the brain, and CT images of the abdomen were also acquired for staging purposes, in accordance with our institutional protocol for radiotherapy patients (Toshiba Aquillon LB 32 Slice, Canon, Tustin, CA). Computed tomography was performed with a 1-mm slice thickness, both prior to and following intravenous contrast administration (Omnipaque 240 mg/mL, 1 mL/lb., GE Healthcare, Chicago, IL). No planning target volume (PTV) was applied due to the size and proximity of each lesion to one another, as well as the sensitive location of the masses adjacent to the brainstem. For the suprasellar lesion, the gross tumor volume (GTV) was defined as all areas of abnormal T2-weighted FLAIR hyper/hypointensity and all areas of abnormal T1-weighted hypointensity. As the suprasellar lesion was poorly defined on CT imaging, CT was not used for lesion contouring. For the left trigeminal nerve mass, the GTV was defined as all abnormal T1 contrast-enhancing areas around the lesion. Any abnormal contrast-enhancing areas evident on CT imaging were also used to contour/define the GTV of the left trigeminal nerve mass. Stereotactic radiotherapy (SRT) was administered on consecutive weekdays using a linear accelerator, with 7 Gy × 3 fractions for a total dose of 21 Gy to both lesions. Treatment plans were developed using the Varian Eclipse treatment planning system, employing nine coplanar fixed gantry angle intensity-modulated radiotherapy fields (IMRT). The plan underwent a quality assurance check prior to delivery using the Varian portal dosimetry system and was calculated with the Varian Eclipse AAA v13.6 algorithm, utilizing a grid size of 1 mm. Prior to each fraction, a cone beam computed tomography (CBCT) scan was performed to verify patient positioning. All equipment used for administering and planning radiotherapy was manufactured by Varian (Clinac Ix Linear Accelerator with 6MV photons, Eclipse, Portal Dosimetry-Varian Medical Systems, Palo Alto, CA). The patient was also prescribed prednisone (0.5 mg/kg once daily) by mouth to mitigate any potential intracranial inflammation that could result from radiotherapy (PrednisTab, Lloyd, Shenandoah, IA, USA). Table 1 provides additional details about the prednisone dosages throughout the management of this case.

Three months after completing SRT, the patient was presented for re-evaluation and follow-up MR imaging. The patient continued to exhibit intermittent circling behavior, and the masticatory muscle atrophy on the left side remained unchanged from previous assessments. In the MR imaging, the lesion in the left trigeminal nerve was similar in size, shape, and T1-weighted post-contrast hyperintensity (Supplementary Figures 1B, 6B). However, the suprasellar lesion increased in size, measuring 24 mm x 15 mm x 10 mm at the widest diameters. The lesion appeared more T1-weighted hypointense than in the previous set of images, and a focal area of contrast enhancement was evident (Figure 1B and Supplementary Figure 3). The imaging changes were interpreted as either true progression of the presumed glioma or pseudoprogression, based on the response evaluation criteria in solid tumors v1.0 (RECIST) for dogs (9). The patient was continued on prednisone therapy but at a reduced dose due to reported clinical signs of anxiousness and panting at night (Table 1).

Six months after completing the first course of radiotherapy, the patient was presented with a ruptured corneal ulcer in the left eye. Enucleation and exenteration were performed, and the left globe was submitted for histopathology. No neoplasia was noted in the histopathologic examination of the left globe, and the diagnosis was characterized as perforating and ulcerative keratitis with corneal rupture and iris prolapse. Subacute fibrinosuppurative endophthalmitis with hyphema was also noted.

Seven months after the completion of the SRT course 1, the patient was re-evaluated. The circling behavior had resolved, and the MR imaging was repeated. The suprasellar mass lesion had decreased in size compared to previous imaging studies and measured 18 mm x 10 mm x 10 mm at the widest diameter. There was no contrast enhancement of the suprasellar mass, and it continued to have a similar pattern of heterogenous T2-weighted and T2-weighted FLAIR hyperintensity and hypointensity (Figure 1C and Supplementary Figure 4). Based on the RECIST criteria, the suprasellar mass was characterized as a stable disease compared to the pretreatment imaging. The left trigeminal nerve lesion remained unchanged in size and was also characterized as a stable disease based on the RECIST criteria at this same time point (Supplementary Figures 1C, 6C).

Nine months after the completion of SRT, the patient returned for evaluation due to the development of a right-sided head tilt and circling behaviors to both the left and right sides. A follow-up MR imaging study was performed using a 1.5 T high field magnet (GE Signa, Milwaukee, WI) both prior to and following the administration of 0.2 mL/kg of gadolinium (Clariscan, GE Healthcare, Marlborough, MA). Both the left trigeminal nerve (Supplementary Figures 1D, 6D) and suprasellar lesions were characterized as progressive disease based on the worsening clinical signs and an increase in size of the masses (Figure 1D and Supplementary Figure 5). The suprasellar lesion exhibited similar heterogenous T2-weighted and T2-weighted FLAIR hyperintensity and hypointensity, measuring 20 mm x 9 mm x 12 mm. Based on the clinical and imaging changes, a second course of SRT was prescribed using the same technique and equipment described above. A radiation prescription of 8 Gy x 3 fractions on consecutive weekdays was administered to both lesions, and the dose of prednisone was increased to 0.5 mg/kg per day by mouth. The increased prednisone dosage was chosen to limit the potential for radiotherapy-induced intracranial inflammation. The patient was euthanized 6 months after the second course of SRT due to the declining quality of life and worsening neurological clinical signs, as reported by the dog’s owner. Additional in-clinic follow-up was not performed after the completion of the second course of radiotherapy. The overall survival time was 16 months following the initiation of the first course of SRT.



2.1.2 Necropsy findings

The left facial muscles were diffusely and markedly atrophied, and the left eye was absent. The left cranial nerves, including the maxillary and ciliary nerves, had ill-defined axonal margins compared to the contralateral nerves. The left ventral piriform lobe was enlarged and asymmetric, protruding (approximately 2 cm x 1 cm x 0.5 cm) along the ventral, medial, and rostral margins. The left half of the pons was similarly, mildly enlarged, and the adjacent meninges were dilated with watery, red fluid. On transection, the optic chiasm, fornix column, thalamus, third ventricle, and surrounding structures were effaced by necrosis. Proceeding caudally, transverse sections of the hypothalamus and ventral thalamus were severely to markedly effaced by a 9 mm x 6 mm, dark red to dark, indistinctly delineated neoplastic mass. The mass extended through successive sections of the mesencephalon and pons and infiltrated laterally toward the cerebellar peduncles (rostral and mid-cerebral peduncles). The areas of malacia extended through the center of the brain stem. The asymmetry of the gyri and sulci was occasionally associated with ill-defined areas of darker, softer neuropil (Figure 2).
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FIGURE 2
 A cross-section of the brain at the level of the mid-brain formalin-fixed section. The ventral midbrain was effaced by the neoplastic mass, with pallor and infiltration of the neoplasm toward the ventral right margin and right of the central mass (arrowheads). There was a similar mass in the left trigeminal nerve (asterisk).


Additional necropsy findings included acute, hemorrhagic typhlocolitis, lipid hepatopathy, and dermal hyperpigmentation and alopecia consistent with chronic corticosteroid treatment.



2.1.3 Histopathologic descriptions

Infiltrating the cranial nerves and ventral meninges and effacing the normal architecture of the hypothalamus and thalamus, the neoplastic mass extended into the brainstem and meninges of the cervical spinal cord. It was composed of polygonal cells arranged in sheets, cords, and pseudorosettes, interspersed with small, occasionally tortuous vessels. The surrounding neuropil was extensively effaced by abundant edema and mild to moderate glial inflammation, with occasional neuron degeneration. The neoplastic cells exhibited variable amounts of pale, eosinophilic to clear cytoplasm, with typically distinct cell borders. The irregular, round nuclei had coarse to stippled chromatin and occasionally contained a small nucleolus. There was mild anisocytosis, anisokaryosis, and pleomorphic variation. A total of 16 mitotic figures were counted in 2.4 mm2. The surrounding neuropil was extensively effaced by abundant edema, with mild to moderate glial inflammation and occasional neuron degeneration present. The neoplastic cells in the left trigeminal nerve and ganglion were similar to those in the primary mass (Figures 3A–C).
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FIGURE 3
 (A) At 1.5x magnification, the primary mass had a rim of pallor surrounding the neoplasm. The metastatic mass associated with the trigeminal nerve is identified with an asterisk. (B): The rim of pallor (arrowheads) was composed of edema and necrosis consistent with pseudoprogression. (C): Inset of 3c. The neoplasm was composed of polygonal cells arranged in the form of sheets and cords, infiltrated by tortuous, congested vessels. Pseudorossettes organized around congested vessels are features supportive of an oligodendroglioma diagnosis. (D) Neoplastic cells in both the primary mass and the mass overlying the trigeminal nerve were positive for Olig2 (Olig 2 immunohistochemistry). (E) At 400x magnification, Olig2 histochemistry staining was moderately to strongly positive within the neoplastic cells. (F) GFAP staining was negative within the primary neoplasm, and there was mild to moderate staining in the surrounding areas of necrosis.




2.1.4 Immunohistochemical findings

The neoplastic cells in multiple areas of the neoplasm were moderately to strongly positive for Olig2 and consistent with oligodendroglioma. Oligo2 highlighted areas of neoplastic cell infiltration into the surrounding neuropil. While GFAP was negative within the neoplasm, the areas of neoplasm infiltration overlapped with glial inflammation at the neoplasm margins (Figures 3D,E) (10).





3 Discussion

To the best of our knowledge, this is the first report of a dog with histological confirmation of malignancy describing pseudoprogression of an oligodendroglioma, with serial follow-up imaging after stereotactic radiotherapy. In a series of dogs treated with radiotherapy for presumed gliomas, one dog was reported to have clinically silent lesion progression 620 days after the completion of radiotherapy (11). The authors in this series speculated that this silent lesion progression might be pseudoprogression, but no necropsy or other histological confirmation of malignancy was performed. Pseudoprogression and late radiation necrosis have overlapping pathological and imaging characteristics, and there is controversy regarding the temporality of these phenomena (6). Late radiotherapy-induced brain necrosis does not occur until 6 months or later after the completion of treatment; pseudoprogression has also been reported in some cases 6 months after treatment (12). Therefore, the overlap in temporality between late radiation necrosis and pseudoprogression can confound clinicopathologic categorization when a progressive lesion occurs at the 6-month time point. In our case, the presence of a progressive lesion within 3 months of treatment, followed by regression of the lesion on serial imaging, places the observed findings within the category of pseudoprogression.

Canine brain tumors are reported to have a molecular overlap with human pediatric brain tumors (13). Pseudoprogression after radiotherapy or chemoradiotherapy is reported at higher rates in humans with MGMT promoter methylation in glioblastoma multiforme (14). The present case involves a high-grade oligodendroglioma, not glioblastoma multiforme. MGMT methylation is not a commonly reported characteristic of human oligodendroglioma. However, in human beings, a common driving mutation in oligodendroglioma development is IDH-1 mutations, which may also be present occasionally in canine oligodendroglioma (13). Pseudoprogression in human oligodendroglioma is also reported to occur in both IDH-1 wild-type and mutant oligodendrogliomas (15). The IDH-1 mutation status of our patient is unknown since testing for this mutation is not widely available in dogs.

This case presented a clinical challenge in determining recommendations for the owners regarding the next steps for continued management, as progressive lesions were found on serial MR imaging 3 months after the initial treatment. In our clinical experience, owners of brain tumor dogs with a progressive mass lesion on follow-up imaging often elect euthanasia due to the presumed lack of clinical response to treatment. However, the patient in the present case exhibited mostly mild clinical signs that were manageable on an outpatient basis, and euthanasia was discouraged. The finding of a progressive primary lesion and the likely diagnosis of a glioma required careful counseling of the owner regarding the need for serial follow-up imaging to characterize the behavior of the lesions. Therefore, this case highlights the importance of considering pseudoprogression in the differential diagnosis for dogs with a confirmed or strongly presumed glioma when progressive lesions are observed on the MR imaging after the completion of radiotherapy. Notably, despite the presence of pseudoprogression and true progression, the survival time in our patient is consistent with the survival time reported in the literature for presumed intracranial gliomas (11–21 months) (16–21).

While the patient in this report was treated with prednisone throughout the course of the disease, the inclusion of this medication is unlikely to have had much effect on the outcome. The dog was on the highest dose of prednisone before developing the pseudoprogressive lesion and was subsequently tapered to lower doses of prednisone when pseudoprogression was noted due to reported anxiousness and panting. Prednisone was initiated before radiotherapy with the intention of gradually reducing the dose to the lowest effective dose for controlling neurologic clinical signs. Until rather recently, prednisone dosing in veterinary radiotherapy for brain tumors has been anecdotal and not based on high levels of evidence. Prospective data that demonstrate the safety of rapidly tapering the dose of prednisone after the completion of radiotherapy for brain tumors have become available (22). The present case was treated prior to the publication of this data; therefore, the exact protocol from the aforementioned manuscript was not followed. Prednisone dosage was increased before starting a second course of radiotherapy, which was consistent with the findings of our clinical experience.

During treatment, the patient developed clinical signs consistent with a left corneal ulcer and rupture after the first course of radiotherapy. A subsequent neurological examination of this patient indicated no complete loss of corneal sensation or facial paralysis on the left side. It is possible that radiotherapy could have damaged the facial nerve due to the proximity of the treatment to the facial canal, and the presence of these clinical findings could indicate a late side effect of radiotherapy. No evidence of tumor extension into the left globe was found upon histological examination of the eye after enucleation.

The patient in the present case had a concurrent oligodendroglioma lesion in the left trigeminal nerve and ganglion. Trigeminal nerve oligodendroglioma has not been reported in dogs, and there are very few reports of its occurrence in human beings, with a total of 16 cases (23, 24). It is speculated that the extension of primary oligodendroglioma into the trigeminal nerve may occur through the infiltration of the tumor along the white matter tracts and through the root entry zone and proximal cisternal segments (23, 24). It is also well documented that oligodendrogliomas in dogs are capable of drop metastasis throughout the central nervous system. Drop metastasis is believed to occur when tumor cells seed through the ventricular system, leading to metastases distant from the primary tumor, appearing throughout the rest of the brain and spinal cord as the disease progresses (25–27). It is unknown in the present case whether the concurrent oligodendroglioma lesions represent drop metastasis, extension of one of the lesions to the other location, or simply concurrent primary tumors (independent events). We were unable to demonstrate antemortem or postmortem evidence for any of these scenarios.

In conclusion, pseudoprogression of oligodendrogliomas occurs in dogs and should be considered in the differential diagnoses of progressive masses and clinical signs following the completion of radiotherapy. Concurrent lesions in the cranial nerves, such as the trigeminal nerve, may also be oligodendrogliomas and should be included in the list of differential diagnoses.
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SUPPLEMENTARY FIGURE 1 | Axial T1 weighted +C images at the level of the rostral pons (A–D). Note the contrast enhancing T1 hyperintense extra-axial lesion at the left trigeminal nerve (A). This lesion was diagnosed as an oligodendroglioma. (B) 3 months after treatment with radiotherapy the oligodendroglioma remains stable in size. (C) 7 months after treatment with radiotherapy. (D) 9 months after treatment with radiotherapy the lesion has progressed in size. Note also the left tympanic bulla in figure (D) contains effusion. This is likely due to dysfunction of the eustachian tube secondary to denervation of the tensor veli palatini muscle which is innervated by the mandibular branch of the trigeminal nerve.



SUPPLEMENTARY FIGURE 2 | Axial images at the level of the pituitary gland demonstrating the pre treatment appearance of the oligodendroglioma. (A) T1 weighted images, (B) T1 weighted+Contrast images, (C) T2 weighted images, (D) T2 FLAIR weighted images. The tumor is delineated by the arrows in each panel.



SUPPLEMENTARY FIGURE 3 | Axial images at the level of the pituitary gland 3 months after treatment with radiotherapy demonstrating pseudoprogression of the oliogodendroglioma. (A) T1 weighted images, (B) T1+Contrast weighted images-note the area of new contrast enhancement (*), (C) T2 weighted images, (D) T2 FLAIR weighted images. The lesion is delineated by the arrows in each panel.



SUPPLEMENTARY FIGURE 4 | Axial images at the level of the pituitary gland 7 months after treatment with radiotherapy demonstrating decrease in size of the oligodendroglioma lesion. (A) T1 weighted images, (B) T1 weighted +Contrast image, (C) T2 weighted images, (D) T2 FLAIR weighted images. The lesion is delineated by the arrows in each panel. The area of contrast enhancement around the lesion is no longer visible in panel (B) or any of the other planes examined.



SUPPLEMENTARY FIGURE 5 | Axial images at the level of pituitary gland 9 months after treatment with radiotherapy demonstrating progression in size of the oligodendroglioma lesion. (A) T1 weighted images, (B) T1 weighted +Contrast image, (C) T2 weighted images, (D) T2 FLAIR weighted images. The lesion is delineated by the arrows in each panel.



SUPPLEMENTARY FIGURE 6 | Dorsal T1 weighted + contrast images at approximately the level of the trigeminal nerve/trigeminal ganglion. (A) prior to treatment. (B) 3 months after treatment with radiotherapy. (C) 7 months after treatment with radiotherapy. (D) 9 months after treatment with radiotherapy. The arrow heads in each panel demonstrate the extra-axial lesion in the trigeminal nerve. It was not possible to image the trigeminal ganglion exactly at each time point due to differences in positioning, machines, and differences in size of the primary suprasellar lesion causing displacement of normal structures.
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Clinical signs

Location

Gross findings

References

Published cases

pelvic limb weakness,
lumbar pain

containing the spinal
nerves of L4-L6

(0.5-cm in diameter)

German shepherd 6 MN Progressive, nonpainful, | Left L5-L6 spinal nerve Focally and cylindrically | (6)
left pelvic limb paresis roots thickened nerve roots
(twice the normal size)
Beagle 9 M Progressive, Left brachial plexus Cylindrical enlargement (8)
cervicothoracic pain, (0.8-cm in diameter)
tetraparesis
Leonberger 4 M 2-year history left Distal part of median Markedly thickened &)
thoracic limb lameness nerve distal part of median
nerve (1cm in diameter)
N/A N/A N/A N/A Cervical nerve root N/A (14)
Rottweiler 9 MN Progressive, mild ataxia | Left C1-2 spinal nerve Contrast enhancing (14)
inall limbs root intradural
extramedullary mass at
nerve root
Labrador retriever N/A 5 FS Intermitent, 6-month, Left C2 nerve root Contrast enhancing (14)
thoracic limb intradural
lameness/tetraparesis, intramedullary mass at
pain nerve root (2cm in
diameter)
Unpublished data
Labrador retriever 10 MN Non-progressive, C6-T1 spinal nerve root Unencapsulated mass
non-painful, hind limb (0.7-cm in diameter) Cornell University,
weakness unpublished data
Mixed breed dog 10 FS 4-month history limping | C7 left spinal nerve Unencapsulated mass
and lameness on left (0.3-cm in diameter) Texas A&M University,
forelimb unpublished data
Beagle 3 MN 5-month progressive Left spinal root Unencapsulated mass

Auburn University,
unpublished data

L, Lumbar; M, Male; MN, Male neutered.






OPS/images/fvets-12-1553617/crossmark.jpg
©

2

i

|





OPS/images/fvets-11-1303084/crossmark.jpg
©

2

i

|





OPS/images/fvets-12-1553617/fvets-12-1553617-g001.jpg





OPS/images/fvets-12-1512097/fvets-12-1512097-g004.jpg





OPS/images/fvets-12-1563798/crossmark.jpg
©

2

i

|





OPS/images/fvets-12-1563798/fvets-12-1563798-g001.jpg





OPS/images/fvets-12-1563798/fvets-12-1563798-g002.jpg





OPS/images/fvets-12-1614212/crossmark.jpg
©

|





OPS/images/fvets-12-1572808/fvets-12-1572808-g002.jpg





OPS/images/fvets-12-1543611/fvets-12-1543611-g003.jpg





OPS/images/fvets-12-1543611/fvets-12-1543611-t001.jpg
Neurological Lesion location

grading*

1 French Bulldog Male ay 132kg 2 TI3-LL
2 Pomeranian Female 3y 43kg 3 TI3LL
3 Shiba Inu Male 6Y 18kg 3 1213

4 Corgi Female 5Y 16kg 4 1213
5 Chinese rural dog Male sY 68kg 4 TI2TI3
6 Bichon Frise Male 7Y 6lkg 5 L2

7 Poodle Male 7 9.6kg 4 TI2TI3
8 German Shepherd Male 7Y 46kg 2 L2

9 Corgi Male 9y 14kg 3 TI3LL
10 Corgi Male 7Y 15kg 4 TI2TI3
n Corgi Male sY 137kg 4 L2

Y, years old; kg, kilogram.
* The grading system was as follows: grade 0, normal gait; grade 1, thoracolumbar pain with no neurological deficits: grade 2, ambulatory paraparesis; grade 3, non- ambulatory paraparesis;
grade 4, paraplegia with intact deep pain perception in atleast one limb; and grade 5, paraplegia with loss of deep pain perception.
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Phenotype Genotype Genotype

(height) FGF4L1 FGF4L2

Copies Copies
Case “Tall (48 cm) 0 1
Male littermate Tall (41 cm) 0 2
Sire Short 1 1
Dam Short 1 2

Female littermate Short 1 1





OPS/images/fvets-11-1504477/crossmark.jpg
©

2

i

|





OPS/images/fvets-11-1495807/crossmark.jpg
©

|





OPS/images/fvets-11-1495807/fvets-11-1495807-g001.gif





OPS/images/back-cover.jpg
Frontiers in
Veterinary Science
Transforms how we investigate and improve.
anima heaith

The third most-cite inary sc
d human b

bridging animal

dical challenges. It

innovative biotechnology and therapy for
improved health outcomes.

Discover the latest
Research Topics






OPS/images/fvets-12-1512097/fvets-12-1512097-g001.jpg





OPS/images/fvets-12-1512097/fvets-12-1512097-g002.jpg





OPS/images/fvets-12-1512097/fvets-12-1512097-g003.jpg





OPS/images/fvets-12-1551567/crossmark.jpg
©

2

i

|





OPS/images/fvets-12-1551567/fvets-12-1551567-g001.jpg





OPS/images/fvets-12-1551567/fvets-12-1551567-g002.jpg





OPS/images/fvets-12-1512097/crossmark.jpg
©

2

i

|





OPS/images/fvets-11-1504477/fvets-11-1504477-g005.jpg





OPS/images/fvets-11-1504477/fvets-11-1504477-g006.jpg





OPS/images/fvets-11-1504477/fvets-11-1504477-t001.jpg
Signalment Neurological examinati oanatomical localizati

Dog: case | -6 weeks Ambulatory paraparesis with pelvic limb |~ T3-L3 spinal cord segments
2 years and 9 months ataxia (worse on the right). Reduced paw

Rottweiler placement and hopping on both pelvic

Female intact limbs (worse on the right).

35kg

Dog: case 2 Since being born Non-ambulatory paraparesis. Absent paw | T3-L3 spinal cord segments
4 years and 5 months placement on both pelvic limbs

Bloodhound Cutaneous trunci around T10.

Female intact

30kg
Dog: case 3 Since 12 weeks of age Ambulatory paraparesis with pelvic limb  T3-L3 spinal cord segments
Ayears ataxia (worse on the left). Reduced paw

Irish Water Spaniel Female intact placement and hopping on both pelvic

20kg limbs (worse on the left). Cutaneous

trunci present around the thoracolumbar

junction.
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