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

KEYWORDS
sacral agenesis, sacro-caudal dysgenesis, Currarino syndrome, spina bifida, congenital spine malformation, caudal regression syndrome


1. Introduction

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

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

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

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

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

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

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



2. Case description

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

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

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


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


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


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


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

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

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



3. Discussion

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

To the best of the authors' knowledge, this is the first report of a similar SA in two related boxer dogs. Further studies including subjects with similar NTDs from this and other breeds should be performed in order to improve understanding of the role of genetic and non-genetic factors in these defects of neural tube closure.
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