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1 | INTRODUCTION
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Abstract

A 3-month-old male cross-breed dog presented with signs of progressive diffuse
brain disease. Noncommunicating congenital hydrocephalus concurrent with cervical
syringomyelia was diagnosed on magnetic resonance images. On time-spatial labeling
inversion pulse (Time-SLIP) images CSF flow through the mesencephalic aqueduct
was poorly defined and there was flow into the syrinx across the craniocervical junc-
tion. After percutaneous ventricular drainage and ventriculoperitoneal shunting, CSF
flow through the aqueduct was clearly detected and flow into the syrinx disappeared.
In addition, CSF flow in the subarachnoid space at the pons and ventral aspect of the
cervical subarachnoid space was restored. Signs of neurological dysfunction
improved after ventriculoperitoneal shunting and the cerebral parenchyma was
increased in thickness on 2-year follow-up computed tomography images. Patterns
of CSF flow on Time-SLIP images before and after CSF drainage or ven-
triculoperitoneal shunting aid in clarifying disease pathogenesis and confirm effects

of CSF drainage.
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congenital hydrocephalus in animals®™” and reduced postoperative

ventricular size accompanied by increased brain parenchyma volume

In dogs, internal hydrocephalus is defined as excessive accumulation
of cerebrospinal fluid (CSF) within the ventricular system.® The
causes of congenital internal hydrocephalus are suspected to be
interruption or obstruction of CSF circulation (noncommunicating), or
dysfunction of CSF absorption (communicating),%? although the pre-
cise pathogenesis in each individual case often remains unknown.
Ventricular peritoneal shunting (VPS) is the gold standard to treat

Abbreviations: CCJ, craniocervical junction; CSF, cerebrospinal fluid; CSF-TT, CSF-tap test;
CT, computed tomography; IVP, intraventricular pressure; MRI, magnetic resonance imaging;
T1W and T2W, T1 and T2 weighted; Time-SLIP, time-spatial labeling inversion pulse; VPS,
ventricular peritoneal shunting.

correlate with improvement of clinical signs.” Although VPS can
improve clinical status,®¢ a methodical approach to standardize deci-
sion making is required because of the variable outcome after VPS*”
and the risk of complications, including shunt obstruction, pain, infec-
tion, and excessive drainage.8

In human medicine, the CSF-tap test (CSF-TT) (ie, drainage) is
used to predict the efficacy of surgical treatment in both congenital
and acquired hydrocephalus.”*” However, a recent systematic review
on reliability of CSF-TT in idiopathic normal pressure hydrocephalus
(INPH) demonstrated that a negative response to CSF-TT does not

necessarily imply ineligibility for shunting.*® Recently, CSF dynamics
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have been evaluated using the time-spatial labeling inversion pulse
(Time-SLIP) sequence—a magnetic resonance imaging (MRI) technique
that defines CSF dynamics during short imaging periods (~6 sec-
onds).lg'23 In human diseases that disturb normal CSF flow, such as
iNPH, or congenital and acquired hydrocephalus, CSF flow is difficult
to observe in the ventricular system, including the interventricular
foramen (foramen of Monro), 3rd ventricle or mesencephalic aqueduct
on Time-SLIP images.2?222% |n addition, in patients with intracranial
arachnoid diverticulum in the middle fossa, CSF flow is not detected
between the basal cistern and diverticulum.?° In those patients, Time-
SLIP can confirm whether surgical treatment successfully restores
CSF flow in the ventricular system or in the vicinity of the
lesion.r?-?122 Furthermore, patients with restoration of CSF flow on
postsurgical Time-SLIP images are reported to have a good progno-
sis.?2! In veterinary medicine, Time-SLIP imaging is rarely used;
there is only a single case report describing CSF flow in the aqueduct
of a dog with obstructing hydrocephalus due to brain tumor.2

In this report, we describe CSF flow at the aqueduct and
craniocervical junction (CCJ) on Time-SLIP images obtained before
and after VPS in a dog with congenital hydrocephalus and

syringomyelia.

2 | CASEHISTORIES

A 3-month-old, 1.48 kg, male cross-breed (Maltese x toy poodle) dog
was referred to our hospital with a 1-month history of signs of pro-
gressive diffuse brain lesion including altered mental status, circling to
the left, ataxia, left head tilt, nystagmus, and hyperesthesia when han-
dling the head. Medical treatment using prednisone (0.5 mg/kg, Q12h)
at the referring veterinary clinic ameliorated the clinical signs for short
periods but the poor mental status, poor appetite, and severe signs of
vestibular disease recurred.

At presentation, the dog was in lateral recumbency and somno-
lent with a whole-body tremor. The dog was generally settled but
showed episodic aggression and confusion. The head was enlarged
and dome shaped, and there was ventrolateral strabismus, left head
turn, and scoliosis. Open calvarial sutures and persistent fontanelles
were detected by palpation. Neurological examination revealed pos-
tural reaction deficits in all limbs, bilateral deficits in menace
responses and positional strabismus in the left eye, nystagmus with
slow phase to the left and left head tilt. Spinal reflexes were intact in
all limbs. Judging from these tests, neurological localization was
thought to be the brain (forebrain, brain stem, and cerebellum) and,
also, because of the scoliosis, likely a lesion affecting the cervical spi-
nal cord. Persistent suture lines and fontanelles and thinning of the
calvaria were detected on head radiographies, and scoliosis was
apparent on a dorsoventral view of the cervical vertebral column.
Ultrasonography of the head revealed extremely dilated lateral ventri-
cles and the ventricle: brain ratio?> was approximately 95%. Congeni-
tal hydrocephalus and presumptive concomitant syringomyelia were

tentatively diagnosed.
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21 | Conventional MRI findings

Magnetic resonance imaging was performed using a 1.5-T sup-
erconducting unit (EXCELART Vantage, Canon Medical Systems Cor-
poration, Tochigi, Japan), with the dog under general anesthesia and
in sternal recumbency. On mid-sagittal T2-weighted (W) images, the
entire ventricular system was extremely dilated, there was an sup-
racollicular fluid accumulation in the quadrigeminal cistern and cervi-
cal syringomyelia (Figure 1A). There was no CSF signal in the
subarachnoid space surrounding the brain and spinal cord on T2W
images (Figure 1A,B). No abnormal signal intensity was detected in
the brain parenchyma on T1W, T2W, fluid attenuated inversion
recovery, and postcontrast T1IW images.

2.2 | Time-SLIP sequence

Use of the Time-SLIP sequence (and CSF-TT) was approved by the
hospital ethical committee (an approval number was not allocated),
and written informed consent was obtained from the owner.

After conventional MRI sequences, Time-SLIP images were
obtained at 2 sites: (a) the mesencephalic aqueduct (the tag was set
perpendicular to the aqueduct) to evaluate CSF flow in the aqueduct
and subarachnoid space ventral to the brain stem (a region equivalent
to the prepontine cistern in humans and, below, this CSF space is
described as the “prepontine cistern”) and (b) the CCJ (the tag was set
perpendicular to the ventral aspect of the cervical spinal cord at C1
vertebra) to evaluate the flow in the cervical subarachnoid space and
the flow into the syrinx before and after CSF-TT and VPS. The param-
eters of Time-SLIP images were: repetition time, 9600 milliseconds;
echo time, 80 milliseconds; field-of-view, 13 x 13 cm; matrix,
160 x 192; slice thickness, 4 mm; labeled pulse (tag) width, 10 mm.
Inversion time was increased in 30 increments of 50 milliseconds,
starting at 1500 milliseconds. The total acquisition time was
~4.5 minutes for each sequence. If bright signal (tagged CSF) was visi-
ble in the nontagged dark CSF space, or dark signal (nontagged CSF)
was visible in the tagged bright CSF space at least once, CSF was
defined as “flowing” at those sites (see Appendix for description of

the principle of the Time-SLIP sequence).

23 | CSF flow evaluation on Time-SLIP images
before and after CSF-TT (drainage)

Before CSF-TT, CSF flow in the aqueduct was poorly defined
(Video S1) and the flow into the syrinx at the CCJ was observed
(Figure 2A-D, Video S2) and CSF flow in other areas was not
detected. CSF was then percutaneously drained from the left lateral
ventricle via the rostral fontanelle (CSF-TT) with the dog in sternal
recumbency. Hair was shaved over the parietal area and the skin
aseptically prepared using povidone-iodine and 70% ethanol. Two

extension 20-cm tubes were attached to a 30-G needle inserted into
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FIGURE 1 Sagittal and transverse T2-weighted (T2W) magnetic resonance (MR) images before the cerebrospinal fluid (CSF) tap test (TT), A,B,
after CSF-TT, C,D, and after ventriculoperitoneal shunting (VPS), E,F. Before CSF-TT, the ventricles are extremely dilated with supracollicular fluid
accumulation (asterisk) and cervical syringomyelia (blue arrow head). There was no CSF signal in the subarachnoid space surrounding the brain
and spinal cord. After CSF-TT, CSF signal in the subarachnoid space was restored (red arrows). Post-VPS T2W images revealed visible reduction
ventricular size, supracollicular fluid accumulation (asterisk) and syrinx (blue arrowhead), and reappearance of CSF signal in the subarachnoid

space (red arrows)

the lateral ventricle and used to measure intraventricular pressure
(IVP). The IVP was 32cm H,O (approximately 23.54 mm Hg,
reference range: 8-12 mm Hg?%), and 0.75 mL of CSF was collected
(drained). Subsequent to CSF-TT, sagittal and transverse T2W, and
Time-SLIP images were repeated. On T2W images, CSF signal in the
subarachnoid space and cerebral sulci was restored (Figure 1C,D). On
Time-SLIP images, CSF flow in the mesencephalic aqueduct was more
clearly apparent compared to that observed before drainage, but flow

in the prepontine cistern remained minimal (Figure 3A-D, Video S3).

Flow in the ventral cervical subarachnoid space was apparent and
there was no flow into the syrinx at the CCJ (Video S4).

24 | CSF flow evaluation on Time-SLIP images
before and after VPS

During the 1st week after CSF-TT, the dog did not show any clinical

improvement despite continuing medical treatment, and the owner
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FIGURE 2 Sequential series of Time-spatial labeling inversion
pulse (Time-SLIP) images at the craniocervical junction (CCJ) before
the CSF tap test (CSF-TT) (A-D: C and D are enlarged images from
cropped area in A and B, respectively) and ventriculoperitoneal
shunting (VPS) (E-H: G and H are enlarged images from cropped area
in E and F, respectively). CSF flow into the syrinx [hyperintense signal
at nontagged area of the syrinx (dark background): arrows on B, D, F,
and H] was detected on the images, but not in earlier parts of the
sequence (A, C, E, G) (Videos S2 and Sé). F, 4th ventricle; S, syrinx; T,
inversion time

opted for surgical treatment. Time-SLIP images obtained before VPS
revealed no CSF flow in the aqueduct and flow into the syrinx was
detected similarly to that noted before CSF-TT (Figure 2E-H, Videos
S5 and S6). There was no CSF flow in the intracranial and cervical
arachnoid space. A high-pressure valve ventriculoperitoneal shunt
(CSF flow control valve ultrasmall, Medtronic Japan, Tokyo, Japan)
was placed because intraoperative IVP was approximately 35 cm H,O
(~25.75 mm Hg). On postoperative MRI the ventricles, supracollicular

fluid accumulation and syrinx were all reduced in volume and CSF

e e

signal reappeared in the subarachnoid space and cerebral sulci on
T2W images (Figure 1E,F). Rostral and caudal direction of CSF flow in
the 3rd ventricle and the aqueduct were apparent in addition to flow
in the subarachnoid space at the prepontine cistern on Time-SLIP
images tagged at level of the aqueduct (Figure 3E-H, Video S7). On
Time-SLIP images at the CCJ, flow into the syrinx was not observed,
instead, CSF was observed to flow in the ventral cervical subarach-

noid space (Video S8).

2.5 | Clinical outcome and follow-up computed
tomography findings

Two days after surgery, the mental status and appetite had improved.
There were residual vestibular signs including head tilt, strabismus and
ataxia, but the dog became independently ambulatory at 2 weeks
after surgery. Although ataxia and learning disability persist 2 years
after surgery, the dog has improved quality of life with independent
walking and eating. Follow-up computed tomography (CT) scan
2 years after surgery was performed without anesthesia using a
320-slice scanner (Aquilion ONE, Canon Medical Systems Corpora-
tion, Tochigi, Japan) revealing an expanded cerebral parenchyma but

persistent dilation of the 4th ventricle (Figure 4).

3 | DISCUSSION

Here we demonstrate CSF flow in the mesencephalic aqueduct and
CCJ in a dog with congenital hydrocephalus and cervical syringomye-
lia by using Time-SLIP MRI. The patterns of CSF flow on the images
before and after CSF-TT and VPS in addition to findings on conven-
tional MRI clarify the pathogenesis and confirm effects of CSF
drainage.

It has proven difficult to determine the precise patterns of CSF
flow through and around the brain and CCJ in both humans and dogs.
Until recently, the predominant theory (“bulk flow”) posited that in
normal individuals CSF was produced in the choroid plexuses and
then moved, in general from rostral to caudal, through the ventricles
and out through the foramina to bathe the external surfaces of the
brain and then was absorbed predominantly through the arachnoid
villi.?” Since then there has been a wider adoption of the notion that

27 and modern

“CSF is formed everywhere and resorbed everywhere
methods of tracking CSF flow—such as the Time-SLIP technique
described here—suggest, rather, that flow is pulsatile.?82?° This to-
and-fro movement in healthy humans and animals is generated by
respiratory motion (inhalation versus exhalation) and cardiac pulsation
(systole versus diastole).?22330-32 CSF flows rostrally during inspira-
tion and caudally during expiration: increased blood flow into the
brain is associated with increased CSF flow out of head and, similarly,
during periods of decreased venous drainage there is increased CSF
flow out of head.3>3! This oscillating pattern of CSF flow occurs in
coordination with respiratory and cardiac cycles on Time-SLIP images

and real-time MRI in humans.?22332
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FIGURE 3 Sequential series of Time-spatial labeling inversion pulse (Time-SLIP) images at the mesencephalic aqueduct after CSF tap test
(CSF-TT), A-D, and ventriculoperitoneal shunting (VPS), E-H. The tagged CSF (hyperintense signal of CSF) flow thorough the nontagged aqueduct
(dark background) is apparent on the images (arrows in B, D, F, and H) (Videos S3 and S7). On the Time-SLIP images after VPS, retrograde CSF
flow is detected in the 3rd ventricle, denoted by the high signal CSF from the rostral edge of the tagged area of the 3rd ventricle into the
nontagged area of the ventricle where the CSF signal is dark (arrowhead in G), or by nontagged CSF (dark) signal in the caudal edge of the tagged
area of the 3rd ventricle where CSF signal is hyperintense (blue arrows in E and G) (Video S7). In addition, CSF flow is detected at the arachnoid
space of the pons (the prepontine cistern), recognized by tagged CSF (high CSF signal) in the nontagged (dark) area of the the prepontine cistern
(blue arrowheads in F and H), which was not detected before VPS (Videos S5 and S7). T, inversion time

FIGURE 4 Multiplanar reconstruction images of follow-up computed tomography (CT; A, sagittal; B, transverse). The supracollicular fluid
accumulation (A, asterisk) and dilation of the 4th ventricle (A, arrow) are apparent, but the cerebral parenchyma is expanded. The shunt tube is

visible on the transverse image (B, blue arrowhead)

In disease states, the pattern of CSF flow is modulated by abnor-
mal distribution of regions of high and low pressure, with flow inevita-
bly occurring from areas of high pressure to areas of low pressure,
although these regions might also continuously vary with phase of
heartbeat and respiration. In small animals, intracranial “compliance”
(the ability to accommodate increased volume without increase in
pressure) is also considered to influence CSF dynamics and abnormal
compliance may constitute a cause of hydrocephalus, especially in
brachycephalic dogs.332° In normal dogs, expansion of the intracranial
arteries during systole compresses the intracranial CSF cistern and
ventricles and also promotes flow of blood, CSF, or both, into the

draining veins. In some dogs with communicating hydrocephalus,

persistent high pressure cannot be detected within the ventricular

33-35 suggesting that CSF accumulation in the ventricles might

system,
arise because of a reduction in compliance, in which return of CSF
and blood to the draining veins is impaired, perhaps because of
changes in pressure, or dimension, of the epidural veins, and strong
arterial pulsations in the choroid arteries and plexus exacerbate the
tissue disruption caused by intraparenchymal fluid accumulation.

In our case, there was demonstrably high pressure within the lat-
eral ventricles, implying that the normal caudal to rostral component
of oscillatory flow was impeded. However, as we show using Time-
SLIP, there was poor flow in both directions in the prepontine cistern

and the mesencephalic aqueduct, suggesting that before intervention



ITO ET AL.

Journal of Veterinary Internal Medicine AC\?/I M | 495

there must have been high-pressure regions both rostrally and cau-
dally, possibly due to reduced brain compliance and impaired CSF flow.
Time-SLIP images obtained after CSF drainage by CSF-TT or VPS
suggested that the driving forces generated by respiratory movement
and heartbeat were restored, allowing normal cranial and caudal CSF
flow in the aqueduct and prepontine cistern, similar to that occurring in
human patients.*” There was also impedance of flow in the cranial cervi-
cal epidural space, perhaps because of local occlusion associated with
foramen magnum herniation (secondary to raised pressure in the lateral
ventricles) and reduced craniospinal compliance. In our case, when this
subarachnoid route was blocked—before shunting—CSF was observed to
flow instead into the central canal of the cord, providing an explanation
for development of syringomyelia. Before CSF drainage, CSF flow into
the syrinx was observed at the CCJ but, after treatment, CSF flow was
apparent in the ventral cervical spinal subarachnoid space, along with
decreased size of the 4th ventricle and syrinx on MRI, including Time-
SLIP images. Reduction in pressure in the rostral part of the cranial cavity
restored the normal dynamics of CSF movement more caudally. A similar
pathogenesis of syrinx development, called the “water hammer effect,”
has been suggested in human syringomyelia associated with Chiari type |

malformation®”-3?

and dogs with syringomyelia associated with Chiari-
like malformation.**** There is restoration of CSF flow in the ventral cer-
vical spinal subarachnoid space on Time-SLIP images after surgical treat-
ment in human patients.?3

In human medicine, CSF drainage (“CSF-TT”) is used to predict
the efficacy of surgical treatment in both congenital and acquired
hydrocephalus patients.””*” If the clinical signs improved after lumbar
CSF-TT in iNPH patients, or after external ventricular drainage in con-
genital or acquired hydrocephalus patients, the CSF-TT was judged
Positive. In those positive patients, surgical treatments reducing CSF
volume would be expected to be effective. However, a recent system-
atic review on reliability of CSF-TT in iNPH suggested that a negative
response to CSF-TT does not necessarily make these patients ineligi-
ble for shunting, and concludes that CSF-TT has low sensitivity.'®
Restoration of CSF flow on Time-SLIP images after surgery predicts
successful treatment and good clinical outcome in human patients
with CSF flow diseases, including iNPH, congenital, and acquired
hydrocephalus and intracranial arachnoid cyst.2?22® |n our case,
long-term follow-up revealed good clinical outcome with expanded
cerebral parenchyma on CT images, although CSF-TT before VPS was
judged to be Negative.

We conclude that Time-SLIP images allow better definition of
CSF dynamics in dogs and will lead to improved diagnostic accuracy

and, therefore, a better match of treatment to pathogenesis.
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APPENDIX A.
Principle of Time-SLIP sequences

The principle of Time-SLIP sequence is based on the arterial spin-

labeling technique. A nonselective inversion-recovery pulse inverts all

longitudinal magnetization in the field-of-view. Immediately after the

initial inversion, a spatially selective inversion-recovery pulse (tag)

returns magnetization of only the fluid and tissue located within the

tag region. Therefore, magnetization that originated within the tag will

appear bright, whereas magnetization outside of the tag will appear

dark. After this preparation, sequential images are repeatedly obtained

at differential inversion times, allowing visualizing of CSF displace-

ment. CSF that has traveled outside of the tag during the inversion

time will be visualized easily as a bright signal against the dark

signal area.
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