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Abstract

Collapse of the lateral cerebral ventricles after ventriculo-peritoneal drainage is a fatal com-

plication in dogs with internal hydrocephalus. It occurs due to excessive outflow of cerebro-

spinal fluid into the peritoneal cavity (overshunting). In most shunt systems, one-way valves

with different pressure settings regulate flow into the distal catheter to avoid overshunting.

The rationale for the choice of an appropriate opening pressure is a setting at the upper limit

of normal intracranial pressure in dogs. However, physiological intraventricular pressure in

normal dogs vary between 5 and 12 mm Hg. Furthermore, we hypothesise that intraventric-

ular pressure in hydrocephalic dogs might differ from pressure in normal dogs and we also

consider that normotensive hydrocephalus exists in dogs, as in humans. In order to evaluate

intraventricular pressure in hydrocephalic dogs, twenty-three client owned dogs with newly

diagnosed communicating internal hydrocephalus were examined before implantation of a

ventriculo-peritoneal shunt using a single use piezo-resistive strain-gauge sensor (Micro-

Sensor ICP probe). Ventricular volume and brain volume were measured before surgery,

based on magnetic resonance images. Total ventricular volume was calculated and

expressed in relation to the total volume of the brain, including the cerebrum, cerebellum,

and brainstem (ventricle-brain index). Multiple logistic regression analysis was performed

to assess the influence of the covariates “age”, “gender”, “duration of clinical signs”, “body

weight”, and “ventricle-brain index” on intraventricular pressure. The mean cerebrospinal

fluid pressure in the hydrocephalic dogs was 8.8 mm Hg (standard deviation 4.22), ranging

from 3–18 mm Hg. The covariates “age”, (P = 0.782), “gender” (P = 0.162), “body weight”,

(P = 0.065), or ventricle-brain index (P = 0.27)” were not correlated with intraventricular

pressure. The duration of clinical signs before surgery, however, was correlated with intra-

ventricular pressure (P< 0.0001). Dogs with internal hydrocephalus do not necessarily have

increased intraventricular pressure. Normotensive communicating hydrocephalus exists in

dogs.
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Introduction

Internal hydrocephalus is a common malformation of the central nervous system in dogs [1–

3], characterised by the accumulation of cerebrospinal fluid (CSF) in the cerebral ventricles.

This causes enlargement of the ventricular system at the expense of cerebral white matter and,

later, subcortical and cortical grey matter [4–7]. Obstruction within the ventricular system or

at the outflow through the lateral apertures of the fourth ventricle can stop CSF flow between

the ventricular system and subarachnoid space, leading to a non-communicating form of

hydrocephalus. Communicating hydrocephalus arises when impaired circulation, impaired

absorption of CSF in the subarachnoid space, or both, occurs [2]. Other terms used in the clas-

sification of hydrocephalus in humans are “hypertensive” and “normotensive” to classify cases

of hydrocephalus in which intraventricular pressure (IVP) is increased or normal.

Medical management of clinical signs involves reducing CSF production using carbo-anhy-

drase inhibitors, proton-pump inhibitors, or loop-diuretics, but these provide only temporary

[8, 9], or no palliation of clinical signs [10]. Ventriculo-peritoneal shunting (VPS) has the

potential for improvement of clinical signs and long-term survival in dogs and cats [8, 9, 11].

The shunt creates an alternative route for removal of CSF and restores the physiological

balance between CSF production and absorption [2, 3]. However, VPS is fraught with high

failure rates due to obstruction and insufficient drainage, infection of the ventricular catheter

[8,9,11,12,13] and overdrainage, with subsequent subarachnoid haemorrhage and collapse of

the cerebral hemispheres in both humans [14–16] and dogs [11–13, 17–19]. In order to avoid

overshunting, the shunt systems contain valves that work depending on the differential pres-

sure across them, which is termed the opening pressure. They act like on-off switches, opening

when the IVP exceeds the valve’s opening pressure, allowing egress of CSF until IVP falls

below the opening pressure. There are low- (0–5 cm of H2O), medium- (5–10 cm of H2O) and

high-pressure valves (10–15 cm of H2O) [20]. Unfortunately, there are no evidence-based indi-

cations for the selection of appropriate valves in hydrocephalic dogs. The optimal valve pres-

sure for the use in children and adults with hydrocephalus is usually the highest setting that

still allows for the patient‘s clinical improvement. If the preselected opening pressure does not

adequately improve the clinical symptoms, modern systems allow the opening pressure to be

gradually altered externally using a special magnetic adjusting device [21]. These shunt systems

and the necessary equipment are extremely cost intensive, which limits their use in companion

animals. Our rationale for the choice of an appropriate opening pressure is a setting at the

upper limit of normal intracranial pressure (ICP) in dogs. We therefore use valves with an

opening pressure of 15 cm H20 (approximately 11 mm Hg) that allows egress of CSF at mildly

increased IVP. The reduction of ventricular volume and associated improvement of clinical

signs in a large cohort of operated dogs was somewhat variable [18]. This raises the question

whether the selected opening pressure may not adequately address the requirements in each

individual animal, and a valve with a lower pressure may be needed to reduce ventricular vol-

ume. Although IVP is one important determinant for the selection of the opening pressure of

the valve, IVP in dogs with internal hydrocephalus has not been systematically investigated.

The aim of this prospective cohort study was, therefore, to measure the IVP in dogs with pri-

mary communicating internal hydrocephalus. We hypothesise that IVP varies in hydroce-

phalic dogs, and that IVP is not necessarily increased in all dogs with hydrocephalus.

Materials and methods

Case selection and study criteria

Case selection criteria were the same as for previous studies [18] Client-owned dogs that pre-

sented between October 2017 and May 2019 in the Clinic for Small Animals at the Department
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for Veterinary Clinical Sciences, Justus-Liebig-University, Giessen, Germany, with newly diag-

nosed, communicating internal hydrocephalus were prospectively enrolled in the study. A

detailed history was obtained for each dog to assess the duration of clinical signs. Clinical

work-up included a standardised neurological examination performed by a board-certified

neurologist (MK). Age, breed, gender, body weight and duration of clinical signs of each

individual dog, as well as clinical signs, were recorded. To be included in the study, internal

hydrocephalus had to be diagnosed as primary, based on the absence of other findings (e.g.

malformations, inflammatory diseases) in magnetic resonance imaging, and communicating,

based on the absence of a visible obstruction to CSF pathways.

Magnetic resonance imaging (MRI)

MRI examinations were performed using a 3.0-T superconductive system (Siemens Verio)

and sensitivity-encoding coil. A standardized MRI protocol was used as described in detail

previously [18]. Sagittal, dorsal and transverse T2-weighted (TE = 120 ms, TR = 2900 ms),

transverse FLAIR sequences (TE = 120ms, TI = 2400ms, TR = 7000ms) and transverse

T1-weighted sequences (TR = 491 ms, TE = 8 ms) before and after contrast were acquired in

all animals pre-operatively. Slice thickness varied from 2–3 mm depending on the size of the

dog. Dogs were examined in dorsal recumbency. The field of view measured 180 x 180 mm in

small dogs and 210 x 210 mm in large dogs. The matrix was 288 x 288 in small dogs and 384 x

384 in large dogs leading to a pixel size between 0.625 × 0.625 mm and 0.54 × 0.54 mm. Voxel

size was not isotropic. MRI data sets of all dogs were evaluated as DICOM formatted images

by use of an image viewer and processing software (EasyImage, easyVET, IFS GmbH, Hanno-

ver, Germany). Internal hydrocephalus was confirmed by the presence of distended lateral

and/or third and fourth cerebral ventricles. In addition, thinning of the periventricular white

matter, dorsal deviation of the corpus callosum, dilation of the olfactory bulb recesses, com-

pression of the thalamic intermediate mass in the third ventricle and effacement of cerebral

sulci were indicative for an active distension of the ventricles [22].

Anaesthesia

A standard intravenous catheter (20 gauge) was placed in the right or left cephalic vein. Diaze-

pam (0.5 mg/kg) was administered intravenously (IV), and anaesthesia was induced with pro-

pofol (2–4 mg/kg, IV). The anaesthetic protocol for MRI examination and surgical procedure

included preoperative and postoperative opiate analgesia (levomethadon 0.5 mg/kg). Dogs

were endotracheally intubated and anaesthesia was maintained with 1.5–2% isoflurane in oxy-

gen. CO2 was measured using side stream capnography from the endotracheal tube. Animals

were ventilated to maintain PaCO2 between 3–3.5%. During anaesthesia, systolic arterial

blood pressure was measured with an oscillometric blood pressure monitor (Pulse Ox/NIBP

6004-SurgiVet). Measurements were obtained every 10 minutes. Systolic blood pressure less

than 90 mm Hg was considered to indicate hypotension. Heart rate and body temperature

were monitored continuously.

IVP measurement

IVP was measured using a commercially available system for humans using a single use piezo-

resistive strain-gauge sensor mounted in a miniature titanium case at the tip of a flexible nylon

catheter (MicroSensor ICP probe). Pressure at the tip of the device results in an electrical volt-

age. Each dog was measured with a new individual pressure probe. Animals were placed in

right lateral recumbency. A small trephination (7 mm) was performed at the level of the caudal

ectosylvian sulcus in the temporal lobe (Fig 1A and 1B), after which the dura and cortex were
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coagulated using bipolar cautery. The sensor was zeroed against atmospheric pressure as speci-

fied by the manufacturer. Sensors were placed in 10 mL of sterile normal saline at a depth of 1

cm until a pressure of 0 mm Hg was observed. After calibration the sensor was placed into the

ventricles (Fig 1C). Black lines on the transducer cable allow for assessment of distance. The

cable was advanced to the level of the ventricles dependent on the size of the dog (1.5–2.5 cm).

ICP readings were displayed using the Codman ICP EXPRESS monitor (Johnson&Johnson

Medical GmbH; Codman, Norderstedt, Germany). Pressure was averaged over two minutes.

The same opening was used to insert the ventricular catheter of the shunt system. Proper

implantation of the ventricular catheter was controlled in postoperative MRI (Fig 1D).

Morphometric procedures

In order to evaluate a possible relationship between ventricular size and IVP, total ventricular

volume and brain volume was calculated from MR-images and expressed as the ventricle-

brain index (V/B-index). Image processing for volume rendering was achieved using special-

ised graphical software, as described previously [18, 23] (AMIRA1, Mercury Computer Sys-

tems, Berlin, Germany). This program allows accurate manual image segmentation on a slice-

Fig 1. IVP measurement and Ventriculo-peritoneal shunt implantation and postoperative control in a Pomeranian with internal

hydrocephalus. Maximum extension of the ventricles was determined in preoperative MRI (A). A small trephination was performed at the level

of the caudal ectosylvian sulcus in the temporal lobe and the cortex was exposed after dural incision (B, black arrow) The sensor is advanced into

the ventricle and IVP is measured (C). The same opening is used to implant the ventricular catheter. Proper implantation as controlled in

postoperative MRI (D).

https://doi.org/10.1371/journal.pone.0222725.g001
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by-slice basis. All voxels corresponding to a single anatomical structure (ventricular volume

and brain) in the images were selected manually and assigned to the same value in the mask.

The final mask thus contains information about all the selected anatomical structures in

combination with the original data. The total ventricular volume comprised the ventricles,

including the choroid plexus. The delineation of both the ventricular system and the brain

parenchyma to the spinal cord was set along a vertical line at the obex. The segmented brain

and ventricles are written and graphically presented by the programme (Fig 2) [23].

Statistical analysis

Statistical analysis was performed using a commercial statistical software package (BMDP Sta-

tistical Software, Inc., Los Angeles, USA). Normality of the data was tested using the Shapiro-

Wilk test. Because the statistical distribution of age and body weight was skewed to the right

and the relationship to IVP was not linear the values were logarithmically transformed. The

influence of the covariates “age”, “breed”, “gender”, “duration of clinical signs” and “V/B-

index” were assessed using multiple logistic regression analysis. In a second step, the same

potential associations were evaluated for each specific clinical sign using asymptotic linear

regression analysis. As half of the dogs were Chihuahuas, IVPs of this breed were compared to

the rest of the cohort using a t-test. The same was done to compare the IVPs of brachycephalic

and mesocephalic dogs. Normality was tested using the Shapiro-Wilk test. A significance level

of P< 0.05 was used.

Ethical clearance

The study was conducted according to the University’s institutional animal welfare guidelines

and in conformation with the German Animal Welfare Act. The study received ethical

approval from the institutional ethics commissioner (Animal Welfare Officer, Justus-Liebig-

University Giessen) and from the Official Veterinarian of the District Government of Giessen,

Fig 2. 3D model of thebrain and ventricular volume of a Pomeranian with triventricular internal hydrocephalus. The voxels of the tissue of

interest (skull: white, transparent, brain: red, transparent, lateral ventricles: blue) of each slice have been assembled and are displayed as a 3D

model. A: dorsal view, B left lateral view.

https://doi.org/10.1371/journal.pone.0222725.g002
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reference number: V 54–19 c 20 15 h 02 GI 18/17 kTV 16/2018). Written consent was taken

from the owners to include their animals into the study.

Results

Animals

Twenty-three dogs were included in the study. The majority of the dogs were Chihuahuas

(n = 12). Six mesocephalic dogs and 17 brachycephalic dogs were examined. Eleven dogs were

female, 12 dogs were male. Median age was 48 weeks (range 12–164). Breed, sex, age, body

weight, duration of clinical signs, V/B-index and IVP of each individual dog are summarised

in Table 1.

Intraventricular pressure

The mean IVP was 8.8 mm Hg (±4.22 mmHG), ranging from 3–18 mm Hg. Mean IVP of

the Chihuahuas was 7.5 mm HG (± 3.5 mm HG), mean of the other breeds was 11.2 mm HG

(± 5.02 mm HG). There was no statistical difference between the groups (P = 0.145). Mean

IVP of the brachycephalic dogs was 8.9 mm HG (± 4.14 mm HG) and 10.33 (± 6.12 mm

HG) in the mesocephalic dogs. Mean IVPs were not statistical different between the groups

(P = 0.53). There was no influence of the variables age (P = 0.782), body weight (P = 0.065),

gender (P = 0.162) or V/B index (P = 0.27) on IVP. The duration of signs on the other hand,

negatively correlated with IVP (P< 0.0001), indicating a lower IVP with a longer duration of

clinical signs.

Table 1. Epidemiological data and results of volume- and intraventricular pressure measurements of dogs with internal hydrocephalus.

Dog Nr. Breed Sex Age (weeks) body weight (kg) duration of signs (weeks) V/B index Intraventricular pressure (IVP)

1 Chihuahua f 160 2 8 0.22 8 mm HG

2 Chihuahua m 50 1.8 3 0.2 12 mm HG

3 French bulldog f 20 9 2 0.29 18 mm HG

4 Chihuahua m 16 1.5 6 0.28 4 mm HG

5 West Highland White terrier m 14 8 8 0.3 9 mm HG

6 Rhodesian Ridgeback f 12 17 1 0.32 18 mm HG

7 French bulldog m 156 12 8 0.3 9 mm HG

8 French bulldog f 24 9 10 0.36 10 mm HG

9 Boder collie m 26 18 12 0.3 5 mm HG

10 Chihuahua f 51 2.1 10 0.25 8 mm HG

11 Chihuahua m 43 2.6 6 0.26 12 mm HG

12 Chihuahua f 40 2.3 3 0.25 13 mm HG

13 Cavalier King Charles spaniel f 164 12 2 0.31 14 mm HG

14 Chihuahua f 20 2.5 12 0.25 9 mm HG

15 Chihuahua m 22 2 12 0.22 5 mm HG

16 Mini bullterrier m 48 18 1 0.33 18 mm HG

17 Chihuahua f 143 2.3 10 0.32 8 mm HG

18 Pomeranian f 48 9 12 0.36 5 mm HG

19 Chihuahua f 50 2.5 12 0.25 4 mm HG

20 Yorkshire terrier m 162 1.8 8 0.28 11 mm HG

21 Maltese m 48 4 6 0.32 7 mm HG

22 Chihuahua m 124 2.1 16 0.2 4 mm HG

23 Chihuahua m 90 2.5 16 0.25 3 mm HG

https://doi.org/10.1371/journal.pone.0222725.t001
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Discussion

Ventriculo-peritoneal shunt placement is the treatment of choice for the management of

hydrocephalus in dogs [3, 8, 10, 11]. However, more than 50% of shunts in dogs fail and

repeated neurosurgical operations are required [8, 11, 12]. Excessive shunt drainage is one

serious complication of VPS that generates intracranial hypotension and ventricular collapse,

in both humans [24, 25, 26], and dogs [8, 11]. Valves included into the shunt system regulate

the flow through the shunt, and thereby avoid overshunting. Intraventricular CSF pressure

must overcome the opening pressure of the valve to allow CSF drainage into the peritoneal

cavity, which is why the IVP is one important information for the selection of an appropriate

opening pressure. However, IVP in dogs with communicating hydrocephalus have never been

investigated in a clinical setting until now.

In the present cohort of dogs with communicating hydrocephalus, the animals underwent

IVP measurement directly before implantation of a VPS. A range of IVPs between 3 and 18 mm

Hg were measured. Interestingly, only four dogs (18%) with internal hydrocephalus had pres-

sure levels above the physiological upper range of IVP [27–31]. This raises the question whether

intraventricular hypertension is at all necessary to maintain, or even to develop, ventricular dis-

tension in dogs. Modern theories for the pathogenesis of ventricular enlargement with patent

connection between ventricles and the subarachnoid space suggest a reduced intracranial com-

pliance as an underlying cause [32]. Following systolic expansion of the intracranial arteries, the

following pressure wave is normally balanced by expulsion of venous blood, as well as CSF,

through the foramen magnum [33]. The cranial capacity, i.e., the part of the cranial cavity that

is not occupied by the brain, is reduced in brachycephalic dogs [34] that are mostly affected by

internal hydrocephalus [1]. Obstruction of the basal CSF cisterns in these breeds might impair

dissipation of systolic pulsation waves of the basal arteries into the subarachnoid space [33]. The

consequence can be a stronger arterial pulsation in the choroidal arteries and the choroid plexus

and hyperdynamic CSF pressure waves that can cause ventricular expansion independent of

increased pressure [35–37]. Communicating hydrocephalus could be created in animal models

by merely increasing the amplitude of the intraventricular CSF pulsations, leaving the mean

IVP unchanged [37–39] but creating a transient minimal pressure gradient between the ventri-

cles and the subarachnoid space (transmantle gradient) of approximately 0.5 mm HG [40–43].

The finding of normal or low IVP in the majority of the dogs in this study could also be

dependent on the time point of measurement. It is also possible that an initially high IVP

returns to normal values in the late course of the disease. In experimental hydrocephalus

in dog models, an initial rise up to 60 mm Hg subsided to normal IVP values within a week

[40, 44]. The authors state that IVP begins to fall due to increasing parenchymal compliance

producing sustained ventriculomegaly at normal IVP. The documented correlation between a

longer duration of clinical signs and lower IVP in this study might support the hypothesis that

IVP returns to normal levels, if the parenchyma yields under the pressure. Ventricular enlarge-

ment with IVP below normal values (low-pressure hydrocephalus) was suggested to be related

to an additional alteration of the viscoelastic properties of the brain at a later stage of ventricu-

lar dilation. Ongoing ventricular distension alters the flow and content of parenchymal water

[45]. With increasing IVP and disruption of the ependymal lining, the physiological flow of

extracellular fluid from the parenchyma towards the ventricle reverses, and brain water con-

tent increases [46]. This state is associated with decreased brain elasticity [47]. With time,

interstitial fluid is driven into brain capillaries and absorbed to the circulation, which increases

brain compliance, thereby lowering IVP despite ventricular distension [48].

ICP monitoring techniques are multiple and diverse [49]. Measurements can be performed

in the intraventricular, intraparenchymal, epidural, or subdural compartment. Intraparenchymal
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or intraventricular monitoring is the standard choice in the clinical setting [50]. Intraparenchy-

mal pressure monitoring provides equivalent measurements when compared to intraventricu-

lar assessment, which is in fact the gold-standard for ICP monitoring in humans [51–54].

Consistent values have also been measured in anaesthetised, clinically sound, dogs using ven-

tricular ICP measurements [55] as compared to intraparenchymal-, [28, 56], or cisterna magna

measurements [31, 57]. The Codman MicroSensor has been shown to provide reliable and

accurate ICP measurements in dogs [28]. We have measured IVP under general anaesthesia.

Most inhalant anaesthetics cause a minimal-to-moderate increase in ICP [58–60], which may

bias its measurement during VPS surgery. However, non-anaesthetised dogs had mean ICPs in

a range consistent with values of previous reports in dogs under general anaesthesia [28], sug-

gesting a minimal effect of these agents. Alteration of cerebral perfusion pressure, which in turn

is dependent on mean arterial blood pressure, has a major effect on ICP. As blood pressure and

CO2 both have a major influence on IVP, these parameters were held constant during surgery.

IVP is a dynamic parameter and measurement at one time-point only represents a snap-

shot. ICP measurements in awake dogs were found to differ depending on head position [28].

Mean values for ICP increased by>100% comparing head elevation to head down positions

[28]. These effects, and the influence of other normal activities (e.g., physical exercise, cough-

ing and sneezing, defecation, etc.), on IVP of hydrocephalic dogs have not been established.

The possible change of IVP and other pressures with influence on the opening pressure of the

valve has important implications for VPS treatment. The drainage rate of the shunt system is

not only determined by the IVP, but also by the intraabdominal pressure, and the hydrostatic

pressure column in the catheter [61]. Drainage of fluid from the ventricles into the peritoneal

cavity is subject to gravity acting upon flow, according to the body position. In humans, over-

drainage mostly occurs in a standing position, when the hydrostatic pressure in the vertical

catheter causes a siphon effect [62]. In dogs, most of the shunt system runs along the horizon-

tal body axis, but the effect of gravitational forces can certainly not be ignored. The difference

between the tip of the intraventricular and intraperitoneal end varies between 5–40 cm

depending on the size of the dog (Fig 3). The intraabdominal pressure varies between 0–7 mm

Fig 3. Postoperative latero-lateral radiograph after Ventriculo-peritoneal shunt implantantion of a Chihuahua (dog No. 11; Table 1). The

dotted lines illustrate the distance between the ventricular catheter and tip of the peritoneal catheter.

https://doi.org/10.1371/journal.pone.0222725.g003
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Hg in dogs with a mean of 4.5 cm H20 (approximately 3.2 mm Hg) [63, 64]. If the opening

pressure of a valve is dependent on IVP, hydrostatic pressure and intraabdominal pressure,

which are all variable and dynamic in the awake dog, it is logical to expect a constant unpre-

dictable change of flow through the shunt system, with possible fatal complications. Further-

more, if the brain parenchyma re-expands after a while and brain compliance decreases IVP

might change again as an effect of shunting.

The results of this study highlight the need for a better understanding of how ventricular

drainage is influenced in hydrocephalic dogs. In order to avoid complications of over-, and

under-shunting and reduce the morbidity and mortality of dogs with hydrocephalus after

shunting, IVP should be constantly monitored in the awake dog and adapted based on the

actual conditions, if necessary.

Conclusion

Dogs with internal communicating hydrocephalus can have variable IVPs. It can be elevated,

within normal ranges, and even below normal physiological values.
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12. Gradner G, Kaefinger R, Dupré G. Complications associated with ventriculoperitoneal shunts in dogs

and cats with idiopathic hydrocephalus: A systematic review. J Vet Intern Med. 2019; 12:1–10.

13. de Stefani A, de Risio L, Platt SR, Matiasek L, Lujan-Feliu-Pascual A, Garosi LS. Surgical technique,

postoperative complications and outcome in 14 dogs treated for hydrocephalus by ventriculoperitoneal

shunting. Vet Surg. 2011; 40:183–191. https://doi.org/10.1111/j.1532-950X.2010.00764.x PMID:

21244441

14. Browd SR, Ragel BT, Gottfried ON, Kestle JRW. Failure of cerebrospinal fluid shunts. Part 1. Obstruc-

tion and mechanical failure. Pediatr Neurol. 2006; 34:83–92. https://doi.org/10.1016/j.pediatrneurol.

2005.05.020 PMID: 16458818

15. Browd SR, Gottfried ON, Ragel BT, Kestle JRW. Failure of cerebrospinal fluid shunts: part II: overdrai-

nage, loculation, and abdominal complications. Pediatr Neurol. 2006; 34:171–176. https://doi.org/10.

1016/j.pediatrneurol.2005.05.021 PMID: 16504785

16. Hanak BW, Bonow RH, Harris CA, Browd SR. Cerebrospinal Fluid Shunting Complications in Children.

Pediatr Neurosurg. 2017; 52:381–400. https://doi.org/10.1159/000452840 PMID: 28249297

17. Oi S, Matsumoto S. Morphological findings of postshunt slit-ventricle in experimental canine hydroceph-

alus. Aspects of causative factors of isolated ventricles and slit-ventricle syndrome. Childs Nerv Syst.

1986; 2:179–84. https://doi.org/10.1007/bf00706807 PMID: 3779679

18. Schmidt MJ, Hartmann A, Farke D, Failling K, Kolecka M. Association between improvement of clinical

signs and decrease of ventricular volume after ventriculoperitoneal shunting in dogs with internal hydro-

cephalus. J Vet Intern Med. 2019 Apr 8. Epub ahead of print.

19. Kitagawa M, Sakai T, Kanayama K. Subdural accumulation of fluid in a dog after the insertion of a ventri-

culoperitoneal shunt. Vet Rec. 2005; 156:206–208. https://doi.org/10.1136/vr.156.7.206 PMID:

15747657

20. Elder BD, Goodwin CR, Kosztowski TA, Rigamonti D. Hydrocephalus shunt procedures. In: Adult

Hydrocephalus. Cambridge University Press, UK; 2014. pp.175–178.

21. Takahashi Y. Withdrawal of shunt systems–clinical use of the programmable shunt system and its effect

on hydrocephalus in children. Childs Nerv Syst. 2001; 17:472–477. https://doi.org/10.1007/

s003810000424 PMID: 11508536

22. Laubner S, Ondreka N, Failing K, Kramer M, Schmidt MJ. Magnetic resonance imaging signs of high

intraventricular pressure– comparison of findings in dogs with clinically relevant internal hydrocephalus

and asymptomatic dogs with ventriculomegaly. BMC Vet Res. 2015; 11:181. https://doi.org/10.1186/

s12917-015-0479-5 PMID: 26231840

23. Schmidt MJ, Laubner S, Kolecka M, Failing K, Moritz A, Kramer M, et al. Comparison of the relationship

between cerebral white matter and grey matter in normal dogs and dogs with lateral ventricular enlarge-

ment. PLoS One. 2015; 10:e0124174. https://doi.org/10.1371/journal.pone.0124174 PMID: 25938575

24. Eymann R, Steudel WI, Kiefer M: Pediatric gravitational shunts: initial results from a prospective study.

J Neurosurg. 2007; 106:179–184. https://doi.org/10.3171/ped.2007.106.3.179 PMID: 17465381

25. Cedzich C, Wiessner A: The treatment of hydrocephalus in infants and children using hydrostatic

valves. Zentralbl Neurochir. 2003; 64:51–57. https://doi.org/10.1055/s-2003-40372 PMID: 12838472

26. Meling TR, Egge A, Due-Tonnessen B: The gravity-assisted Paedi-Gav valve in the treatment of

pediatric hydrocephalus. Pediatr Neurosurg. 2005; 41:8–14. https://doi.org/10.1159/000084859 PMID:

15886507

27. Bagley RS, Keegan RD, Greene SA, et al. Pathologic effects in brain after intracranial pressure monitor-

ing in clinically normal dogs, using a fiberoptic monitoring system. Am J Vet Res. 1995; 56:1475–1478.

PMID: 8585659

28. Sturges BK, Dickinson PJ, Tripp LD, Udaltsova I, LeCouteur RA. Intracranial pressure monitoring in nor-

mal dogs using subdural and intraparenchymal miniature strain-gauge transducers. J Vet Intern Med.

2018. [Epub ahead of print]

29. Shores A, Jevens D, decamp CE. Intraoperative brain pressure monitoring in the dog. In: Proceedings

ACVIM; 1991. pp. 831–833.

Intraventricular pressure in dogs with internal hydrocephalus

PLOS ONE | https://doi.org/10.1371/journal.pone.0222725 September 27, 2019 10 / 12

https://doi.org/10.1186/s13028-015-0137-8
http://www.ncbi.nlm.nih.gov/pubmed/26337283
https://doi.org/10.2460/javma.242.7.948
http://www.ncbi.nlm.nih.gov/pubmed/23517207
https://doi.org/10.1111/j.1532-950X.2010.00764.x
http://www.ncbi.nlm.nih.gov/pubmed/21244441
https://doi.org/10.1016/j.pediatrneurol.2005.05.020
https://doi.org/10.1016/j.pediatrneurol.2005.05.020
http://www.ncbi.nlm.nih.gov/pubmed/16458818
https://doi.org/10.1016/j.pediatrneurol.2005.05.021
https://doi.org/10.1016/j.pediatrneurol.2005.05.021
http://www.ncbi.nlm.nih.gov/pubmed/16504785
https://doi.org/10.1159/000452840
http://www.ncbi.nlm.nih.gov/pubmed/28249297
https://doi.org/10.1007/bf00706807
http://www.ncbi.nlm.nih.gov/pubmed/3779679
https://doi.org/10.1136/vr.156.7.206
http://www.ncbi.nlm.nih.gov/pubmed/15747657
https://doi.org/10.1007/s003810000424
https://doi.org/10.1007/s003810000424
http://www.ncbi.nlm.nih.gov/pubmed/11508536
https://doi.org/10.1186/s12917-015-0479-5
https://doi.org/10.1186/s12917-015-0479-5
http://www.ncbi.nlm.nih.gov/pubmed/26231840
https://doi.org/10.1371/journal.pone.0124174
http://www.ncbi.nlm.nih.gov/pubmed/25938575
https://doi.org/10.3171/ped.2007.106.3.179
http://www.ncbi.nlm.nih.gov/pubmed/17465381
https://doi.org/10.1055/s-2003-40372
http://www.ncbi.nlm.nih.gov/pubmed/12838472
https://doi.org/10.1159/000084859
http://www.ncbi.nlm.nih.gov/pubmed/15886507
http://www.ncbi.nlm.nih.gov/pubmed/8585659
https://doi.org/10.1371/journal.pone.0222725


30. Simpson ST, Reed RB. Manometric values for normal cerebrospinal fluid pressure in dogs. J Am Anim

Hosp Assoc. 1987; 23:629-632.

31. Novak G, Digel C, Burns B, James AE. Cerebrospinal fluid pressure measurements and radioisotope

cisternography in dogs. Lab Anim. 1974; 8:85- 91. https://doi.org/10.1258/002367774780943779

PMID: 4810791

32. Scrivani PV, Freer SR, Dewey CW, Cerda-Gonzalez S. Cerebrospinal fluid signal void sign in dogs. Vet

Radiol Ultrasound. 2009; 50:269–275. PMID: 19507389

33. Chadduck WM, Chadduck JB, Boop FA. The subarachnoid spaces in craniosynostosis. Neurosurgery.

1992; 30:867–871. https://doi.org/10.1227/00006123-199206000-00008 PMID: 1614588

34. Schmidt MJ, Amort KH, Failing K, Klingler M, Kramer M, Ondreka N. Comparison of the endocranial-

and brain volumes in brachycephalic dogs, mesaticephalic dogs and Cavalier King Charles spaniels in

relation to their body weight. Acta Vet Scand. 2014; 13:30.

35. Greitz D, Wirestam R, Franck A, Nordell B, Thomsen C, Stahlberg N. Pulsatile brain movement and

associated hydrodynamics studied by magnetic resonance phase imaging. The Monro-Kellie doctrine

revisited. Neuroradiology. 1992; 34:370–80. https://doi.org/10.1007/bf00596493 PMID: 1407513

36. Greitz D, Wirestam R, Franck A, Nordell B, Thomsen C, Ståhlberg F, et al. Role of choroid plexus in

cerebrospinal fluid hydrodynamics. Neuroscience. 2017;23; 354:69–87. https://doi.org/10.1016/j.

neuroscience.2017.04.025 PMID: 28456718

37. Egnor M, Zheng L, Rosiello A, Gutman F, Davis R. A model of pulsations in communicating hydro-

cephalus. Pediatr Neurosurg. 2002; 36:281–303. https://doi.org/10.1159/000063533 PMID:

12077474

38. Di Rocco C, Di Trapani G, Pettorossi V, Caldarelli M. On the Pathology of Experimental Hydrocephalus

Induced by Artificial Increase in Endoventricular CSF Pulse Pressure. Pediatr. Neurosurg. 1979; 5:81–

95.

39. Bering EA. Circulation of the cerebrospinal fluid. Demonstration of the choroid plexus as the generator

of the force for flow of fluid and ventricular enlargement. J Neurosurg. 1962; 19:405–413. https://doi.

org/10.3171/jns.1962.19.5.0405 PMID: 13867840

40. Penn RD, Lee MC, Linninger AA, Miesel K, Lu SN, Stylos L. Pressure gradients in the brain in an experi-

mental model of hydrocephalus. J Neurosurg. 2005; 102:1069–1075. https://doi.org/10.3171/jns.2005.

102.6.1069 PMID: 16028766

41. Levine DN. Intracranial pressure and ventricular expansion in hydrocephalus: have we been asking the

wrong question? J Neurol. Sci. 2008; 269:1–11. https://doi.org/10.1016/j.jns.2007.12.022 PMID:

18234229

42. Waugshul ME, Chen JJ, Egnor MR, McCormack EJ, Roche PE. Amplitude and phase of cerebrospinal

fluid pulsations: experimental studies and review of the literature. J Neurosurg. 2006; 104:810–819.

https://doi.org/10.3171/jns.2006.104.5.810 PMID: 16703889

43. Kim H, Min BK, Park DH, Hawi S, Kim BJ, Czosnyka Z, et al. Porohyperelastic anatomical models for

hydrocephalus and idiopathic intracranial hypertension. J Neurosurg. 2015; 122:1330–1340. https://doi.

org/10.3171/2014.12.JNS14516 PMID: 25658783

44. McCormick JM, Yamada K, Rekate HL, Miyake H. Time course of intraventricular pressure change in a

canine model of hydrocephalus: its relationship to sagittal sinus elastance. Pediatr. Neurosurg. 1992;

18:127–133. https://doi.org/10.1159/000120650 PMID: 1457371

45. Desai B, Hsu Y, Schneller B, Hobbs JG, Mehta AI, Linninger A. Hydrocephalus: the role of cerebral

aquaporin-4 channels and computational modelling considerations of cerebrospinal fluid. Neurosurg.

Focus. 2016; 41(3):E8. https://doi.org/10.3171/2016.7.FOCUS16191 PMID: 27581320

46. Skjolding AD, Rowland IJ, Søgaard LV, Praetorius J, Penkowa M, Juhler M. Hydrocephalus induces

dynamic spatiotemporal regulation of aquaporin-4 expression in the rat brain. Cerebrospinal Fluid Res.

2010; 7:20. https://doi.org/10.1186/1743-8454-7-20 PMID: 21054845

47. Akins PT, Guppy KH, Axelrod YV, Chakrabarti I, Silverthorn J, Williams AR. The genesis of low pres-

sure hydrocephalus. Neurocrit. Care. 2011; 15:461–468. https://doi.org/10.1007/s12028-011-9543-6

PMID: 21523524

48. Pang D, Altschuler E. Low-pressure hydrocephalic state and viscoelastic alterations in the brain. Neuro-

surgery. 1994; 35:643–656. https://doi.org/10.1227/00006123-199410000-00010 PMID: 7808607

49. Harary M, Dolmans RGF, Gormley WB. Intracranial Pressure Monitoring- Review and Avenues for

Development. Sensors (Basel). 2018; 5:18.

50. Ragland J, Lee K. Brain edema and intracranial hypertension. J Neurocrit. Care. 2016; 9:105–112.

51. Mendelow AD, Rowan JO, Murray L, Kerr AE. A clinical comparison of subdural screw pressure mea-

surements with ventricular pressure. J Neurosurg. 1983; 58:45–50. https://doi.org/10.3171/jns.1983.

58.1.0045 PMID: 6847908

Intraventricular pressure in dogs with internal hydrocephalus

PLOS ONE | https://doi.org/10.1371/journal.pone.0222725 September 27, 2019 11 / 12

https://doi.org/10.1258/002367774780943779
http://www.ncbi.nlm.nih.gov/pubmed/4810791
http://www.ncbi.nlm.nih.gov/pubmed/19507389
https://doi.org/10.1227/00006123-199206000-00008
http://www.ncbi.nlm.nih.gov/pubmed/1614588
https://doi.org/10.1007/bf00596493
http://www.ncbi.nlm.nih.gov/pubmed/1407513
https://doi.org/10.1016/j.neuroscience.2017.04.025
https://doi.org/10.1016/j.neuroscience.2017.04.025
http://www.ncbi.nlm.nih.gov/pubmed/28456718
https://doi.org/10.1159/000063533
http://www.ncbi.nlm.nih.gov/pubmed/12077474
https://doi.org/10.3171/jns.1962.19.5.0405
https://doi.org/10.3171/jns.1962.19.5.0405
http://www.ncbi.nlm.nih.gov/pubmed/13867840
https://doi.org/10.3171/jns.2005.102.6.1069
https://doi.org/10.3171/jns.2005.102.6.1069
http://www.ncbi.nlm.nih.gov/pubmed/16028766
https://doi.org/10.1016/j.jns.2007.12.022
http://www.ncbi.nlm.nih.gov/pubmed/18234229
https://doi.org/10.3171/jns.2006.104.5.810
http://www.ncbi.nlm.nih.gov/pubmed/16703889
https://doi.org/10.3171/2014.12.JNS14516
https://doi.org/10.3171/2014.12.JNS14516
http://www.ncbi.nlm.nih.gov/pubmed/25658783
https://doi.org/10.1159/000120650
http://www.ncbi.nlm.nih.gov/pubmed/1457371
https://doi.org/10.3171/2016.7.FOCUS16191
http://www.ncbi.nlm.nih.gov/pubmed/27581320
https://doi.org/10.1186/1743-8454-7-20
http://www.ncbi.nlm.nih.gov/pubmed/21054845
https://doi.org/10.1007/s12028-011-9543-6
http://www.ncbi.nlm.nih.gov/pubmed/21523524
https://doi.org/10.1227/00006123-199410000-00010
http://www.ncbi.nlm.nih.gov/pubmed/7808607
https://doi.org/10.3171/jns.1983.58.1.0045
https://doi.org/10.3171/jns.1983.58.1.0045
http://www.ncbi.nlm.nih.gov/pubmed/6847908
https://doi.org/10.1371/journal.pone.0222725


52. Sundbärg G, Nordström CH, Messeter K. A comparison of intraparenchymatous and intraventricular

pressure recording in clinical practice. J Neurosurg. 1987; 67:841–845. https://doi.org/10.3171/jns.

1987.67.6.0841 PMID: 3681423

53. Vender J, Waller J, Dhandapani K, McDonnell D. An evaluation and comparison of intraventricular,

intraparenchymal, and fluid-coupled techniques for intracranial pressure monitoring in patients with

severe traumatic brain injury. J Clin. Monit. Comput. 2011; 25:231–236. https://doi.org/10.1007/

s10877-011-9300-6 PMID: 21938526

54. Crutchfield JS, Narayan RK, Robertson CS, Michael LH. Evaluation of a fiberoptic intracranial pressure

monitor. J Neurosurg. 1990; 72:482–487. https://doi.org/10.3171/jns.1990.72.3.0482 PMID: 2303881

55. Leonard JL, Redding RW. Effects of hypertonic solutions on cerebrospinal fluid pressure in the lateral

ventricle of the dog. Am. J Vet Res. 1973; 34:213- 219. PMID: 4685545

56. Packer RA, Simmons JP, Davis NM, Constable PD. Evaluation of an acute focal epidural mass model

to characterize the intracranial pressure-volume relationship in healthy Beagles. Am. J Vet Res. 2011;

72:103–108. https://doi.org/10.2460/ajvr.72.1.103 PMID: 21194342

57. Simpson ST, Reed RB: Manometric values for normal cerebrospinal fluid pressure in dogs. JAAHA.

1987; 23:629–632.

58. Goren S, Kahveci N, Alkan T, Goren B, Korfali E. The effects of sevoflurane and isoflurane on intracra-

nial pressure and cerebral perfusion pressure after diffuse brain injury in rats. J Neurosurg. Anesthesiol.

2001; 13:113–9. PMID: 11294452

59. Scheller MS, Nakakimura K, Fleischer JE, Zornow MH. Cerebral effects of sevoflurane in the dog: Com-

parison with isoflurane and enflurane. Br. J Anaesth. 1990; 65:88–92.

60. Shores A: Neuroanesthesia: A review of the effects of anesthetic agents on cerebral blood flow and

intracranial pressure in the dog. Vet Surg. 1985; 14:257–263.

61. Chapman PH, Cosman ER, Arnold MA. The relationship between ventricular fluid pressure and body

position in normal subjects and subjects with shunts: a telemetric study. Neurosurgery. 1990; 26

(2):181–189. https://doi.org/10.1097/00006123-199002000-00001 PMID: 2308665

62. Rigamonti D. Hydrocephalus. Operative neurosurgical techniques. Sixth ed. Elsevier; 2012:1127–

1142.

63. Conzemius MG, Sammarco JL, Holt DE, Smith GK. Clinical determination of preoperative and postop-

erative intra-abdominal pressures in dogs. Vet Surg. 1995; 24:195–201. PMID: 7653032

64. Drellich S. Intra-abdominal pressure and abdominal compartment syndrome. Compend. Cont. Educ.

Prac. Vet. 2000; 22:764–769.

Intraventricular pressure in dogs with internal hydrocephalus

PLOS ONE | https://doi.org/10.1371/journal.pone.0222725 September 27, 2019 12 / 12

https://doi.org/10.3171/jns.1987.67.6.0841
https://doi.org/10.3171/jns.1987.67.6.0841
http://www.ncbi.nlm.nih.gov/pubmed/3681423
https://doi.org/10.1007/s10877-011-9300-6
https://doi.org/10.1007/s10877-011-9300-6
http://www.ncbi.nlm.nih.gov/pubmed/21938526
https://doi.org/10.3171/jns.1990.72.3.0482
http://www.ncbi.nlm.nih.gov/pubmed/2303881
http://www.ncbi.nlm.nih.gov/pubmed/4685545
https://doi.org/10.2460/ajvr.72.1.103
http://www.ncbi.nlm.nih.gov/pubmed/21194342
http://www.ncbi.nlm.nih.gov/pubmed/11294452
https://doi.org/10.1097/00006123-199002000-00001
http://www.ncbi.nlm.nih.gov/pubmed/2308665
http://www.ncbi.nlm.nih.gov/pubmed/7653032
https://doi.org/10.1371/journal.pone.0222725

