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Influence of head-over-body oty

and body-over-head posture on craniospinal,
vascular, and abdominal pressures in an acute
ovine in-vivo model

Anthony Podgorsak’, Nina Eva Trimmel?, Fabian Fliirenbrock', Markus Florian Oertel®, Margarete Arras?,
Miriam Weisskopf? and Marianne Schmid Daners'”

Abstract

Introduction Optimal shunt-based hydrocephalus treatments are heavily influenced by dynamic pressure behaviors
between proximal and distal ends of shunt catheters. Posture-dependent craniospinal, arterial, venous, and abdomi-
nal dynamics thereby play an essential role.

Methods An in-vivo ovine trial (n=6) was conducted to evaluate communication between craniospinal, arterial,
venous, and abdominal dynamics. Tilt-testing was performed between —13° and + 13° at 10-min intervals starting

and ending at 0° prone position. Mean pressure, pulse pressure, and Pearson correlation (r) to the respective angle
were calculated. Correlations are defined as strong: |r|= 0.7, mild: 0.3 <|r]< 0.7, and weak: |r|< 0.3. Transfer functions (TFs)
between the arterial and adjacent compartments were derived.

Results Strong correlations were observed between posture and: mean carotid/femoral arterial (r=—0.97, r=—0.87),
intracranial, intrathecal (r=—0.98, r=0.94), jugular (r=—0.95), abdominal cranial, dorsal, caudal, and intravesical pres-
sure (r=—0.83,r=0.84, r=—0.73, r=0.99) while mildly positive correlation exists between tilt and central venous pres-
sure (r=0.65). Only dorsal abdominal pulse pressure yielded a significant correlation to tilt (r=0.21). TFs followed gen-
eral lowpass behaviors with resonant peaks at 4.2+0.4 and 11.5+ 1.5 Hz followed by a mean roll-off of —15.9+6.0 dB/
decade.

Conclusions Tilt-tests with multi-compartmental recordings help elucidate craniospinal, arterial, venous,

and abdominal dynamics, which is essential to optimize shunt-based therapy. Results motivate hydrostatic influences
on mean pressure, with all pressures correlating to posture, with little influence on pulse pressure. TF results quantify
the craniospinal, arterial, venous, and abdominal compartments as compliant systems and help pave the road for bet-
ter quantitative models of the interaction between the craniospinal and adjacent spaces.

Keywords Arterial blood pressure, Cerebrospinal fluid, Hydrocephalus, Intracranial pressure, Sheep model, Transfer
function, Tilt testing
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Introduction

Hydrocephalus is characterized by disturbed cerebro-
spinal fluid (CSF) dynamics [1]. Its treatment has been
a topic of debate ever since the first documented use
of a valved CSF shunt 72 years ago [2]. Unfortunately,
issues that limit the efficacy of shunts, namely sub-
tle pressure fluctuations between the proximal and the
distal end of the shunt system, which lead to frequent
over- and under-drainage, are to this day not adequately
addressed [3]. The ability to design more sophisticated
treatment options is limited until gaps in quantitative
understanding of CSF dynamics and their communi-
cation, in particular, the propagation of pressure from
one compartment to another, are filled. Quantifying
the interactions between craniospinal, arterial, venous,
and intra-abdominal pressures during postural changes
can help elucidate the dynamic relationships that exist
between these systems, both improving our understand-
ing of the underlying physiology that exists as well as pave
the way for improved treatment options to be developed.

The influence of posture on physiological factors, such
as intracranial pressure (ICP) [4], functional connectiv-
ity [5], cerebral blood flow [6], cerebral venous outflow
[7], glymphatic transport of CSF [8], intracranial compli-
ance [9], and cerebral perfusion pressure [10] has been
well documented within the literature. In addition, spe-
cific investigations into the role of body position on cra-
nial and lumbar CSF pressures in states of normal and
impaired craniospinal communication have previously
been reported in cats [11]. Furthermore, it is known that
body position heavily influences arterial, venous, and res-
piratory function [12-14].

Previous studies have helped form the foundation of
the common physiological understanding of the impact
of posture on CSF and its interplay between other ana-
tomical compartments [15-17]. Tilt-tests have been
ubiquitously used in clinical and research settings since
1986 when the head-over-body tilt was first described
as a non-invasive tool to investigate unexplained synco-
pes [18]. Exposure of a subject to controlled orthostatic
changes in a safe, monitored, laboratory environment,
specifically tilt tests are still used today to replicate
symptoms and induce autonomic regulatory changes
via manipulations to a body position that would other-
wise be impossible [19, 20]. Dynamics in the CSF system
are governed by the arterial [21, 22], venous [16], and
abdominal [23] compartments. Therefore, it is important
to acquire a comprehensive quantitative understanding
of how these different compartments interact with each
other in addition to how they influence intracranial and
intrathecal pressures.

Quantifying reactions via mean pressures allows
the investigation of bulk pressure reactions and
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communications within and between compartments
[17, 24]. Furthermore, pulse pressure changes provide
insights into physiological regulation and system compli-
ances [24]. Transfer functions (TFs) are used to describe
the input—output behavior of a system. Additionally, they
can be used to model a system and investigate respec-
tive dynamics [25, 26]. TFs have previously been used to
study dynamic relationships between CSF and cerebral
blood flow [27, 28]. However, there exists a research gap
in comprehensive studies simultaneously investigating
the interplay of intracranial, intrathecal, arterial, venous,
and abdominal systems in-vivo.

Thus, in this study, we measured physiological pressure
changes of various anatomical compartments simultane-
ously during tilt testing of anesthetized sheep. The inter-
relationships are presented and quantified to provide
insights into the physiological reactions under gravita-
tionally induced dynamic changes.

Methods

Ethical statement

Animal housing and all experimental procedures were
approved by the local Committee for Experimental
Animal Research (Cantonal Veterinary Office Zurich,
Switzerland) under the license number ZH119/2019,
conforming to the European Directive 2010/63/EU of the
European Parliament and the Council on the Protection
of Animals used for Scientific Purposes, as well as to the
Guide for the Care and Use of Laboratory Animals [29].

Anesthesia and animal instrumentation

Six adult female white alpine sheep (age 3.1+1.2 yrs,
Body Weight (BW) 75.6+12.1 kg) were included in
this study. Anesthesia was induced by intravenous
injection of ketamine hydrochloride (Ketasol®-100 ad
us. vet,; Dr. E. Graeub AG, Berne, Switzerland; 3 mg/
kg BW in combination with midazolam (Dormicum®,
Roche Pharma AG, Reinach, Switzerland; 0.2 mg/
kg BW and propofol (Propofol®- Lipuro 1%, B. Braun
Medical AG; Sempach, Switzerland; 2—-5 mg/ kg BW.
After intubation, anesthesia was maintained by posi-
tive pressure ventilation (12—15 breaths/min, tidal vol-
ume 10-15 mL/kg, Fraction of Inspired Oxygen (FiO2)
0.5) of 2-3% isoflurane in oxygen/air mixture and a
continuous infusion pump applying propofol (Propo-
fol®- Lipuro 1%, B. Braun Medical AG; Sempach, Swit-
zerland 2—4 mg/kg BW/h). Throughout the procedure,
the animals additionally received a continuous intra-
venous infusion of sufentanil (Sufenta® Forte, Janssen-
Cilag AG, Zug, Switzerland; 0.05 mg/kg BW/h). In
all sheep, an arterial line (4 Fr) for the measurement
of carotid arterial blood pressure (cABP) and a multi-
lumen central venous catheter via the jugular vein for
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the measurement of central venous pressure (CVP)
were placed under percutaneous ultrasound guidance.
Additionally, in four out of six sheep, a femoral arte-
rial line (10F, Avanti® Cordis® Corporation, Miami
Lakes, Florida, USA) for femoral arterial blood pres-
sure (fABP) measurement and an 18G venous cath-
eter in the proximal jugular vein to measure jugular
venous pressure (JVP) were inserted. For measure-
ment of ICP, a 9 Fr catheter (Ref. 55—3000, Neurome-
dex GmbH, Hamburg, Germany) was placed in the
right lateral ventricle, confirmed by CSF egression,
and fixed with Ethicon Bonewax (Johnson & Johnson
Medical Ltd., Livingston, UK) to avoid CSF leakage. A
4.5 Fr Neuromedex catheter (Ref. 61-1400) was placed
in the subdural space to measure intrathecal pres-
sure (ITP) directly at the source via a laminotomy at
level L6-7, also sealed with bone wax [30]. Hydrostatic
equivalence was maintained between the intraven-
tricular and intrathecal transducers by zeroing them
to atmospheric pressure at the level of the lateral ven-
tricles, both arterial and central venous sensors at the
right atrial level, and the jugular venous and abdomi-
nal sensors at the location of the respective measure-
ment source. Abdominal measurements were acquired
directly at the specific abdominal locations via a peri-
toneal approach with 10 Fr access sheaths (Avanti,
Cordis Corporation, Arrow Int. Inc., Reading, PA,
USA) at the four different abdominal quadrants: cra-
nial, caudal, dorsal, and ventral (IAPcr, IAPcd, IAPds,
IAPve). Abdominal integrity was re-established via
the closure of the peritoneum and fascia continuously
and the skin via purse-string sutures. Intravesical pres-
sure (IVP) was measured by connecting a transducer
directly to the urinary catheter. All transducers were
placed at the location of the respective measurement
except for the carotid arterial, femoral arterial, and
central venous pressures.
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The sheep were then placed in the sternal position
throughout the experiment, mimicking the horizon-
tal position in humans at which the ITP and ICP were
assumed not to be influenced by hydrostatic varia-
tions. Figure 1 shows all sensor locations and pressure
signals acquired.

Experimental protocol

The experimental protocol in this study was designed to
reveal how the dynamics between various physiological
pressures (Fig. 1) change during standardized changes
in body position. Laying on a surgical tilt table in sternal
recumbence, body positions of 0°,+5°+10°,+13°,+10°
,+5°, 0°,—5°—-10°,—13°,—10°,—5°, and 0° were applied;
each step was maintained for 10-min. Positive angles
denote Head-over-Body (HoB) posture while negative
angles indicate Body-over-Head (BoH) posture. The
tilt-table operated via a bi-directional electrical actua-
tor with the motor just behind the caudal-most point on
the sheep, leading to the fulcrum being around the mid-
plane of the sheep to support proper weight distribution
throughout the testing.

Data acquisition, pre-processing, and statistical analyses

All data was acquired using the commercially available
software, Ponemah v5.1 (Data Science International, St.
Paul, USA) with the ACQ-7700 acquisition unit using the
Universal XE and ABCD 4 to amplify the signal. All data
was acquired at a sampling frequency of 1 kHz, discrimi-
nated to 100 Hz for postprocessing retaining possible
high frequency waveform components, and outliers were
rejected via a z-score rejection method with a o, of 3.
Statistical significance of pressure changes was assessed
via a paired dependent t-test with tilt angle defined as the
independent variable and each pressure signal as depend-
ent. Pressure differences between each step were first
averaged across each subject (N=6) before being entered

. Carotid blood pressure (CABP)
. Femoral blood pressure (fABP)
. Intracranial pressure (ICP)

. Intrathecal pressure (ITP)

. Central venous pressure (CVP)
. Jugular venous pressure (JVP)
7a. Abdominal: cranial (IAPcr)
7b. Abdominal: dorsal (IAPds)

7c. Abdominal: caudal (IAPcd)
7d. Abdominal: ventral (IAPve)

8. Intravesical pressure (IVP)

OO WN -~

Fig. 1 Pressure measurement locations during this study. The color scheme corresponds to the subsequent results
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into the statistical model, yielding results representa-
tive of the entire cohort. Significance was determined
at a level of p<0.05. In addition, Pearson correlations
are reported. Correlations are considered to be strong if
|r|>0.7, mild if 0.3 <|r|<0.7, and weak if |r|<0.3. Regres-
sion analysis was performed considering changes in pres-
sure across the entire sheep cohort from the initial mean
baseline with all sheep having a complete dataset with
no rejections. All analyses were performed using custom
scripts in Python 3.7.10 (Open Source, Python Software
Foundation, Wilmington, Delaware, USA). The data is
available open access at the following link: https://doi.
org/10.3929/ethz-b-000623698.

Mean pressure

Mean pressure reactions to different body positions
were calculated after the data was pre-processed as
follows. To remove effects of the cardiac and respira-
tory waveforms, the data was lowpass filtered using a

0° -5°  -10°

—13°
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4th order forward/backward Butterworth filter with a
cut-off frequency of 0.1 Hz [10]. Mean pressures were
defined as 10-min arithmetic means over the entire tilt
step once pressures had stabilized (Fig. 2). Note that
cABP, fABP, and IAPve change slightly during the ini-
tial baseline 0° period: these are normal pressure fluc-
tuations and are considered during the calculation of
mean pressure changes.

Pulse pressure

For all signals, reactions in pulse pressure were calculated
as the difference between peak and trough (Fig. 3). Pulse
pressures for each waveform were calculated and then
averaged over the entire length of the tilting step.

Transfer functions

Transfer functions (TFs) were calculated by dividing the
output and the input signal in the frequency domain.
As the heart governs all vascular pressures in the body,
cABP was defined as the input and all other pressure
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Fig. 2 Visualization of mean pressure during body-over-head (BoH) positions in a single sheep; the respective steps are indicated in the range

of 0°to—13°to 0° on top of the figure. Note that head-over-body (HoB) positions are not shown on this figure but were considered in all analyses
and that elapsed time is shown on the x-axis. CABP: carotid arterial blood pressure; fABP: femoral arterial blood pressure; ICP: intracranial pressure;
[TP: intrathecal pressure; CVP: central venous pressure; JVP: jugular venous pressure; IAPds: dorsal intra-abdominal pressure; IVP: intravesical pressure;
|APve: ventral intra-abdominal pressure; IAPcr: cranial intra-abdominal pressure; IAPcd: caudal intra-abdominal pressure
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CABP,,: carotid arterial blood pressure amplitude; fABP
TP, mp: intrathecal pressure amplitude; CVP
intra-abdominal pressure amplitude; IVP
cranial intra-abdominal pressure amplitude; IAPcd

particularly evident in the abdominal pressures

amp-

amp*

amp*

signals, such as ICP, ITP, or CVP as the individual out-
puts. The conversion between time-series to frequency
domain was done via discrete fast Fourier transformation
(FFT) over the 0°,+13°, and — 13° steps with a rectangu-
lar 10-min window without overlap. Each TF was then
smoothed using Gustaffson’s method to avoid transients
at the edges of the signal while retaining trends [31].
These results were then averaged across all six sheep to
represent our cohort’s final TFs. A 95% confidence inter-
val was plotted in addition to the averaged TF. The full
1 kHz data resolution was used in the derivation of each
TF to ensure the highest spectral resolution possible.

Results

Mean reactions

cABP and fABP show negative correlations with tilt
angles, ie., as tilt angle increases, mean pressure
decreases (Table 1). ICP and ITP (horizontal anatomic
distance from ITP to ICP sensor locations of 70.0 + 3.2
cm, respective vertical distance of 0.4 + 0.8 cm) reacted

- femoral arterial blood pressure amplitude; ICP
: central venous pressure amplitude; JVP,,; jugular venous pressure amplitude; IAPds
amp: INtravesical pressure amplitude; IAPve

sintracranial pressure amplitude;
- dorsal

amp-

amp*

- ventral intra-abdominal pressure amplitude; IAPcr

amp* amp*

: caudal intra-abdominal pressure amplitude. Additionally, respiratory fluctuations are visible,

opposingly to each other, highlighting their hydraulic
connection via the spinal canal. Minimal reaction and
mildly positive correlation in CVP were observed while
JVP revealed a similar strongly negative correlation with
tilt angle as cABP and fABP. There were less obvious pat-
terns with IAPs, however a mild direct relationship with
tilt angle can be observed in IAPcd (horizontal anatomic
distance from IAPcd to ICP sensor locations of 60.5 +
4.3 cm, respective vertical distance of 9.5 + 5.5 cm) and
IVP (horizontal anatomic distance from IVP to ICP sen-
sor locations of 76.4 + 5.2 cm, respective vertical dis-
tance of 16.8 + 3.6 cm) and a mild indirect relationship
in IAPcr (horizontal anatomic distance from IAPcr to
ICP sensor locations of 56.7 + 5.6 cm, respective verti-
cal distance of 0.9 + 2.6 cm), IAPds (horizontal anatomic
distance from IAPds to ICP sensor locations of 61.3 +
4.7 cm, respective vertical distance of — 3.7 + 2.7 c¢m),
and IAPve (horizontal anatomic distance from IAPve to
ICP sensor locations of 62.7 + 4.8 cm, respective verti-
cal distance of 7.3 + 3.5 cm) (Fig. 4). Equal and opposite
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Fig. 4 Visualization of mean changes across the entire range of tilt angles and all pressures considered (N=6). Error bars indicate one standard
deviation at each tilt angle. cABP: carotid arterial blood pressure; fABP: femoral arterial blood pressure; ICP: intracranial pressure; ITP: intrathecal
pressure; CVP: central venous pressure; JVP: jugular venous pressure; IAPcr: cranial intra-abdominal pressure; IAPcd: caudal intra-abdominal pressure;
IAPds: dorsal intra-abdominal pressure; IAPve: ventral intra-abdominal pressure; IVP: intravesical pressure

correlations were observed in IAPcr and IAPcd, while
IVP yielded a strong correlation to tilt (r=0.99). A posi-
tive vertical distance denotes when the respective sen-
sor transducer is below the ICP transducer, and negative
when above the ICP transducer.

Table 1 shows the relative changes in mean pressures
at 0° baseline prone position (0,°) and the maximum
angle (+13°) and minimum angle (—13°). Addition-
ally, relative changes between baseline (0,°) second
prone 0,° and third prone position 05° are shown. Simi-
lar behaviors in cABP and fABP were observed, where
both decrease at +13°, followed by an increase at —13°.
cABP and fABP remained decreased upon the return to
0° (0,° and 05°) compared to the first 0° baseline 0,°. ICP
and ITP as well as IAPcr and IAPcd showed opposing
reactions to each other i.e., as IAPcr increased, IAPcd
decreased, highlighting their 180° measurement direc-
tions. IAPds and IAPve did not show opposing behavior
as observed in the cranial and caudal measurements.
IVP showed similar behavior to IAPcd. IAPcr, IAPcd,
and IVP all returned to values within one SD of the
original baseline while IAPds and IAPve were consid-
erably below their original baseline pressure value. A
large standard deviation was observed across the entire
range of tilt angles in IAPds.

All changes in mean proved to be statistically sig-
nificant, with cABP, ICP, and JVP, IAPcr, and IAPds all
being strongly negatively correlated to tilt. CVP proved

weakly positively correlated, and ITP being strongly
positively correlated with tilting angle. IAPcd and IVP
proved to be strongly positively correlated with tilting
angle. In all pressures, disproportionate reactions to
tilt angle were observed, especially in ICP, with +13°
yielding a pressure change of —5.9 mmHg while —13°
yielded a pressure change of 10.8 mmHg compared to
the initial baseline.

Pulse pressure reactions

Less noticeable patterns and weaker correlations were
observed in pulse pressure amplitudes (Fig. 5). A slight
increase in cABP,,,, from 0° to+13° corresponded with
a decrease in fABP, ., over the same time window. There
were slight changes in ICP,,,,, and ITP,,,, over the range
of tilt angles, however they lacked significance. CVP,,
and JVP,,,,, remained relatively constant across the entire
range. From 0° to+5°, there was an increase in IAPcr,
and IAPds,,,, amplitude with a decrease of IAPcd,,,, and
IAPve, ... However, for the remainder of the tilt test, all
IAPs followed a similar pattern between each other while
IVP remained relatively constant across the entire range.
Only changes seen in IAPds,,  proved to be statistically

significant.

amp

amp
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Transfer functions

Dynamic transmission patterns were observed across
all TFs with considerably different magnitudes across
0°,+13°, and—13° (Fig. 6). At 0° in the arterio-cranio-
spinal, arterio-venous, and arterio-abdominal TFs, there
exist an initial soft decay; however, this observation is not
as strong in the+13° and — 13° TFs. Following this initial
behavior there exist dynamic resonant peaks at 4.2+0.4
and 11.5+ 1.5 Hz before a final decay with roll-offs of —
149+53,-17.0+4.3,-17.0+3.2,-15.1£6.3,-14.3 7.
2,-16.2+6.5,—14.9+5.5, and—17.7+2.9 dB/decade for
cABP-ICP, cABP-JVP, cABP-IAPcr, cABP-IAPcd, cABP-
IAPds, cABP-IAPve, and cABP-IVD, respectively. These
local minima and maxima are more prevalent in the arte-
rio-venous and arterio-CSF TFs when compared to the
arterio-abdominal TFs.

Discussion

Pressure responses

Across the entirety of the tilt tests, ICP and ITP revealed
opposite reactions to the orthostatic changes. ICP was in
a strong indirect relationship with the tilt angle causing
a decrease in mean ICP as the angle became more HoB.
This hydrostatic change may have caused pressure to
drop via a gravitationally induced relaxation of the cer-
ebrovascular bed and an increase in compliance. Con-
versely, as the sheep becomes more BoH, CSF and venous
blood pool in the cranium, causing an increase in their

mean pressure. Similar volumetrically-induced changes
in pressure dynamics have previously been reported [21].
Interestingly, ICP and ITP did not return to their pre-
tilt baseline, ending slightly higher. This may indicate an
autonomic compensation via the orthostatic stressing
of the CSF [4] and glymphatic system leading to a tem-
porary reduction in CSF absorption, causing increased
pressure post-tilt test. The order of the tilt test (i.e., start-
ing with BoH rather than HoB) may further impact the
final return to baseline. The influences of these different
positions are split between gravitational influences and
the resultant volumetric pressure changes. However,
intracranial and lumbar intrathecal spaces have simi-
lar relaxation times when a volumetric pressure change
is introduced [24]. Furthermore, recent work has shown
that there exists similar venous dynamics in sheep and
humans in response to tilt [32, 33], therefore there may
be a level of venous collapse that effectively reduces CSF
outflow during upright postures, maintaining ICP and
reducing the influence of HoB posture, as also supported
by the influence as dictated by the ICP-ITP hydrostatic
column (15.7 cm at + 13°, calculated using trigonometry,
leading to 11.6 mmHg) being suggesting a larger pressure
change than what was observed. Therefore, these findings
suggests that gravitational influences may cause uneven
dynamic changes in HoB and BoH postures.

Both cABP and fABP responded similarly to the
orthostatic influence on ICP, but most likely induced
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via different mechanisms. Vasovagal and baroreflex
responses have been well described in humans to main-
tain stable hemodynamics following a change in body
position [34, 35, 35, 36, 36, 37]. Furthermore, barore-
ceptor activity and venous dynamics when compared
between newborn sheep and humans have been shown
to be functionally similar [33, 38]. As gravity’s directional
influence on the cardiovascular system changes, baro-
receptors create a negative feedback loop to maintain
homeostasis and regulate the vasovagal syncope caused
by tilting. Sato et al. [39] reported in humans that barore-
flex is heavily attenuated under propofol-based anesthe-
sia, which may motivate the apparent posture-induced
changes to cABP and fABP in our sheep. There was
minimal change in CVP across the range of tilts. As CVP
dynamics are usually dictated by cardiopulmonary blood
volume, perhaps the+13° extremities were insufficient
to provide this volume change potentially due to its loca-
tion near its respective hydrostatic indifference point.
JVP, however, displayed a clear indirect relationship with
tilt angle similar to the arterial pressures and ICP. In
humans, a split jugular venous system exists comprised
of the internal and external jugular veins connected to
the brachiocephalic vein. The internal jugular vein is
thereby described to collapse during upright posture to
regulate ICP via an increase in venous outflow resistance
[16, 40]. This, in turn, causes the vertebral venous plexus
to act as the primary venous outflow tract while upright
[41]. However, in sheep there lacks an internal jugular
vein, potentially leading to the vertebral plexus playing
a more important role in physiological compensation to
orthostatic variations than in humans, causing the more
muted response in JVP due to relatively more venous
drainage occurring in the vertebral veins.

The simultaneous measurement of IAP while undergo-
ing tilting is less described in the literature, with only a
few studies reporting changes in compartmental IAP fol-
lowing trauma and liver transplantation [23, 42, 43]. Our
study motivates the idea that the intra-abdominal space
is heterogeneous and should not be considered a unified
entity. IVP is commonly used as a non-invasive indirect
measurement of IAP in patients. Reasonable agreement,
however, was only found between IAPcd and IVP in our
sheep, thereby questioning the validity of IVP particu-
larly in light of VP shunt placement and the flexibility
and mobility of the distal shunt catheter, which is com-
monly implanted via an incision in the upper abdomen of
patients, more cranially than the caudal sensor placement
in our sheep cohort. A significant variation in IAP meas-
ured in the upper and lower abdominal compartment
following liver transplantation in humans aggravated
by postural changes has previously been described by
Cresswell et al. [43]. We found IAPcr and IAPds to have
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negative correlations with tilt angle while IAPcd, IAPve,
and IVP were observed to be positively correlated. Sheep,
like other ruminants, have a highly asymmetric abdomi-
nal compartment, with the rumen occupying nearly all of
the left side [44]. It might therefore be assumed that the
regional IAP effect may not be as prominent in humans.
However, this makes sheep unique in the development
and testing of novel shunts, as potentially varying pres-
sure gradients between proximal and distal ends of the
shunt can be studied to improve shunt function. Further-
more, these ovine results motivate a deeper investigation
into the concept of a unidimensional IAP measurement
as it may fail to describe true IAP dynamics adequately.

These results, while showing distinct dynamics between
the proximal (craniospinal) and distal (arterial, venous,
or abdominal) ends of any shunt catheter, emphasize the
correspondent paired behavior in the craniospinal, arte-
rial, and venous compartments while also visualizing the
heterogeneity of the abdominal space.

Pulse pressure responses

Whenever the CSF space and surrounding area endure
a volumetric fluid increase, a reduction in compliance
occurs due to the stretching of the cavity walls as a reac-
tion to the increase in pressure, e.g. brain compliance is
inversely proportional to ICP [45]. As CSF is dynamically
pulsatile, the fluid’s pulse pressure will also change as
the cavity becomes less elastic [46]. In our study, gravi-
tational forces acting upon the sheep lead to flooding of
the venous bed and cerebral intraventricular space (in the
case of BoH) and potentially a rush of CSF pooling in the
lumbar regions (in the case of HoB). During BoH, cranial
pooling of CSF causes the surrounding ventricular tissue
to experience an acute reduction in compliance, leading
to an increase in ICP,,,, and a corresponding decrease in
ITP,,,,- Oppositely, during the HoB position, CSF pools
in the lumbar regions, causing an increase in ITP,,, and
a decrease in ICP,, ., possibly following a reduction of
lumbar compliance. As CVP remained relatively constant
during tilting the pulse pressure also remained relatively
stable. In JVDP, a large dynamic change in mean pressure
was observed, with no corresponding increase in pulse
pressure. As the jugular vein is a high-compliance ves-
sel, it is possible that the extent of tilting may not have
induced enough of a volumetric change to effectively
cause a reduction in compliance, leading to increased
pulse pressures.

No obvious patterns were observed in the arterial pulse
pressures across tilt angles, which may be a manifestation
of our—13° to+13° tilt steps. Furthermore, the arterial
tree is a muscular system, which can counteract gravita-
tional pooling, in contrast to the CSF and venous systems.
This effect suggests a certain amount of independence
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between ABP,,, and posture. No distinct pulse pressure
patterns were observed in the abdominal pressures, some
behavior even disagreed with the changes in mean pres-
sure e.g., large changes in pulse pressure that are yet to
have a physiological explanation. This may be attributed
to the heterogeneity of the sheep’s abdominal cavity. The
ovine rumen is filled very specifically with fluid and solid
matter on the bottom, followed by a layer of solid mat-
ter in the middle and gas on the very top. It is possible
that the tilting of the sheep changed the layering of the
ruminal content and caused the position of the abdomi-
nal organs to shift—both of which may have led to the
seemingly spontaneous changes in pulse pressure. Over-
all, these results illustrate the fact that there exists mini-
mal marked impact from tilting on pulse pressures in the
craniospinal, arterial, venous, and abdominal spaces.

Transfer function analysis

The classical view of large-artery compliance is that it
supports the dampening of strong cardiac ventricu-
lar ejections and assists in the reduction of the pulsatile
nature of the flow into a more constant downstream
flow at the site of the arterioles, thus supporting organ
perfusion and ensuring consistent and manageable pul-
satility to the downstream vessels [47]. In a similar physi-
ological phenomenon, intracranial compliance has been
described as essential to the compensatory mechanisms
to maintain ICP stability and intracranial homeostasis
[48].

In a mathematical sense, compliant mechanisms
operate by attenuating higher frequencies—i.e., they
act as lowpass filters. The general lowpass behavior of
our derived TFs motivates the physiological doctrine of
arteries, veins, the craniospinal space, and the abdomen
behaving as compliant compartments. Furthermore,
multiple resonant peaks (local maxima) exist among
each TF, such as the cABP-ICP, cABP-ITP, or cABP-
fABP TE. The existence of complex yet correspondent
resonant peaks in the arterio-craniospinal and arte-
rio-venous TFs suggests that these system responses
exhibit common features due to resonance, agreeing
with the work of Wagshul et al. [49] yet disagreeing
with the work of Tenti et al. [50], who argued that reso-
nance plays no role in the synchronicity of arterial and
CSF pulsations.

Interestingly, there exists behavior indicative of a
notch filter at 8.0 Hz in cABP-IAPds and to a lesser
extent in cABP-IAPve and cABP-IVP. Notch behavior
has previously been reported [49], however it was only
reported in cABP-ICP TFs. The TFs remained quantita-
tively similar across the three tilt angles (0°,+13°, —13°)
with few exceptions. cABP-IAPcd and cABP-IAPds
TF magnitudes at 0° remained asymmetrically larger
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than their+13° and —13° counterparts until around
9 Hz.+13° and — 13° were the two tilt extrema consid-
ered in this study and IAPcd and IAPds were facing
the tail and back of the sheep, respectively. As intro-
duced prior, the ovine rumen is comprised of transient
layers. If an asymmetric shift in the rumen content
occurred, this might have manifested itself in a similar
asymmetric manner to the different abdominal pres-
sure measurements. This could, in turn, have caused a
corresponding asymmetric shift in the individual TFs
between 0°,+13°, and — 13°, which may also explain the
cABP-IVP TF remaining asymmetrically larger than
the+13° and —13° ones. Each of our TFs final decays
are within the range of 20 dB/decade, which may lead
to the assumption that first-order lowpass behavior
dominates. However, bands of local maxima and min-
ima (i.e., resonance) before the final decay suggest that
some intercompartmental interactions are subject to
higher order dynamics, possibly due to the existence of
multiple physiological pathways from the carotid artery
to the craniospinal, venous, and abdominal spaces.
Nevertheless, these results show that we have similar
transmission patterns across the investigated compart-
mental pairs and that there does exist attenuation of
higher frequencies. This supports the concept that the
arterial, craniospinal, venous, and abdominal systems
serve as compliant mechanisms.

The derivation of TFs between the carotid arterial and
adjacent compartments has revealed complex compliant
systems which are dictated by multiple overlain higher-
order dynamics.

Clinical and physiological implications

The optimal strategy of shunt-based treatments for
hydrocephalus requires a detailed understanding of the
dynamic pressure behaviors that exist between proximal
and distal ends of the shunt catheters (i.e., intraventricu-
lar and peritoneal abdominal spaces for ventriculop-
eritoneal shunts, intraventricular and venous spaces for
ventriculo-venous shunts, and intraventricular and atrial
cardiac spaces for ventriculo-atrial shunts) [51]. This
study provides a foundation to build this understanding
via analyzing the dynamic reactions to tilting. Observing
the impact of tilt angle on physiological pulse pressures
is an important consideration when designing the control
strategy behind any active shunts—specifically to avoid
over- or under-drainage at the systolic peak or diastolic
trough. This study shows that moderate HoB and BoH tilt
have minimal impact on pulse pressures, meaning that,
at least from —13° to + 13° of postural change, there need
not exist unique sophistications to adjust for changes in
pulse pressure. However, an expansion of this investiga-
tion to the entire range of normal body postures (0° to
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90°) is required. There was no indication of reflex tachy-
cardia during HoB positions, which does not necessar-
ily suggest that the reflex pathway is not present, rather
perhaps that our moderate tilt angles were insufficient
to trigger them. Moreover, the effect of posture on glym-
phatic drainage has also been a topic of interest in the
field, with one study conducted in rats showing that the
lateral sleeping position led to the most optimal glym-
phatic drainage when compared to the supine and right
lateral decubitus positions [52]. It could also be the case
that, depending on the brain’s position relative to the ful-
crum of the tilt, glymphatic drainage may vary. Further-
more, the compliant nature of most body parts has been
a topic of considerable discussion ever since Spencer and
Denison [53] first quantified arterial compliance in 1963.
The derived TFs have quantified the intercompartmental
compliant behavior, revealing which specific frequencies
are attenuated to what extent. Moreover, having the TFs
between arterial, venous, craniospinal, and abdominal
compartments supports the investigation into specific
behaviors at all possible spectral inputs, paving the way
for a more quantitative understanding of how compliance
plays a role in physiology.

Physiological considerations

This investigation was performed only in female sheep;
however, no sex-based pressure differences are antici-
pated. A balanced, multimodal anesthesia was used, with
the intention to reduce the dose of each anesthetic agent
and thus their side effects. General anesthesia is known
to affect autoregulatory mechanisms to a certain extent,
which is common limitation in physiological studies per-
formed under general anesthesia. However, due to the
nature of manipulations performed in this experiment,
general anesthesia was necessary and was considered in
the interpretation of all findings. Moreover, our acute
model under anesthesia ensures no nodding of the head
during movements, effectively avoiding head-movement-
induced hydrostatic influences.

Limitations

The use of mechanical positive pressure ventilation
could not only have had an impact on venous and tho-
racic pressure but also on the flow of CSE, which may
have influenced our results. Furthermore, as sheep are
quadrupeds, elements specific to their physiological fluid
dynamics limit the transferability to humans. Specifi-
cally, quadrupeds are physiologically adapted to changing
CSF axis closer to the neck when compared to humans
where the CSF axis is firstly vertical most of the time,
and secondly much more prone to larger changes. This
may also lead to limitations in translating CSF-specific
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relationships to humans. The ovine abdominal space is
anatomically different from that of a human, with mul-
tiple different layers comprised of different contents and
ruminal filling stages. The effects suspected to have been
caused by regional abdominal heterogeneities observed
in this study may not be as distinct in humans, whose
abdominal anatomy is different and not as complex as the
ovine system. The tilt-table used in this study was limited
to+13° in a prone position, which might limit conclu-
sions and direct comparisons to human body positions,
such as standing, sitting, or supine.

Conclusions

Our investigations have provided comprehensive insights
into the dynamic physiological relationships between
the pressure conditions at the proximal and distal posi-
tions of any shunt catheter during changes in body posi-
tion. Orthostatic pressure changes from changes in body
position have been shown to significantly influence mean
pressures in sheep, while minimal patterns in pulse
pressure suggest potential independence between body
position and pulse, at least at moderate tilts in posture.
These relationships suggest that pulse pressure may be
considered as constant and could be exploited as control
parameter. Transfer function analyses quantify previ-
ously unquantified physiological insights: there exists a
general compliant, lowpass theme to the arterio-cranio-
spinal, arterio-venous, and arterio-abdominal systems.
However, there are also overlain higher-order dynamics
present.

Acknowledgements

The authors acknowledge Dr. Lennart Stieglitz (Department of Neurosurgery,
University Hospital Zurich) for his clinical insight regarding the protocol for this
study. This work is affiliated with the Clinical Neuroscience Center, University
Hospital Zurich.

Author contributions

Conception and design: MSD, MW, MA, AP, NET, MFO. Acquisition of data:
MSD, MW, AP, NET. Analysis and interpretation of data: all authors. Drafting the
article: AP. Critically revising the article: all authors. Study supervision: MSD,
MA, MW.

Funding

Open access funding provided by Swiss Federal Institute of Technology
Zurich. The authors acknowledge funding from the Swiss National Science
Foundation through Grant 315230_184913 and the Innosuisse project
42749_1 IP-LS.

Data availability
All relevant in-vivo data used in this study can be found open access using the
following link: https://doi.org/10.3929/ethz-b-000623698.

Declarations

Competing interests
The authors of the manuscript titled “Influence of head-over-body and body-
over-head posture on craniospinal, vascular, and abdominal pressures in an


https://doi.org/10.3929/ethz-b-000623698

Podgorsak et al. Fluids and Barriers of the CNS

(2023) 20:58

acute ovine in-vivo model"report no competing interests concerning the
materials or methods used in the study or the findings specified in this paper.

Author details

'Department of Mechanical and Process Engineering, ETH Zurich, Zurich,
Switzerland. 2Center for Surgical Research, University Hospital Zurich, Univer-
sity of Zurich, Zurich, Switzerland. *Department of Neurosurgery, University
Hospital Zurich, University of Zurich, Zurich, Switzerland.

Received: 25 January 2023 Accepted: 13 July 2023
Published online: 02 August 2023

References

1.

2.

Rekate HL. The definition and classification of hydrocephalus: a personal
recommendation to stimulate debate. Cerebrospinal Fluid Res. 2008;5:2.
Nulsen FE, Spitz EB. Treatment of hydrocephalus by direct shunt from
ventricle to jugular vain. Surg Forum. 1951;399-403.

Gehlen M, Eklund A, Kurtcuoglu V, Malm J, Schmid DM. Comparison of
anti-siphon devices—how do they affect CSF dynamics in supine and
upright posture? Acta Neurochir (Wien). 2017;159(8):1389-97.
Quvarlander S, Sundstrém N, Malm J, Eklund A. Postural effects on
intracranial pressure: modeling and clinical evaluation. J Appl Physiol.
2013;115:1474-80.

Avelar-Pereira B, Tam GKY, Hosseini SMH. The effect of body posture on
resting-state functional connectivity. Brain Connect. 2022;12(3):275-84.
Alperin N, Lee SH, Sivaramakrishnan A, Hushek SG. Quantifying the effect
of posture on intracranial physiology in humans by MRI flow studies. J
Magn Reson Imaging. 2005;22(5):591-6.

Sagirov AF, Sergeev TV, Shabrov AV, Yurov AY, Guseva NL, Agapova EA.
Postural influence on intracranial fluid dynamics: an overview. J Physiol
Anthropol. 2023;42(1):5. https://doi.org/10.1186/540101-023-00323-6.
BohrT, Hjorth PG, Holst SC, Hrabétova S, Kiviniemi V, Lilius T, et al. The
glymphatic system: current understanding and modeling. iScience.
2022,25(9):104987.

D’Antona L, Craven CL, Bremner F, Matharu MS, Thorne L, Watkins LD,

et al. Effect of position on intracranial pressure and compliance: a cross-
sectional study including 101 patients. J Neurosurg. 2022;136(6):1781-9.
Petersen LG, Petersen JCG, Andresen M, Secher NH, Juhler M. Postural
influence on intracranial and cerebral perfusion pressure in ambula-
tory neurosurgical patients. Am J Physiol Regul Integr Comp Physiol.
2016;310(1):R100-4.

Klarica M, Rados M, Erceg G, Petosic¢ A, Jurjevic |, Oreskovic¢ D. The influ-
ence of body position on cerebrospinal fluid pressure gradient and
movement in cats with normal and impaired craniospinal communica-
tion. PLoS ONE. 2014;9(4): €95229.

Katz S, Arish N, Rokach A, Zaltzman Y, Marcus EL. The effect of body
position on pulmonary function: a systematic review. BMC Pulm Med.
2018;18(1):1-16.

Trinity JD, McDaniel J, Venturelli M, Fjeldstad AS, Ives SJ, Witman MAH,
et al. Impact of body position on central and peripheral hemodynamic
contributions to movement-induced hyperemia: implications for rehabili-
tative medicine. Am J Physiol - Hear Circ Physiol. 2011;300(5):1885-91.
Haouzi P, Chenuel B, Chalon B. Effects of body position on the ventila-
tory response following an impulse exercise in humans. J Appl Physiol.
2002;92(4):1423-33.

Qvarlander S, Sundstrom N, Malm J, Eklund A. Postural effects on
intracranial pressure: modeling and clinical evaluation. J Appl Physiol.
2013;115(10):1474-80.

Holmlund P, Johansson E, Qvarlander S, Wahlin A, Ambarki K, Koskinen
LOD, et al. Human jugular vein collapse in the upright posture: Implica-
tions for postural intracranial pressure regulation. Fluids Barriers CNS.
2017;14(1):1-7.

Fltrenbrock F, Schwander S, Podgorsak A, Bausch B. Insights of posture
dependent pressure characteristics in five rats. Curr Dir Biomed Eng.
2021;7(2):799-802.

Kenny RA, Bayliss J, Ingram A, Sutton R. Head-up tilt: a useful test for
investigating unexplained syncope. Lancet. 1986;327:1352-4.

Sakka L, Chomicki A, Gabrillargues J, Khalil T, Chazal J, Avan P.Valida-
tion of a noninvasive test routinely used in otology for the diagnosis of

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

37.

38.

39.

40.

41.

42.

Page 13 of 14

cerebrospinal fluid shunt malfunction in patients with normal pressure
hydrocephalus. J Neurosurg. 2016;124(2):342-9.

Sutton R, Fedorowski A, Olshansky B, Van Dijk GJ, Abe H, Brignole M, et al.
Tilt testing remains a valuable asset. Eur Heart J. 2021;42(17):1654-60.
Sakka L, Coll G, Chazal J. Anatomy and physiology of cerebrospinal fluid.
Eur Ann Otorhinolaryngol Head Neck Dis. 2011;128(6):309-16.

Bouma GJ, Muizelaar JP, Bandoh K, Marmarou A. Blood pressure and
intracranial pressure-volume dynamics in severe head injury: relationship
with cerebral blood flow. J Neurosurg. 1992;77(1):15-9.

Bloomfield GL, Ridings PC, Blocher CR, Marmarou A, Sugerman HJ. A
proposed relationship between increased intra-abdominal, intrathoracic,
and intracranial pressure. Crit Care Med. 1997;25(3):496-503.

Podgorsak A, Trimmel NE, Oertel MF, Qvarlander S, Arras M, Eklund A,

et al. Intercompartmental communication between the cerebrospinal
and adjacent spaces during intrathecal infusions in an acute ovine in -
vivo model. Fluids Barriers CNS. 2022;19:1-13. https://doi.org/10.1186/
$12987-021-00300-0.

Flower JO, Parr EA. 13 - Control Systems. In: Laughton MA, Warne DJ,
editors. Electrical Engineer’s Reference Book. Sixteenth. Oxford: Newnes;
2003. p. 13-63.

Parr EA. 14 - Digital control systems. In: Laughton MA, Warne DJ, editors.
Electrical Engineer’s Reference Book. Sixteenth. Oxford: Newnes; 2003. p.
14-36.

Wagshul ME, Eide PK, Madsen JR. The pulsating brain: a review of experi-
mental and clinical studies of intracranial pulsatility. Fluids Barriers CNS.
2011;8(1):1-23.

Zou R, Park E-H, Kelly EM, Egnor M, Wagshul ME, Madsen JR. Intracranial
pressure waves: characterization of a pulsation absorber with notch filter
properties using systems analysis: Laboratory investigation. J Neurosurg
Pediatr PED. 2008;2(1):83-94.

Animals NRC (US) C for the U of the G for the C and U of L. Guide for the
Care and Use of Laboratory Animals. Washington (DC); 2011.

Pedersen SH, Andresen M, Lilja-Cyron A, Petersen LG, Juhler M. Lumbar
puncture position influences intracranial pressure. Acta Neurochir (Wien).
2021;163(7):1997-2004.

Gustafsson F. Determining the initial states in forward-backward filtering.
IEEE Trans Signal Process. 1996;44(4):988-92.

Trimmel NE, Podgorsak A, Oertel MF, Jucker S, Arras M, Schmid Daners
M, et al. The sheep as a comprehensive animal model to investigate
interdependent physiological pressure propagation and multiparameter
influence on cerebrospinal fluid dynamics. Front Neurosci. 2022. https://
doi.org/10.3389/fnins.2022.868567.

Trimmel NE, Podgorsak A, Oertel MF, Jucker S, Arras M, Schmid Daners M,
et al. Venous dynamics in anesthetized sheep govern postural-induced
changes in cerebrospinal fluid pressure comparable to those in humans.
Physiol Rep. 2022;10(24): e15525.

Jardine DL, Wieling W, Brignole M, Lenders JWM, Sutton R, Stewart

J.The pathophysiology of the vasovagal response. Hear Rhythm.
2018;15(6):921-9.

Smith JJ, Porth CM, Erickson M. Hemodynamic response to the upright
posture. J Clin Pharmacol. 1994;34(5):375-86. https://doi.org/10.1002/j.
1552-4604.1994.tb04977 x.

. Blomqvist CG, Stone HL. Cardiovascular Adjustments to Gravitational

Stress. In: Comprehensive Physiology. Wiley; 2011, 1025-63. https://doi.
0rg/10.1002/cphy.cp020328

Coonan TJ, Hope CE. Cardio-respiratory effects of change of body posi-
tion. Can Anaesth Soc J. 1983;30(4):424-37. https://doi.org/10.1007/
BF03007869.

Blanco CE, Dawes GS, Hanson MA, Mccooke HB. Carotid baroreceptors in
fetal and newborn sheep. Pediatr Res. 1988;24(3):342-6.

Sato M, Tanaka M, Umehara S, Nishikawa T. Baroreflex control of heart
rate during and after propofol infusion in humans. Br J Anaesth.
2005;94(5):577-81.

Assavapokee T, Thadanipon K. Examination of the Neck Veins. N Engl J
Med. 2020;383(24): e132. https://doi.org/10.1056/NEJMvcm 18064 74.
Gisolf J, van Lieshout JJ, van Heusden K, Pott F, Stok WJ, Karemaker JM.
Human cerebral venous outflow pathway depends on posture and
central venous pressure. J Physiol. 2004;560(1):317-27.

Vasquez DG, Berg-Copas GM, Wetta-Hall R. Influence of semi-recumbent
position on intra-abdominal pressure as measured by bladder pressure. J
Surg Res. 2007;139(2):280-5.


https://doi.org/10.1186/s40101-023-00323-6
https://doi.org/10.1186/s12987-021-00300-0
https://doi.org/10.1186/s12987-021-00300-0
https://doi.org/10.3389/fnins.2022.868567
https://doi.org/10.3389/fnins.2022.868567
https://doi.org/10.1002/j.1552-4604.1994.tb04977.x
https://doi.org/10.1002/j.1552-4604.1994.tb04977.x
https://doi.org/10.1002/cphy.cp020328
https://doi.org/10.1002/cphy.cp020328
https://doi.org/10.1007/BF03007869
https://doi.org/10.1007/BF03007869
https://doi.org/10.1056/NEJMvcm1806474

Podgorsak et al. Fluids and Barriers of the CNS

43.

44,
45,

46.

47.
48.

49.

50.

(2023) 20:58

Cresswell AB, Jassem W, Srinivasan P, Prachalias AA, Sizer E, Burnal W, et al.
The effect of body position on compartmental intra-abdominal pressure
following liver transplantation. Ann Intensive Care. 2012,2012(Suppl!
1):1-10.

Membrive CMB. Anatomy and Physiology of the Rumen. In: Rumenology.
2016.p. 1-38.

Czosnyka M, Citerio G. Brain compliance: the old story with a new " et
cetera!Intensive Care Med. 2012;38:925-7.

Brasil S, Jorge D, Solla F, Nogueira RDC, Teixeira MJ, Marcelo L, et al. Intrac-
ranial compliance assessed by intracranial pressure pulse waveform. Brain
Sci. 2021;11(8):971.

Laurent S, Boutouyrie P. Arterial stiffness and hypertension in the elderly.
Front Cardiovasc Med. 2020. https://doi.org/10.3389/fcvm.2020.544302.
Harary M, Dolmans RGF, Gormley WB. Intracranial pressure monitoring—
review and avenues for development. Sensors. 2018;18:465.

Wagshul ME, Kelly EJ, Yu HJ, Garlick B, Zimmermann T, Egnor MR. Reso-
nant and notch behavior in intracranial pressure dynamics. J Neurosurg
Pediatr. 2009;3(May):354-64.

Tenti G, Sivaloganathan S, Drake JM. The synchrony of arterial and CSF
pulsations is not due to resonance. Pediatr Neurosurg. 2002;37(4):221-2.
https://doi.org/10.1159/000065400.

51. Shapiro K, Fried A. The theoretical requirements of shunt design as deter-
mined by biomechanical testing in pediatric hydrocephalus. Child's Nerv
Syst. 1988;4(6):348-53.

52. LeeH, Xiel,YuM, Kang H, Feng T, Deane R, et al. The effect of body
posture on brain glymphatic transport. J Neurosci Off J Soc Neurosci.
2015;35(31):11034-44.

53. Spencer MP, Denison AB. Pulsatile blood flow in the vascular system.
Handb Physiol. 1963;11(2).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fcvm.2020.544302
https://doi.org/10.1159/000065400

