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Review of Dreha-Kulaczewski et al.

The presence of fluid in the brain ventri-
cles has been known since the ancient
Egyptians. However, the first mention of
CSF circulation did not occur until 1532,
when the Italian anatomist Niccolò Massa
first described the movement of a “watery
excess” through brain foramina (Her-
bowski, 2013). Three centuries later, thanks
to the meticulous work of the French physi-
cian François Magendie, CSF circulation
became a notion widely accepted by the sci-
entific community (Herbowski, 2013). In
the classical representation, CSF produced
in the lateral ventricles flows through the
brain foramina to the spinal canal before
flowing back upward to the brain subarach-
noid space, where it is finally reabsorbed
mostly by the arachnoid granulations, along
the superior sagittal sinus.

It was not until 1943 that one of the
fathers of modern neurosurgery, John E.A.
O’Connell, suggested that CSF movement
from the skull into the spinal cord is in-
duced by the transmission of intracranial
arterial pulsations (O’Connell, 1943). The

idea was based on CSF pressure measure-
ments and observations during open skull
surgeries, as well as on the so called Monro–
Kellie hypothesis (Mokri, 2001). Accord-
ing to this hypothesis, the cranium is not a
compressible structure; therefore, the con-
stituents of its volume (blood, CSF, and brain
parenchyma) create a state of equilib-
rium. When the volume of one of the
three components increases, the volume
of another must decrease to compen-
sate. According to this hypothesis, the ar-
rival in the skull of the arterial pulse wave
will cause CSF outflow into the spinal ca-
nal (Fig. 1a). The pulsatile nature of CSF
movement was later demonstrated in vivo
by magnetic resonance imaging (MRI;
Greitz et al., 1992).

Recent studies have challenged the
textbook model of CSF flow. Applying
in vivo two-photon imaging techniques,
Iliff et al. (2012) reported that in rodents a
large portion of the subarachnoid CSF
flows along arteries to enter the brain in-
terstitium, from which it is cleared by the
venous pathways. Using a high-speed MRI
technique, Dreha-Kulaczewski et al. (2015)
recently identified the respiratory cycle,
instead of arterial pulsations, as the main
force responsible for CSF flow in humans.
In another article that appeared in a re-
cent issue of the Journal of Neuroscience,
(Dreha-Kulaczewski et al. (2017) ex-
tended their findings, reporting that
during the initial phase of inspiration,
CSF flows from the spine toward the

head. Together, these innovative find-
ings seem to draw a picture of CSF flow
that differs from the classical model pre-
viously outlined.

Dreha-Kulaczewski et al. (2017) took
advantage of a novel real-time phase-
contrast MRI, which allowed them to simul-
taneously measure CSF and venous flow in
healthy human subjects. Dreha-Kulaczewski
et al. (2017) quantified CSF flow at the fol-
lowing four levels: in the cerebral aque-
duct, and in the spinal canal at cervical
level 3 (C3) and thoracic levels 2 (Th2)
and 5 (Th5). In apparent disagreement
with the hypothesis that CSF produced
from the choroid plexus in the lateral ven-
tricles flows out of the head to the spinal
canal, Dreha-Kulaczewski et al. (2017)
observed that CSF flow was mainly di-
rected into the head during forced inspi-
ration. Concomitantly with CSF flow,
they measured venous flux in the internal
venous plexus of the upper cervical spine,
the most important venous drainage path-
way for the brainstem. The synopsis of their
findings is the following: with every cycle of
forced inspiration, there was an increase in
the venous outflow from the skull and an
influx of CSF into the skull. Conversely,
with every forced expiration there was a cor-
responding reduction in venous outflow
and an efflux of CSF from the skull. Of note,
arterial pulse-related CSF flow was still ob-
served, but this represented a very minor
contribution.
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The excellent work by Dreha-Kulaczewski
et al. (2017) is of crucial importance for our
understanding of CSF dynamics. The neg-
ative intrathoracic venous pressure gener-
ated during inspiration is one of the main
forces promoting venous return to the
heart. It has now been shown that this
negative pressure is also responsible for
CSF movement from the spinal canal to
the head. The observations confirm the
previously outlined Monro–Kellie hypothesis
on the relationship among the three brain
compartments, with the only distinction
being that CSF flow is induced by volume
variations in the venous compartment
rather than in the arterial compartment
(Fig. 1b). The study also reinforces the re-
cent findings by Iliff et al. (2012), support-
ing the idea that the brain venous system
has a prominent role in CSF clearance
from the brain interstitium. In summary,
it seems that a new paradigm for CSF flow
is emerging.

A minor consideration on the study
regards the nonphysiological position in
which MRI was performed on the study
subjects. Although MRI in orthostasis is
a very uncommon technique, the supine
position in which MRI is commonly per-
formed lowers the spinal CSF pressure
due to a reduction of hydrostatic pressure
from the cranial compartment. In this
way, CSF flow from the spine to the head
will be promoted. In other words, the ob-
servation that forced inspiration causes
CSF flow toward the head might be valid
only in the supine position, not in the
physiological orthostasis. For this reason,
the findings by Dreha-Kulaczewski et al.
(2017) should be referred to as “retro-
grade movement of CSF” rather than up-
ward movement.

The clinical implications of identifying
respiration and venous return as the main
drivers of CSF flow are nevertheless vari-
ous and important. First, it has been re-
ported that conditions associated with
impaired venous return to the heart can
result in an accumulation of CSF within
the brain, a dangerous pathology known
as hydrocephalus. Specifically, hydrocephalus
has been reported as a consequence of high
venous pressure, such as that occurring in
vein of Galen malformations (Meila et al.,
2016) or arteriovenous malformations (Lo-
bato et al., 1980; Geibprasert et al., 2009), or
reduced venous oncotic pressure, such as
that occurring in severe liver of kidney
failure (Caplan, 2006). The underlying
mechanism for these types of hydroceph-
alus has been poorly understood. It now
appears, however, that if respiration and
negative venous pressure are the main
drivers for CSF flow, any increase in ve-
nous pressure or decrease in the venous
oncotic pressure will result in impaired
CSF reabsorption and consequent hydro-
cephalus. Future studies should investi-
gate whether treating the latent venous
pathology is an effective therapeutic ap-
proach for these types of hydrocephalus.

Second, the close connections between
breathing patterns and increased intra-
cranial pressure (ICP), a consequence of
hydrocephalus, are well known to physi-
cians. Increased ICP leads to abnormal
breathing patterns (such as Cheyne–Stokes
breathing). On the other hand, the use of
both mechanical ventilation in intensive
care units and continuous positive airway
pressure (CPAP) for the treatment of ob-
structive sleep apnea syndrome, two ther-
apies that revert the negative intrathoracic
venous pressure, has been linked to in-
creased ICP (Duncan et al., 1986; Nyquist
et al., 2008). The findings by Dreha-
Kulaczewski et al. (2017) indicate that im-
paired CSF reabsorption due to increased
venous pressure may be an important
component for the pathogenesis of these
complications. Future research should
clarify the safety of mechanical ventilation
and CPAP in patients who are at risk of
hydrocephalus.

Finally, recent work suggests that CSF
circulation plays a critical role in clearing
waste metabolites from the brain (Xie et
al., 2013), a process that might be partic-
ularly relevant for pathologies such as
Alzheimer’s disease (AD) and subarach-
noid hemorrhage (SAH). Accumulation
of amyloid-� in the brain is considered to
be pathogenetic in AD. In SAH, blood
clots are thought to impair CSF reabsorp-
tion, often leading to hydrocephalus (Chen

et al., 2017). In addition, recent MRI-
based work has shown that chronic hy-
drocephalus after SAH is not due to
blood occlusion of the aqueduct or of the
fourth ventricle (Saliou et al., 2012). A
better understanding of CSF circulation,
with particular relevance to the site and
mechanisms of reabsorption, would be
critical for the development of novel ther-
apeutic approaches for pathologies char-
acterized by impaired brain metabolic
clearance.

In conclusion, Dreha-Kulaczewski et al.
(2017) identify the negative venous pressure
occurring during inspiration as the main
force driving CSF movement from the
spine into the head. This work is crucial
for our understanding of human CSF
dynamics and has important clinical im-
plications. Future studies should aim to
unravel the role of respiration and ven-
ous pressure in the pathogenesis of dif-
ferent types of hydrocephalus and other
pathologies.
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