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Abstract

Background: An external ventricular drain (EVD) is the gold standard for measurement of intracranial pressure (ICP)
and allows for drainage of cerebrospinal fluid (CSF). Different causes of elevated ICP, such as CSF outflow obstruction
or cerebral swelling, respond differently to CSF drainage. This is a widely recognized but seldom quantified distinction.
We sought to define an index to characterize the response to CSF drainage in neurocritical care patients.

Methods: We studied consecutive patients admitted to the neurointensive care unit who had an EVD. The EVD was
closed for 30 min prior to assessment. We documented pre-drainage ICP, opened EVD to drainage allowing CSF to
drain until it ceased, and recorded post-drainage ICP at EVD closure. We calculated the pressure equalization (PE) ratio
as the difference between pre-drainage ICP and post-drainage ICP divided by the difference between pre-drainage
ICP and EVD height.

Results: We studied 60 patients (36 traumatic brain injury [TBI], 24 non-TBI). As expected, TBI patients had more signs
of cerebral swelling on CT and smaller ventricles. Although TBI patients had significantly higher pre-drainage ICP
(26 £ 10 mm Hg) than non-TBI patients (1945 mm Hg, p <0.001) they drained less CSF (7 cc vs. 4 cc, p<0.01). PE ratio
was substantially higher in non-TBI than in TBI patients (0.86 £ 0.36 vs. 0434+ 0.31, p <0.0001), indicating that non-TBI
patients were better able to equalize pressure with EVD height than TBI patients.

Conclusions: PE ratio reflects the ability to equalize pressure with the preset height of the EVD and differs substan-
tially between TBI and non-TBI patients. A high PE ratio likely indicates CSF outflow obstruction effectively treated

by CSF diversion, while a lower PE ratio occurs when cerebral swelling predominates. Further studies could assess
whether the PE ratio would be useful as a surrogate marker for cerebral edema or the state of intracranial compliance.
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Introduction

Measurement of the intracranial pressure (ICP) has been
a cornerstone of monitoring patients with severe trau-
matic brain injury (TBI) and other critical brain pathol-
ogies since its introduction into clinical care [1-4]. The
external ventricular drain (EVD) was the first method
described to monitor ICP and remains the only method
which both measures ICP and allows for the therapeu-
tic drainage of cerebrospinal fluid (CSF) to decrease ICP
[5-7].

In some clinical situations, EVDs are used to temporar-
ily divert CSF when it cannot be absorbed. A common
clinical scenario in which this occurs is as after spon-
taneous subarachnoid hemorrhage when CSF outflow
obstruction leads to acute non-absorptive hydrocepha-
lus. In this situation, CSF diversion via an external drain
is a very efficient means of responding to the underlying
problem of CSF outflow obstruction, so that the desired
level of ICP is usually attained. In contrast, in patients
with severe TBI elevated ICP is usually due to a combi-
nation of pathophysiological factors that include discrete
hemorrhagic mass lesions, brain edema, and disturbed
cerebral vasomotor reactivity—none of which can be
resolved directly with diversion of the CSE. Therapeu-
tic use of an EVD in severe TBI relies on an incremental
benefit provided by movement along the pressure—vol-
ume curve within the cranium. The obvious difference
between these two clinical scenarios has long been rec-
ognized and utilized in clinical practice. However, to date
few efforts have been made to quantitatively characterize
the varying patterns of response of the ICP to CSF drain-
age in different pathological states. We sought to develop
a practical method to quantitatively describe the pressure
response to CSF drainage in patients with an EVD and
to assess differences in the pressure response between
severe TBI patients and patients with other pathologies.

Methods
We studied consecutive patients admitted to the neuro-
surgical intensive unit at our institution that had an EVD
placed as per clinical indication. EVD was placed on the
side determined by clinical need. EVD height was set by
the clinical indication and opened to drainage at a set
height or at above a threshold ICP of 20 mm Hg per clini-
cal indication. This study was approved by the Hadassah-
Hebrew University Medical Center Institutional Review
Board (IRB approval number 19384). Waiver of informed
consent was approved for this study, as no deviation from
standard care or therapeutic intervention was a part of
this study.

In all patients, a CSF drainage challenge was performed
to assess the ability of CSF drainage to equalize pressure
with the height of the EVD. The challenge was performed

after the EVD had been closed for 30 min prior to the
challenge. Before the PE ratio was assessed, all patients
were evaluated to assure adequate sedation. If any resist-
ance to the ventilator, spontaneous motor movements,
or other signs of wakefulness were present sedation was
increased until these ceased. The CSF drainage challenge
and assessment of pressure equalization were performed
as follows:

The ICP immediately prior to opening of the EVD
was recorded (ICP;, ;). The drain height zeroed at the
level of the external auditory meatus was also recorded
(EVDjgighy)- The drain was opened to allow drainage
of CSF until CSF stopped draining. Immediately upon
cessation of CSF drainage, the EVD was closed and the
post-drainage ICP (ICP,) was recorded. The difference
between initial ICP and the post-drainage ICP measured
immediately after EVD closure was calculated as follows:

AICP = ICP(initial) — ICP(post)

In cases of pure obstruction to the outflow of CSF,
end ICP after drainage (ICP,,,) would be expected to
equalize with the preset height of the EVD (EVDygp)-
Therefore, when elevated ICP results from pure outflow
obstruction, the maximal expected decrease in ICP is
defined as follows:

AICP(expected) = ICP(initial) — EVD height

We defined the ratio between the actual and expected
decrease in ICP as follows:

AICP _ ICP(initial) — ICP(post)
AICP(expected)  ICP(initial) — EVD height
We termed this ratio of

AICP
AICP(expected)

the pressure equalization ratio, because it reflects the
degree to which an equalization of pressure is achieved
between the EVD height and the ICP after CSF is
drained. When CSF drainage leads to a decrease in ICP
to the level of drain height the pressure equalization ratio
is 1. When no CSF is drained and ICP is unchanged from
its initial value, the pressure equalization ratio is 0. The
pressure equalization ratio will therefore generally vary
between 0 and 1, reflecting the degree to which equali-
zation is achieved between post-drainage ICP and the
height of the EVD.

We evaluated the first computed tomography (CT)
scan after EVD placement in all patients, calculating Rot-
terdam score [8] in TBI patients, and Fisher score [9]
in spontaneous SAH patients. In intracerebral hemor-
rhage (ICH) patients, we calculated the ICH score [10]
and recorded ICH location. In all patients, we assessed
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the presence and degree of midline shift and the pres-
ence of cisternal compression or complete effacement. In
addition, we measured ventricular volume on CT scans
to evaluate whether this parameter may influence CSF
drainage characteristics. Ventricular volume was meas-
ured using a semi-automated program (IntelliSpace Por-
tal, Philips Medical Systems, Best, The Netherlands).

Statistics

All continuous parameters are reported as mean and
standard deviation. Non-continuous parameters are
reported as median and interquartile range. An unpaired
t test was used to compare continuous data. A Xz test was
used to compare nonparametric data.

Results

We studied 60 patients, 36 with TBI and 24 with other
pathologies. Patient characteristics are detailed in
Table 1. Male gender was more common, and median
Glagow Coma Score (GCS) was one point lower in the
TBI group, but the difference in GCS did not reach sta-
tistical significance. Mean intensive care unit (ICU) days
and days with an EVD were not different between groups.
In the non-TBI group, 88% of patients had spontaneous
subarachnoid hemorrhage (SAH). In all of these patients,
an aneurysm was diagnosed and all but one underwent
endovascular treatment. One elderly patient with SAH
presented in poor neurological state, did not undergo
intervention, and died. Patients with hemorrhagic stroke
constituted 12% of the non-TBI patients, and all under-
went surgical intervention.

Post-EVD placement CT scan characteristics of TBI
and non-TBI patients are detailed in Table 2. A greater
percentage of patients with TBI patients had some
degree of midline shift compared with non-TBI patients
(45% vs. 25%, respectively). Likewise, a greater percent-
age of TBI patients had cisternal compression or com-
plete effacement compared with non-TBI patients (56%
vs. 25%, respectively), indicating that more TBI patients
had signs of substantial brain edema on CT scans. As
expected, ventricular volume was substantially smaller
in TBI patients than non-TBI patients (Table 2), likely
indicating a greater propensity to have a more edematous
brain resulting in ventricular compression. CT scans of
a patient with severe TBI and aneurysmal subarachnoid
hemorrhage are presented in Fig. 1.

Physiological data and EVD drainage parameters at
the time of CSF drainage challenge are presented in
Table 3. We performed 50 measurements of CSF drain-
age parameters in 24 non-TBI patients and 70 measure-
ments in 36 TBI patients. In TBI patients, drain height
was set to a mean height of 741 mm Hg, correspond-
ing to a height of 10 cm above the external auditory

Table 1 Patient characteristics

Non-TBl (n=24) TBI(n=36)

Age 54414 43+£23%
Gender
Male 12 24%
Female 12 2
TBI-mechanism of injury
MVA 16
Fall 15
GSW 1
Other 4
Non-TBI
Aneurysmal SAH 21
Hunt-Hess score
1 1
2 5
3 9
4 6
5 0
ICH 3
ICH score
0 1
1 0
2 2
3 0
4 0
5 0
6 0
GCS (median, IQR) 8 (4-14) 7 (4-8)
Surgical intervention
Craniotomy 1 1
Primary decompressive craniectomy 0 9
Secondary decompressive craniec- 3 3
tomy
EVD days (mean £ SD) 1047 1046
ICU days (mean £ SD) 185+8 17+9

EVD external ventricular drain, GCS glagow coma score, GSW gunshot wound,
ICH intracerebral hemmorrhage, ICU intensive care unit, IQR interquartile range,
MVA motor vehicle accident, SAH subarachnoid hemorrhage, TB/ traumatic brain
injury

*p <0.05

meatus. In non-TBI patients, the EVD height was gener-
ally slightly higher (mean 11+1 mm Hg) reflecting our
clinical practice to drain at height of 15 cm above the
zero point in these patients. Initial ICP prior to drain-
age was significantly higher in the TBI group than the in
the non-TBI group (Table 3). With opening of the EVD,
the mean volume of CSF drained in the TBI group was
less than in the non-TBI group (Table 3). Post-drainage
ICP remained higher in the TBI group than the non-TBI
group (Table 3). Importantly, the pressure equalization
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Table 2 CT scan characteristics

Non-TBI TBI

No midline shift 18 (67%) 20 (55%)
Midline shift>1 and <5 mm 2 (8%) 11 (31%)*
Midline shift>5 mm 4(17%) 5 (14%)
Cisterns open 18 (75%) 16 (44%)*
Cisterns compressed 6 (25%) 14 (39%)*
Cisterns effaced 0 6 (17%)*
Ventricular volume (cc) 51+£28 154 14%*
Rotterdam score (TBI patients)

1 0

2 4

3 15

4 8

5 7

6 2
Fisher score (SAH patients)

1 1

2

3

4 13
ICH location (ICH patients)

Subcortical (frontal) 2

Basal ganglia 1

ICH intracerebral hemorrhage, TBI traumatic brain injury, SAH subarachnoid
hemorrhage

*p <0.05; **p < 0.001

ratio, was substantially lower in TBI patients (0.43+0.31)
compared to non-TBI patients (0.86+0.36; p<0.0001),
indicating a markedly reduced propensity of CSF drain-
age to achieve a post-drainage ICP equal to EVD height
in the TBI group (Fig. 2).

Discussion

In this study, we sought to define a quantitative parameter
that describes the response to CSF drainage in patients
with an EVD. The parameter we describe, the pressure
equalization ratio, by its definition, reflects the ability of
CSF drainage to achieve a pressure equal to the preset
height of the EVD. This is important because in theory
it can distinguish between those pathological states in
which this occurs easily and those in which it does not.
The assessment we performed may be conceptualized as
a CSF drainage challenge that quantifies the response to
CSF drainage in a standardized fashion. Not surprisingly,
our results indicate that there are substantial differences
in the pressure equalization ratio between patients with
severe TBI and those with other pathologies. Non-TBI
patients drained CSF in larger volumes and were able to
achieve a higher pressure equalization ratio, indicating
a better ability to equalize the ICP with the height of the

EVD. In contrast, TBI patients drained less CSF despite
having higher initial ICP and had a lower pressure equali-
zation ratio, indicating that it was more difficult to achieve
an ICP equal to EVD height following CSF drainage in
these patients. The different responses most likely reflect
fundamental differences in the intracranial pathology
between these two groups, including differences in the
intracranial compliance. Importantly, non-TBI patients
had fewer signs of severe brain edema on CT scans and
larger ventricles (Table 2). It is likely that in many of these
patients the underlying pathology was not primarily brain
edema, but rather an impairment of CSF reabsorption, so
that they could be effectively treated with CSF diversion.
Not surprisingly, severe TBI patients had substantially
more signs of brain edema and smaller ventricles on CT
scan, making it less likely that CSF drainage alone could
return ICP to normal values. An edematous brain with
small ventricles often represents a clinical scenario of
poor intracranial compliance. While the varying patterns
of CSF drainage may be intuitively obvious to practition-
ers of neurocritical care, we demonstrate a potentially
useful method to quantify the differing responses to CSF
drainage in patients with different brain pathologies that
may be a correlate of the state of intracranial compliance.
In a recent study, Lai and colleagues described a volume—
pressure indicator, obtained by calculating the parabolic
regression indicator they term “a,” to assess the decrease
in ICP in response to CSF drainage to a pressure of 10 mm
Hg [11]. They observed a substantial difference in the cal-
culated parameter “a” between patients with hydrocepha-
lus and those with mass lesion and edema, suggesting that
the parabolic regression indicator reflects the intracranial
volume—pressure relationship. Our results support these
findings and present a simple index that may be advanta-
geous to the clinician since it requires only a simple calcu-
lation that can be performed at bedside.

The reason patients with true CSF outflow obstruc-
tion will equalize pressure with the height of the EVD
is clear. Outflow obstruction, either due to obstruction
of the ventricular system itself, or due to problems with
reabsorption of CSF at the level of the arachnoid gran-
ulations, can easily be treated with diversion of CSF
flow into an external system. The free flow of CSF thus
enabled will naturally equilibrate with the pressure at
the external setting (drain height). In patients in whom
the underlying pathology is not one of pure outflow
obstruction of the CSF, the reasons for the lack of equi-
libration with the external system are less intuitively
obvious. One possible explanation is that the ventricles
are smaller in patients with TBI since the brain is often
edematous after traumatic injury. Not surprisingly, our
findings confirm that mean ventricular size is reduced
after TBI (Table 2). However, actual ventricular collapse
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can be relieved with diversion of CSF

Fig. 1 Representative CT scans of a traumatic brain injury (TBI) patient (a, b) and a patient with spontaneous subarachnoid hemorrhage second-
ary to a ruptured aneurysm (¢, d). The CT scan of the TBI patient demonstrates bilateral temporal contusions with brain edema and compressed
cisterns (a). As expected, the ventricles are small and an external ventricular drain (EVD) is in place (b). The CT scan of the patient with aneurysmal
subarachnoid hemorrhage blood demonstrates blood in the basal cisterns () and large ventricles with EVD in place (d). Intracranial pressure (ICP)
elevation in the TBI patient is more likely to result from the mass lesions and cerebral swelling leading to poor intracranial compliance, while in the
patient with aneurysmal subarachnoid hemorrhage ICP elevation is likely to result from an impairment of cerebrospinal fluid (CSF) reabsorption that

on CT scan was not common in our series, raising the
question of why CSF drainage cannot continue beyond
a certain threshold in TBI patients. In this respect, the
difference in ventricular size between TBI and non-TBI
patients provides only a partial explanation of why ICP
fails to equalize with a preset external pressure in TBI
patients.

Another possible explanation for the difficulty in
equalizing pressures may lie in the interaction between
cerebral cellular swelling, ventricular size, CSF flow,
and bulk flow of the brain interstitial fluid (ISF). In
severe TBI patients, the most common reason for ele-
vated ICP is the presence of traumatic mass lesions
and the subsequent brain edema that surround these
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Table 3 Physiological and EVD drainage parameters dur-
ing CSF drainage challenge

Non-TBI TBI
Day post-injury of measurement 2+1 241
Initial MAP (mm Hg) 82415 79+£12
Initial ICP (mm Hg) 1945 26+10%*
Volume CSF drained (cc) 7+7 4+ 6%
AICP (mm Hg) 7+5 7+6
Post-drainage ICP (mm Hg) 1343 19411**

CSF cerebrospinal fluid, EVD external ventricular drain, ICP intracranial pressure,
MAP mean arterial pressure, TBl traumatic brain injury

*p<0.05; **p<0.0001

1.5-
*
2 1.0- _—
S
1]
o 05-
0.0- ) i

non TBI TBI
Fig. 2 Pressure equalization (PE) ratio in TBI is substantially lower
than in non-TBI patients, indicating that TBI patients are less likely to
achieve a pressure near that of the external ventricular drain height
following drainage of cerebrospinal fluid (CSF). The higher PE ratio
in non-TBI patients indicates that these patients were better able to
achieve an intracranial pressure nearer the EVD height, likely reflect-
ing an underlying pathology of CSF outflow obstruction in these
patients. In TBI patients, the lower PE ratio likely reflects a predomi-
nance of brain edema and inherently poor intracranial compliance,
a situation in which the elevation in intracranial pressure can only be
partially ameliorated by CSF drainage. *p < 0.0001

lesions which often leads to ventricular compression.
The traumatic mass lesions and the extra water con-
tent that result from brain edema elevate ICP in and of
themselves due to the volume—pressure relationship in
the closed cranium. But in addition, brain edema, and
especially intracellular cerebral edema that occurs soon
after TBI [12, 13], leads to a change in the relationship
between the intracellular and extracellular compart-
ments in the brain [14]. Cerebral intracellular swell-
ing also occurs after stroke where it may be profound,
decreasing the volume of the extracellular space by up
to 50% [15—17]. These pathophysiological changes may
influence the circulation of ISF within the extracellular
space of the brain (ECSB). Recent experimental stud-
ies have found impaired flow of ISF through the brain

following TBI [18]. Overall, the rate of ISF flow is sub-
stantially slower than the estimated rate of CSF flow
[19, 20]. However, the overall volume of brain ISF is
estimated to be from slightly greater to close to twice
the volume of intracranial CSF [21-23], so although
its flow occurs at a substantially slower rate its overall
effect on ICP may still be significant. A recent review
suggests that the CSF-ECSB may be conceptualized
as one large compartment measuring about 300 cc in
humans with the ECSB having many tortuous arms
[21]. While classical landmark studies of CSF circula-
tion that defined ICP in relation to resistance to CSF
flow measured resistance to flow in terms of resist-
ance to CSF outflow [24], resistance to ISF flow within
the ECSB may also influence ICP. A disruption of the
normal dynamics between ISF and CSF flow caused by
an increased resistance to flow of ISF within the swol-
len brain parenchyma may lead to a pressure build up
that compresses the ventricles and can only be partially
relieved by CSF drainage. In these cases, ICP will not
easily equilibrate with the pressure of an external drain.
This may help account for the observed differences in
PE ratio between TBI and non-TBI patients. The pre-
cise pathophysiological mechanisms that best account
for this phenomenon will need to be investigated in
future studies.

The parameter we describe, the pressure equalization
ratio, is simple in that it consists only of recording infor-
mation from the most widely used intracranial monitor,
the EVD. Calculating the pressure equalization ratio is
straightforward and can easily be done at bedside, poten-
tially at frequent intervals. It may be a useful surrogate
marker for the degree of cerebral swelling (as opposed to
CSF outflow obstruction) and thus reflect the extent to
which mass lesions and brain edema interfere with the
normal interaction between ISF flow, CSF flow, and ven-
tricular size in the injured brain. In a specialized neuroin-
tensive care unit, a careful reading of the patient bedside
chart that indicates whether CSF drainage was effective
or not in reducing ICP may give a qualitative assessment
of the effectiveness of CSF drainage in reducing elevated
ICP. However, such assessments cannot provide a quan-
titative assessment of the effectiveness of CSF drainage,
nor can they provide a method to quantitatively assess
differences between patients. Future studies, should also
seek to compare PE ratio to other surrogate markers of
the state of intracranial compliance such as ICP pulse
pressure, the ratio of the P1 portion of the ICP wave to
its P2 portion, and the correlation coefficient between
the pulse amplitude of the ICP and ICP (RAP) [25, 26].
It is important to reiterate that although an equalization
of pressure with the EVD height may not be achievable
in TBI patients with severe brain edema, the incremental
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benefit of movement along the pressure volume curve
achieved by CSF drainage is of great and obvious bene-
fit in maintaining ICP below threshold values. In future
studies, we intend to explore whether the pressure equal-
ization ratio can be used to follow patients over time to
assess changes in the degree of cerebral edema, to serve
as an indicator for the need for hyperosmolar therapy,
and to evaluate the efficacy of interventions to amelio-
rate cerebral swelling. In addition, we plan to measure PE
ratio before and after secondary decompressive craniec-
tomy for intractably elevated ICP in order to directly
assess whether PE ratio reflects the state of intracranial
compliance. Only by measuring PE ratio in different clini-
cal contexts will it be possible to determine its usefulness
as one of the indices that may help to evaluate patients
after severe brain injury.

Limitations

Our study has several limitations. First, in this prelimi-
nary investigation we only assessed differences between
TBI and non-TBI patients. We did not evaluate changes
in the pressure equalization ratio over the ICU course
to determine if this parameter can be used as a marker
of worsening pathology or response to therapy in indi-
vidual patients. This is a goal of future studies. Second,
we did not measure the rate of CSF drainage over a high-
resolution time course to determine if the precise rate of
CSF drainage can also be used to characterize differences
between patients and the response to therapeutic inter-
ventions. In future studies, we intend to assess whether
high-frequency measurements of the response to a CSF
drainage challenge obtained while drainage is ongoing
provide added value in comparison with a discrete meas-
ure of the PE ratio. Lastly, in this observational study,
we did not have the resources to perform imaging tech-
niques that would allow us to compare the observed pat-
terns of CSF drainage with evaluations of water content
on magnetic resonance imaging in order to better char-
acterize the relationship between CSF drainage param-
eters and cerebral edema.

Conclusions

We describe a parameter, the pressure equalization ratio,
to characterize the response to CSF drainage from an
EVD. In this preliminary study, we demonstrate a quan-
tifiable difference in the pressure equalization ratio
between TBI and non-TBI patients that may be related to
underlying differences in pathophysiology. Further stud-
ies are needed to evaluate whether the pressure equaliza-
tion ratio can serve as clinically useful surrogate marker
of the degree of cerebral edema or the state of intracra-
nial compliance, and as a means to assess the response to
therapeutic interventions to decrease brain swelling.
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