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Abstract

Transducers, Pressure, 1. Background
-

Intracranial pressure is routinely monitored in most intensive care units caring for patients with severe neurological
insults and, together with continuous arterial blood pressure measurement, allows for monitoring of cerebral perfu-
sion pressure (CPP). CPP is the driving pressure of blood flow to the brain and is used to guide therapy. However, there
is considerable inconsistency in the literature regarding how CPP is technically measured and, more specifically, the
appropriate placement of the arterial pressure transducer. Depending on patient positioning and where the arterial
pressure transducer is placed, the mean arterial pressure used for CPP calculation can vary widely by up to 15 mm

Hg, which is greater than the acceptable variation in target ranges used clinically. Physiologically, the arterial pres-
sure transducer should be placed at the level of the foramen of Monro for CPP measurement, but it is commonly set
at the level of the right atrium for systematic measurement. Mean arterial pressure measurement at the level of the
right atrium can lead to overestimation and potentially critically low actual CPP levels when the head is elevated, and
measurement at the level of the foramen of Monro will underestimate systemic pressures, increasing the risk of exces-
sive and unnecessary use of vasopressors and fluid. At the Karolinska University Hospital neurointensive care unit,

we have used a split dual-transducer system, measuring arterial pressure both at the level of the foramen of Monro
and at the level of the right atrium from a single arterial source. In doing so, we work with constants and can moni-
tor and target optimum arterial pressures to better secure perfusion to all organs, with potentially less risk of cerebral
ischemia or overuse of vasopressors and fluids, which may affect outcome.
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Since the introduction of intracranial pressure (ICP)
measurements in our neurointensive care units, cere-
bral perfusion pressure (CPP) has been a cornerstone of
neuromonitoring and treatment [1]. CPP is considered
to be the driving pressure of blood through the brain
and is commonly calculated as mean arterial pressure
(MAP) —ICP. If cerebral autoregulation is intact, CPP is
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expected to have little effect on cerebral blood flow. How-
ever, because autoregulation is often impeded after brain
injury [2—4] and fails when above or below the critical
levels of autoregulation, CPP levels are expected to have
a direct effect on local and global blood flow. Thus, ade-
quate CPP-targeted management has consequently been
proposed to potentially affect outcome [5]. However,
given that most intensive care unit patients are treated
with the head raised at approximately 30 degrees, vari-
ations in the positionings of the arterial pressure moni-
toring transducer can have serious implications for the
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resulting calculated CPP and systemic blood pressure
measurements.

There is considerable inconsistency in the literature
regarding how CPP is measured in detail and, more spe-
cifically, the placement and leveling point of the extraven-
tricular drain and the arterial pressure transducer [6-9].
In a patient without cerebral injury, when only systemic
blood pressures are of interest, it is recommended that
the arterial pressure transducer be placed at the level of
the right atrium, using the phlebostatic axis as anatomi-
cal landmark [10-12]. With this transducer placement,
the literature suggests MAP values above 60-65 mm
Hg to avoid hypoperfusion and injury to internal organs
in critically ill adult patients [13]. However, in a patient
with cerebral injury lying at a 30° head elevation, one is
interested in what pressures perfuse the brain, and lev-
eling the transducer at the phlebostatic axis will overes-
timate the MAP at the level of the foramen of Monro by
approximately 10-13 mm Hg. These pressure differences
(AP) between MAP measured at the phlebostatic axis
(MAP,e1,,) and MAP measured at the tragus (MAP,,,;)
during head elevation have previously been documented
and are in concordance with undisputed geometrical cal-
culations and Bernoulli’s equation [6, 14, 15]:

Pphiebo + Pghphlebo = Piragus + pghtragus’ (1)

where P is the measured pressure, /phlebo/tragus iS the
height of the phlebostatic axis/tragus, p is the density of
the catheter saline, and g ~ 9.81 ms? is the acceleration
due to gravity (because we are considering a hydrostatic
condition, we need not consider a kinetic/flow compo-
nent). Therefore, the AP observed is simply the following:

AP = pg (htragus - hphlebo)' 2

In a patient with a neurological insult, a low place-
ment of the transducer will overread CPP by AP, possi-
bly increasing the risk of undertreatment, hypoperfusion,
and cerebral ischemia. In contrast, if the transducer is
placed at the level of the tragus, the calculated CPP will
correspond more closely to the actual driving pressure in
the brain, but systemic pressures will be underestimated
by AP and, in reality, be much higher than the recorded
pressures. This will usually not be a cause of concern,
unless, for example, ICP is low and CPP targets are met,
and adequate MAP ., must be estimated from the
MAPqs- Because the MAP, ., will be lower than the
MAP b0 targeting MAP of 65 mm Hg with the trans-
ducer placed at the tragus can cause excessive use of
vasopressors and fluids to meet blood pressure targets,
potentially affecting outcome [16]. Hence, both trans-
ducer leveling options entail working with incorrect val-
ues from one of the organ’s systems of interest, being that

of MAP e, Or MAP,,.,,; when there is head elevation.
Moreover, the error is not consistent when head elevation
is varied during patient care, with a risk of unintended
and potentially harmful hypoperfusion or hyperperfu-
sion of organs. Further, the variability in measurement
results depending on transducer leveling can, together
with other sources of inaccuracies, contribute to consid-
erable confusion concerning optimal perfusion pressure
targets and a lack of reproducibility of studies, as the
optimal ranges discussed and studied are close to that of
the differences seen in alternative measurement methods
[9, 17].

The literature on CPP targets has not been consist-
ent in reporting the placement of the arterial pressure
transducer [8, 14]. The Brain Trauma Foundation’s most
recent guidelines recommend a CPP of 60—-70 mm Hg in
traumatic brain injury, with the arterial pressure trans-
ducer calibrated at the level of the right atrium [5]. How-
ever, it is not entirely clear at what level the transducer
has been placed in the studies that these recommenda-
tions are based on. Moreover, care must also be taken to
define “calibrated” so that it is not to be confused with the
level at which the pressure transducer is “zeroed” or “cali-
brated” to air pressure, which is inconsequential, as this
difference is negligible. We suggest a preferred terminol-
ogy indicating where pressure transducers are leveled. In
aggregate, inconsistency and underreporting of the trans-
ducer leveling point and the margins of error this causes
have contributed to significant uncertainty regarding the
interpretation of these guidelines.

To circumvent these sources of confusion and to
increase patient safety, a dual-transducer approach from
a single arterial line has been used at the Karolinska Uni-
versity Hospital. All patients receiving an ICP monitoring
device will also have an invasive dual-transducer arterial
pressure monitoring system as described below.

The Dual-Transducer System
This dual-transducer system has been granted regulatory
approval in Europe and is now available commercially.
None of the authors have any financial interests concern-
ing this product.

In the dual-transducer system, dual transducers are
connected and receive pressures via a common arte-
rial line (Figs. 1 and 2). A system like this must be con-
structed such that it does not affect compliance and
dynamic response of the system [18]. One transducer
is placed at the level of the right atrium, and the other
is placed at the level of the cerebral pressure measure-
ment, commonly at the level of the tragus. The CPP is
calculated by subtracting the ICP from the MAP,,
and is presented on the monitor in the color of the
ICP and cerebral arterial blood pressures (ABP

tragus)



393

Fig. 1 lllustration of the split dual-transducer system with two
transducer systems connected to a single arterial line for simultane-
ous arterial blood pressure measurement from both the phlebostatic

axis and tragus

Fig. 2 The dual-transducer kit. The transducers are name tagged and
have roller stoppers of the corresponding color on the monitor (white
for ABP.,qus and red for ABP 1 qp,o). ABP arterial blood pressure
measured at the phlebostatic axis, ABP arterial blood pressure

phlebo

tragus

measured at the tragus

(commonly white). The systemic arterial pressure
(ABPppepo) values are traditionally displayed in red.
Care must be taken that pressure transducers or cal-
culations are not inverted. This is easily recognizable,
as the MAP ., is higher than the MAP,,,,, (com-
monly by 11-13 mm Hg), and CPP is correctly seen
as MAP,,—ICP. This system is used in our setting
whenever a continuous ICP measure of any source is
present.

From a practical nursing perspective, the common
arterial line and each transducer are operated in the
same way as with previous single systems, although it
is periodically necessary for both transducer lines to be
flushed. The transducers are color and name tagged (in
our unit, ART [Arterial] for ABP,.,, and BAP [brain
arterial pressure] for ABP ) (Fig. 2), corresponding

tragus.

to colors on the screen. The ABP ,, and its signal are
displayed in standardized red, with ABP,,,, ICP, and
CPP displayed in white. A routine check process has
been implemented in which staff at handovers or after
transport ensure that the transducers have not been
physically displaced and that CPP is correctly calcu-

lated from MAP,,;: “Check MAP 1, > MAP,,q,,s and
CPP=MAP,,,,, — ICP (all white) on the monitor”
Discussion

Based on observation from our 5-year clinical experi-
ence with more than 3,000 units used, we suggest that
the dual-transducer system may now be of interest to
the wider community. Ideally, the arterial pressure trans-
ducer will be placed at the level of the tragus for CPP
measurement and at the level of the phlebostatic axis
for systemic measurement. The dual-transducer system
overcomes the inherent trade-off of single-transducer
systems in situations in which both systemic and cerebral
pressures are of interest. To work with pressure evalua-
tions directly supplied from levels of the organs of inter-
est leads to less ambiguity. It could also more readily
provide clinicians with critical information without the
need for estimation or manual calculation, thus reduc-
ing the risk of human errors and overtreatment and
undertreatment.

It is important to note that we have considered the
hydrostatic differences here. The actual morphology of
the arterial pulse as it reaches the brain and interacts with
the vasculature will be different than that in the radial
artery; this is a complex nonlinear dynamics effect that
does not have a solution to date (save for direct measure-
ment by a catheter in the carotid). However, our under-
standing of the physiology of autoregulation/cerebral
perfusion to date has been predicated on the quasi-static
case, and that is what this device seeks to better quantify.

To date, there are no clinical studies evaluating the util-
ity of the split dual-transducer system. Our experience
is that using the unit is feasible and technically tractable
in a high-resource environment. We are here suggesting
a simple technical solution to a situation that has been
readily identified and has historically hampered CPP rec-
ommendations. In short, discussions of adequate CPP
ranges have been within the near range of measurement
error and variation. The value of limiting this inconsist-
ency would be expected to be beneficial. However, to for-
mally evaluate it, future evaluation in a large multicenter
setting will be required, investigating, among others, the
effects on the usage of fluids and vasopressors as well
as safety issues associated with implementation. Finally,
our hope is that a wider adoption of a dual-transducer
system could also catalyze the homogenization of CPP
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measurement and allow us to draw more generalizable
conclusions from future research studies.
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