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Abstract

Background and purpose: Because neuroimaging is rarely readily available, long-term monitoring of intracranial pressure (ICP) in neurological/
neurosurgical patients during ventilator weaning and early neurorehabilitation currently relies on clinical observation. Pupilometry and multimodal
neurosonography are evaluated for follow-up monitoring in this prospective study.

Methods: During weaning and early neurorehabilitation, sonographic neuromonitoring was used to noninvasively examine the ICP of patients. It
made it possible to measure the width of the third ventricle, the possibility of a midline shift, the flow velocities of the middle cerebral artery, and
the diameters of the bilateral optic nerve sheaths. The size and reactivity of the pupils were measured with quantitative pupillometry. As controls,
we used data from clinical follow-up, ICP measurements from a spinal tap, and other neuroimaging results.

Results: During a mean observation period of 21 days, 17 patients-11 with intracranial hemorrhage, four with encephalopathies, and two with
ischemic stroke-were examined for ICP changes using neurosonography and pupillometry. 354 out of 980 analyses, or 36.1%, produced pathological
findings. Pathological values without a clear clinical correlate were found during follow-up in 15 of 17 patients (88.2%). Neurosonography was
used to identify clinically relevant changes in ICP in two patients (11.8%). The absence of clinical improvement was highly predicted by abnormal
pupillometry results.

Conclusion: Pupilometry can only detect rapid ICP changes in acute neurointensive care, whereas multimodal neurosonography may be a
noninvasive method for long-term ICP assessment. With a large number of pathological but nonsignificant findings, the study also demonstrates
typical pitfalls in neuromonitoring. The effect of detected subtle changes in ICP on neurological outcome should be confirmed by additional

controlled studies.
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Introduction

In dedicated ventilator weaning and early neurorehabilitation units
(WENRUSs), also known as "neurorehabilitation intensive care units" in
Germany, repeated invasive measurements of intracranial pressure (ICP)
(such as measurements of intraparenchymal or intraventricular pressure
obtained using a probe or ventricle drainage, or lumbar puncture [LP])
and neuroimaging with magnetic resonance imaging (MRI) and computed
tomography (CT) are not possible. ICP surveillance is a diagnostic challenge
in the WENRU, especially in patients in whom pathological changes in ICP
may be relevant or have to be considered due to a particular brain injury
such as following ventriculoperitoneal shunt placement. The average
hospital stay in a WENRU is 44.6 days.1 It is still unclear whether there
is an evidence-based benefit of routine invasive ICP measurements, and
long-term implantable monitoring devices have not yet advanced beyond the
experimental stage [1].
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At the patient's bedside, automated quantitative pupil measurement and
transcranial and orbital sonography can be used to conduct a noninvasive
ICP assessment. During the acute phase, single sonographic parameters
such as the third ventricle width, midline shift (MLS), flow velocities of the
middle cerebral artery (MCA), or optic nerve sheath diameters (ONSD), as
well as pupil size and reactivity, are established.7-11 On the other hand,
the combination of these various parameters may increase an examination's
sensitivity and specificity for changes in ICP, resulting in more effective care
for patients in the intensive care unit [2].

Multimodal neurosonography and pupillometry as a noninvasive real-
time bedside method for the long-term treatment of WENRU patients was the
focus of this study. For a reference study, any routine cerebral imaging, LP
puncture with pressure measurement, or clinical follow-up can be used [3].

Strengths and weaknesses of the study

Sonography remains a technique dependent on the examiner, and TCCS,
not TCS, is dependent on the presence of a sufficient temporal bone window,
making it susceptible to related inaccuracies, particularly in elderly women.
However, early neurorehabilitation surveillance strategies should make use
of the high-quality brain scans that are made possible by trepanation bone
defects more often. Possible solutions include the use of an archive system
for second opinions, standardized protocols, and educational efforts. The use
of reference values in patients who have suffered a severe brain injury and
are currently receiving prolonged acute intensive care medicine is another
limitation. Neurosonographic monitoring should be normalized promptly in
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conjunction with the most recent cCT and/or ICP measurements from the
transferring acute clinic for these patients, who frequently have abnormal
baseline values. However, there are limitations to clinical evaluation of
patients in a coma for an extended period of time or with severe brain injury.
We did not use standardized assessment indicators, such as the Barthel
Index or the Extended Barthel Index, because they proved to be too vague to
identify rapid ICP changes at an early stage. In contrast to ¢cCT, MRI, or even
direct ICP measurements, this study uses a pure bedside and noninvasive
diagnostics technique that has no apparent side effects and is widely
available in neurorehabilitation. This kind of follow-up is ideal for patients
who have significant bone defects. Our small, diverse patient population and
the absence of blinding are relevant limitations; However, the treating team
did not include the investigator. To confirm our findings, larger observational
studies should be carried out in the future [4-6].

Discussion

In this study, we demonstrated that multimodal neurosonography can
be used to characterize short- and long-term changes in ICP during early
neurorehabilitation, including weaning patients from mechanical ventilation.
This is, to our knowledge, the first study to use multimodal neurosonography
and pupillometry to investigate the noninvasive long-term follow-up of ICP in
a WENRU. In contrast to an acute neurology and neurosurgery intensive care
unit, a WENRU does not have invasive ICP measurements, cCT is frequently
unavailable, and sudden and acute changes in ICP are uncommon [7].

We were able to identify and measure the third ventricle in all 131 TCS
examinations using the well-established sonographic method. According
to the report by Kiphuth et al., minimal deviations can be explained by (1)
a time interval between the CT and TCS examinations and (2) the higher
resolution of TCS compared to CT. These findings are consistent with the
clinical findings that ICP elevations with concurrent changes in third ventricle
width could be measured, and ICP decreases could be monitored following
a successful ICP-lowering therapy. However, these differences were not
clinically significant because they were smaller than 1 millimeter. In addition
to the follow-up of patients with chronic intracranial pathologies, bedside
TCS for an MLS is very important, especially in acute neurology; When
an MLS was present, we were able to detect it and follow its course using
TCCS in good agreement with CT findings. However, it can be repeated
numerous times. Sonographic MLS evaluation is appropriate not only for the
acute stage of brain injury but also for long-term monitoring throughout the
disease's progression [8].

An important addition to sonographic ICP measurements is blood flow
analysis. Based on this assumption, we were also able to demonstrate a
correlation between ICP and the PI of the MCA. Bellner et al. were able
to demonstrate a strong correlation between ICP measured with an
intraventricular catheter and the PI of the MCA. Fortunately, none of the
patient’s experienced ICP elevation to the point where cerebral blood flow
was seriously compromised—the usual strength of this method. However,
neither the PI nor the other measurements—third ventricle width, MLS,
ONSD, or NPiTM—had a direct (time-related) correlation with one another [9].

An ONSD of >5.8 mm correlates well with an elevated ICP, and both
increases and decreases in ICP are immediately measurable in the ONSD.
Using TOS, we detected pathological changes in the ONSD and measured
increases or decreases in the diameter during follow-up. The reliability of
sonographic ONSD measurements has been consistently rated according
to published data in healthy individuals. Although our study did not have a
blinded review, the supervising experienced neuro However, a previously
elevated ICP of >45 mmHg (acute hydrocephalus from acute severe
subarachnoid hemorrhage) can cause structural changes in the ONSD
and false-positive findings, highlighting the significance of a baseline TOS
examination upon patient admission33. Using pupillometry, Chen et al. were
able to demonstrate a correlation between decreasing pupil response and
increasing ICP, which proved to be a useful method for early assessment of
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patients with elevated ICP. These manual pupil measurements—also known
as the "swinging flash light"—are important in acute neurology and can be
objectified with the assistance of a pupillometer [10].

Conclusion

Our findings demonstrate that multimodal neurosonography can be a
useful alternative to CT and LP for detecting complications from raised ICP
and is suitable for noninvasive, repetitive assessment of ICP, particularly
in a WENRU. Multimodal neurosonography may also be able to provide
a deeper understanding of a variety of aspects of the pathophysiology of
neurological diseases. When it comes to identifying ICP changes that occur
quickly, pupillometry currently has a greater significance; it may in the future
be used as a marker to predict the patient's clinical course. Changes in
pressure could be detected more precisely and the sensitivity of individual
measuring methods could be increased by combining various methods of
measurement. During follow-up, normal values should not be evaluated
as absolutes, especially in cases of complex brain diseases. Instead,
they should be evaluated as comparative values within individuals so that
complications can be detected earlier and therapy can be started. As a result,
we suggest that, prior to WENRU admission, multimodal neurosonography
should be validated using established imaging techniques to establish a
baseline profile.
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