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Time domain analysis of the intracranial pressure (ICP) waveform provides important information about
the intracranial pressure-volume reserve capacity. The aim here was to explore whether the tympanic
membrane pressure (TMP) waveform can be used to non-invasively estimate the ICP waveform.
Simultaneous invasive ICP and non-invasive TMP signals were measured in a total of 28 individuals

who underwent invasive ICP measurements as a part of their clinical work up (surveillance after
subarachnoid hemorrhage in 9 individuals and diagnostic for CSF circulation disorders in 19 individuals).
For each individual, a transfer function estimate between the invasive ICP and non-invasive TMP signals
was established in order to explore the potential of the method. To validate the results, ICP waveform
parameters including the mean wave amplitude (MWA) were computed in the time domain for both the
ICP estimates and the invasively measured ICP. The patient-specific non-invasive ICP signals predicted
MWA rather satisfactorily in 4/28 individuals (14%). In these four patients the differences between
original and estimated MWA were <1.0 mmHg in more than 50% of observations, and <0.5 mmHgin
more than 20% of observations. The study further disclosed that the cochlear aqueduct worked as a
physical lowpass filter.

Continuous monitoring of intracranial pressure (ICP) is routine in everyday neuro-intensive care, and is an inval-
uable tool in the surveillance of critically ill patients'. Timely detection of raised ICP allows for early management
which reduces the risk of permanent brain damage, and improves patients outcome after brain injury caused by
e.g. trauma or stroke®>.

Currently, measurements of ICP require a neurosurgeon to drill a hole in the patient’s skull and advance a
catheter into the brain parenchyma, or through the brain tissue and into the ventricular space. This is an inva-
sive procedure, associated with risk of severe complications such as infection and hemorrhage in about 1-2% of
patients*. Despite a 40-year history of research on non-invasive ICP, none of the presented methods are currently
accurate enough to be used in clinical practice®®. Therefore, ICP monitoring is restricted to patients with severe
brain disease, in whom the invasiveness of the procedure is outweighed by the importance of measuring ICP.

As ICP monitoring would benefit a significantly larger patient pool, there has been a considerable effort
among neuroscientists to find alternative measures to evaluate the brain’s condition and anticipate brain deteri-
oration’. One of the suggested measures is the intracranial pressure-volume reserve capacity, often referred to as
the intracranial compliance (ICC), which is given as the relationship between the change in volume and change
in pressure dV/dP'°. If the intracranial system has high compliance, a small increase in volume, caused by for
example a cerebral hemorrhage, will result in a small pressure increase. If the system has low compliance, the
same volume increase will result in a much higher intracranial pressure increase. Knowledge about the ICC of the
system would therefore give the clinicians important information about the patient’s condition.

While ICP usually is assessed by the mean ICP, representing the absolute pressure difference between the
outside and inside of the skull cavity, an increasing body of data suggests that the intracranial pressure-volume
reserve capacity is better described by the ICP waveform than the mean ICP itself'!~!>. One key component of
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Figure 1. Schematic illustration of the anatomical structures involved in measurements of TMP waveforms. In
this study, non-invasive TMP waveforms were measured in the outer ear and used as input for the estimation of
non-invasive ICP. The labels represents the following; ICP: ICP input signal, CA: Cochlear Aqueduct, OW: Oval
Window, RW: Round Window, T: Tympanic membrane and S: Sensor.

the ICP waveform is the time averaged peak-to-peak value, here denoted Mean Wave Amplitude (MWA), which
can be considered as a surrogate marker of ICC'*!¢, Hence, clinical studies show that managing patients with
intracranial bleeds (subarachnoid hemorrhage, SAH) according to MWA gave better outcome than management
according to the traditional mean ICP'. Therefore, Non-invasive techniques for monitoring the ICP waveform,
including waveform parameters such as MWA, could have significant clinical value.

One suggested technique for non-invasive monitoring of the intracranial pressure-volume reserve (compli-
ance) is to utilize the pathway from the intracranial compartment to the inner ear named the cochlear aqueduct.
This approach was first proposed by Marchbanks in the late 1970s, who reported that patients with raised and
normal ICP showed differences in tympanic membrane displacement (TMD) in response to the stimulation of
the stapedial reflex'®. The technique was later commercialized, and this equipment has been used to measure
absolute, or mean ICP, in several different studies'*-2!. The study by Gwer et al.?’ found TMD measurements to
give indications of raised mean ICP, but in the study by Shimbles et al.!® the technique was applied successfully
to only 40% of the patient population. In general, the inter-subject variability was found to be too large for clin-
ical use. In a study by Davids et al. it was suggested that the pulse shaped waves possible to measure using the
Marchbanks system were generated by ICP waves transmitted through the ossicular chain?’. The authors were
able to change the ICP level by varying the subject’s head position, giving raise to different outer ear pressure
waveforms in the supine and sitting positions, suggesting that difference in pressure waveforms could give infor-
mation about the intracranial compliance.

The aim of the present study was to investigate whether the pathway between the inner ear and the intracranial
compartment can be used to non-invasively predict the peak to peak amplitude of the ICP waveform, here used
as an indication of intracranial compliance. The hypothesis is that the infrasonic ICP waves propagate through
the cochlear aqueduct, the inner ear and middle ear, and are possible to measure in the outer ear due to the move-
ment they cause in the tympanic membrane. If so, this would provide additional clinical information currently
not assessable with traditional TMD measurements and without the uncomfortable stimulation of the stapedial
reflex.

Methods

Ethical permissions. The study was approved by The Regional Committee for Medical and Health Research
Ethics (REK) of Health Region South-East, Norway (approval no. 2005/4307), and was performed in accordance
with relevant guidelines and regulations. Patients were included after oral and written informed consent.

Patients. In order to evaluate the hypothesis, the study enrolled individuals undergoing continuous ICP mon-
itoring as part of surveillance or diagnostic assessment of at the Department of Neurosurgery, Oslo University
Hospital-Rikshospitalet.

Rationale behind TMP measurements. Figure 1 provides an overview of the anatomical structures involved
in the TMP measurements. The perilymph of the inner ear primarily communicates with the cerebrospinal fluid
(CSF) space of the posterior cranial fossa via a bony canal called the cochlear aqueduct. Studies done in monkeys/
guinea pigs® and cats**~° show that a patent cochlear aqueduct allows for pressure transfer between the perilym-
phatic fluid and the cerebrospinal fluid. The ICP waveforms have the majority of their energy below the 20 Hz hear-
ing threshold and will propagate via the non-compressible fluid in the cochlear aqueduct to the perilymphatic space
of the inner ear. Here the infrasonic waves cause motion of the oval window, the ossicles, and thereafter the tympanic
membrane, as illustrated in Fig. 1. If the outer ear is sealed completely, so that the ear canal is perfectly airtight, the
oscillations of the tympanic membrane should be possible to detect in the outer ear using a very high-resolution
transducer. The goal is hence to do non-invasive pressure waveform measurements in the outer ear, and use these to
estimate the cochlear fluid pressure waveform, which potentially can be a measure of ICP?"%,
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Figure 2. An example showing 6 seconds of the input signals and the corresponding transfer function estimate
based on a total 10 minutes is shown in Figure (a,b) respectively (patient ID 3). The resulting output from the
combination of Fig. 1a and the inverse of Fig. 1b is shown in Fig. 1c.

Non-invasive TMP waveform measurements. The non-invasive TMP signals were measured from the
outer ear channel using a specially designed pressure transducer developed by Paulat and coworkers®. The sensor
is a highly sensitive pressure sensor designed to log the movement of the tympanic membrane, i.e. the change
in pressure difference relative to the ambient air pressure. In order to only measure the motions of the tympanic
membrane caused by the pulsatile ICP wave, and not external pressure fluctuations, the ear canal was completely
sealed. This was done by placing a tube in the outer ear canal which was closed air-tight using a glove around
the tube within the outer ear canal. This is the same equipment applied by the Otorhinolaryngology Department
when fitting hearing aids. The tympanic membrane pressure waveform was thereafter measured continuously for
0.5 to 5hours with measurement time varying from patient to patient. A sampling frequency of 200 Hz was used
to secure no loss of time- and frequency domain information®’. For more details about the measurement proce-
dure and setup, see the relevant technical note'. All TMP measurements were done in the right ear, unless there
were obvious wounds or other obstructions of the ear canal in this ear. If so, the left ear was used. Both ears were
never included. For an illustration of the measurement set up and underlying concept, see Fig. 1. For an example
of TMP waveform measurements see Fig. 2a).

Invasive ICP waveform measurements. Simultaneously with the TMP measurements, continuous meas-
urements of invasive ICP were done with the same time reference and sampling frequency. A small burr hole was
made in the skull and a Codman MicroSensor™ (Johnson & Johnson, Raynham, MA, USA) was placed 1-2cm
into the frontal brain parenchyma. Continuous pressure time series were stored as anonymous raw data files
for future analysis. For more detailed description of the monitoring procedure for invasive ICP see®'. The entire
measurement time was used in the analysis, with all the fluctuations in ICP level which that entails. The ICP
measurements done for diagnostic purpose were done in awake unventilated patients, while individuals under-
going ICP monitoring as part of surveillance were on artificial ventilation (Table 1).

Transfer function estimation. When studying the path of the pressure wave propagating from the suba-
rachnoid space to the outer ear, Gopen et al.*? found that the cochlear aqueduct is the factor that primarily affects
the frequencies below 20 Hz. If the cochlear aqueduct is the main component that affects infrasonic frequencies,
there should be a relatively simple relationship connecting the inner ear and the subarachnoid space which should
be possible to estimate using signal processing.

A linear, time-invariant system is assumed, where the output y is connected to the input x as y = h * x. In this
relation, h is the system’s impulse response, and * the symbol for convolution. The Fourier transform of the
impulse response gives the transfer function H(f), which is a description of the system in the frequency domain

Y
e - YO
X() (1)
where H(f) is the Fourier transform of the input signal, and Y(f) the Fourier transform of the output signal. An
estimate of the transfer function H(f) can be found from the relation.

0
o) (2)

In Equation (2) ﬁxy(f )is the cross power spectral density of the input and output signal x and y, and B_(f) is the
power spectral density of the input signal.

In this study, the aim is to establish transfer function estimates for each patient, and thereafter use them to
estimate the ICP waveform non-invasively. This is similar as to what is done by Evensen et al. in*}, where estimates
of the central aortic wave form have been used as a source signal. In this study however, the time series of the
measured ICP signals, here denoted as x(n), n = 0..., N — lacts as the source for the corresponding measured
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1 F 54 204 D Secondary HC (after SAH)
2 M 59 D Secondary HC (after TBI)
3 M 71 20.6 D iNPH

4 M 34 N Surveillance for SAH

5 F 58 20.7 D Secondary HC (after SAH)
6 F 53 N Surveillance for SAH

7 M 60 31.0 D iNPH

8 F 17 21.9 D Secondary HC (cerebral tumour)
9 F 75 22.3 D iNPH

10 M 58 D iNPH

11 F 27 20.0 D Communicating HC

12 F 70 N Surveillance for SAH

13 F 42 22.5 D Communicating HC

14 F 50 S Surveillance for SAH

15 M 50 18.6 S Surveillance for SAH

16 F 42 28.1 D ITH

17 F 38 D Communicating HC

18 F 70 27.1 D iNPH

19 F 48 319 D ITH

20 F 67 S Surveillance for SAH

21 M 77 N Surveillance for SAH

22 F 49 20.4 S Surveillance for SAH

23 F 55 30.1 D iNPH

24 M 66 D iNPH

25 M 59 24.3 N Surveillance for SAH

26 M 73 293 D iNPH

27 F 81 28.9 D iNPH

28 F 11 29.6 D Secondary HC (cerebral tumour)
Mean =+ std 54+18 25+5 Admission diagnosis

Table 1. Demographic information and number of observations. D: Diagnostic. HC: Hydrocephalus. ITH:
idiopathic intracranial hypertension. iNPH: idiopathic normal pressure hydrocephalus. SAH: subarachnoid
hemorrhage, S: Surveillance.

TMP signals, which are the output y(n). Because we have a finite number of samples N, the power spectral densi-
ties are not known and must be estimated. One possible technique, and the one applied here, is Welch’s averaged,
modified periodogram method of spectral estimation. This allows for the signal to be divided into K overlapping
sequences of length L that overlaps by L — D points. Each sequence is weighted by a window w(n) and an estimate
for the power spectral density for the input signal x(n) is given in** as

2

R 1 K=1fL-l nf
B(f)=—=> w(n)x(n + iD)e™™| |
= KLU = | = (3)
where
111 ,
U= —Z|w(n)\ .
Ln=0 (4)
The cross power spectral density estimate for the input and output is then given as
54 = — 5[ wim )“f]*[LZ_I()( )“f]
P.(f) = — w(n)x(n + iD)e’"™" w(n)y(n + iD)e’" "™ |.
Y KLU S\= n=0 (5)

Non-invasive ICP estimation. The invasive ICP and non-invasive TMP signals were first lowpass filtered
in order to remove non-physiological high frequency noise such as the 50 Hz power line hum. The low pass filter-
ing was done using a linear phase FIR (Finite Impulse Response) filter with filter order 104, cut-oft frequency of
40Hz and an attenuation of 96 dB at 50 Hz. The transient was removed from the analysis.

To investigate the method’s potential, a patient specific transfer function estimate was found for each patient,
using MATLAB’s predefined tfestimate function with a Hamming window (MATLAB and Statistics Toolbox
Release 2016a, The MathWorks Inc., Natick, Massachusetts, USA). The first ten minutes of each measurements
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series were used for the transfer function estimation. These ten minutes were divided into 6-second windows with
50% overlap in order to find a representative average. The mean was removed from the input and output series for
the transfer function analysis not to be influenced by fluctuations in the mean ICP level, and in order to avoid side
lobe leakage™®. For patients where several measurement series had been done, the longest series was chosen. After
establishing patient specific transfer function estimates, these were applied to the entire patient’s recording. This
resulted in non-invasive ICP estimates for each patient based on invasive training data.

An example showing 6 seconds of the input signals and the corresponding transfer function estimate based on
a total of 10 minutes for one patient is shown in Fig. 2a) and b) respectively. As we wish to use the TMP signals to
estimate the ICP signals non-invasively, we apply the non-causal inverse of the transfer function estimate on the
recorded TMP signals. The resulting output from the combination of Fig. 2a) and the inverse of Fig. 2b) is shown
in Fig. 2¢).

Transfer function estimate evaluation. The transfer function shown in Fig. 2b) is a representative exam-
ple from the cohort. When visually inspecting the phase, shown in the lower half of the figure, it becomes evident
that it is only linear up to approximately 11 Hz for this patient. A single frequency of the ICP signal cos(wt), which
is delayed by a time 7 by passing through the cochlear aqueduct, will be cos(w(t — 7)) at the exit. Now, a
time-delayed cosine can be written in terms of phase as cos(wt + ¢). That means that the time delay and the phase
delay are related as ¢ = —wr. A phase that varies linearly with frequency is therefore equivalent to a time delay
which is constant and does not vary with frequency. If that is the case, the canal is dispersion-less. Assuming this,
and that deviations from a linear phase are due to estimation problems due to noise, and not the physics of the
canal, the transfer function was limited in frequency to only the linear phase part. A filter was applied to each
patient’s nICP estimates and ICP measurements as a secondary study. The filter applied is a frequency sampling
filter which is specified in the Fourier domain. In its simplest version, it consists of 1’s in the passband and 0's in
the stopband. However, this introduces unnecessary large ripple in the passband and poor stopband suppression
near the transition band. In order to reduce these undesirable effects, one simple method is to introduce one or
more samples in the transition band with values between 0 and 1. Here, the simplest possible option is used with
only a single transition sample with value 0.5. The limit frequency of linear phase was found for each patient and
chosen by visual inspection.

Comparison of measured and estimated ICP waveforms. To investigate the quality of the
non-invasive ICP estimates the unfiltered estimates were compared to the untouched, invasive ICP measurements
using a time-domain method currently used in the clinic. The method is described in detail in*!, and includes
identifying the cardiac-induced waves by their beginning and ending diastolic minimum pressure and systolic
maximum pressure. For each pulsatile ICP wave, the peak to peak amplitude (dP), rise time (dT) and rise time
coefficient (RTC=dP/dT) were found. The averaged values, the mean wave amplitude (MWA), mean wave rise
time (MWRT) and mean wave rise time coefficient (MWRTC) were computed for subsequent 6-second (6-sec)
time windows. The different parameters, and the averaging, are more thoroughly described in’!. This analysis
was also done for the non-invasive ICP estimates that underwent the described frequency filtering against ICP
measurements that had undergone the same filtering.

Statistics. All statistical analysis was done using SPSS software version 24 (IBM Corporation, Armonk, NY).
Statistical significance was accepted at 0.05 level.

Results Patients

The patient cohort included 28 patients whose demographic information is presented in Table 1. They were
enrolled in the study from the period April to August 2005. The reason for ICP monitoring was surveillance after
subarachnoid hemorrhage in 9 individuals and diagnostic ICP monitoring for CSF circulation disorders of vari-
ous causes in 19 individuals (Table 1). The average measurement time was 1 hour and 27 minutes.

Comparison of ICP estimates and measurements. The simultaneous invasive ICP and non-invasive
TMP signals included 24,349 6-second time windows from each individual. The invasive ICP scores are presented
in Table 2. For each patient a patient specific transfer function estimate was found, which was then used to deter-
mine a patient specific ICP estimate. In order to validate the results, the estimated and original ICP waveforms
were compared for each individual. An example showing the resulting estimated non-invasive ICP waveform
together with the invasively measured ICP waveform for Patient ID 3, 4 and 9 is shown in Fig. 3 for four different
time windows. Patient ID 3 was selected because it is a representative example from the cohort, while patient IDs
4 and 9 were chosen as examples of good and poor results, when looking at the average error in MWA prediction.

In clinic, the MWA is most commonly used for diagnostic and surveillance purposes®-*%. The absolute dif-
ferences between invasive and estimated ICP scores for the entire measurement for all patients are therefore
given in Table 2 and illustrated in Fig. 4. At group level, the absolute difference in MWA between original ICP
and estimated non-invasive ICP signals was 2.2 + 1.5 mmHg (Table 2). This difference was estimated from the
entire recording period. When only considering the first 100 6-sec periods, the absolute difference in MWA was
1.7 + 1.1 mmHg, and when considering the last 10 minutes of recording the absolute difference in MWA was
2.5+ 1.7mmHg. Accordingly, the difference in MWA became more pronounced at the end of the measurement
period, which indicates lower quality of the TMP signal with time and/or a time varying ICP signal, as the first
10 minutes were used as basis for the transfer function estimation. The same trend becomes evident when com-
paring the first and last time windows in Fig. 3.

From a clinical perspective, we consider the method to show promise in 4/28 of the individuals. This conclu-
sion was made by looking at the averaged absolute difference between original and estimated MWA. For patient

SCIENTIFIC REPORTS |

(2018) 8:15776 | DOI:10.1038/s41598-018-34083-6 5



www.nature.com/scientificreports/

1 462 35+1.7 42+04 0.2340.02 18.8+1.4 1.6£0.5 0.0540.03 8.9+2.1

2 666 8.6+£3.6 53+1.5 0.2040.04 27.6+7.0 23+1.8 0.1540.05 12.7+8.3
3 409 6.1+1.3 8.0+0.9 0.2640.01 31.1£34 1.6£1.1 0.02+0.02 74+44

4 1044 33.9+8.6 19.9+7.8 0.3140.04 64.7+29.6 8.0+6.7 0.074+0.04 3224272
5 682 13.4+£3.7 3.84+0.9 0.2540.03 15.74+3.2 1.5£1.0 0.1140.04 7.94+4.7

6 321 6.1+£0.9 33402 0.1940.01 18.6+1.0 0.94+0.6 0.0240.02 6.11+3.0

7 906 21.6+3.5 45+0.8 0.1140.03 824128 24407 0.1040.06 355498
8 557 0.8+0.8 24405 0.1240.03 23.5+44 1.2£05 0.1640.06 19.31+4.8
9 624 29+22 6.21+0.8 0.2940.02 214438 0.74+0.6 0.04£0.02 42+29
10 771 16.4+5.6 57+1.3 0.2140.02 27.0£5.0 3.0+1.6 0.1140.04 17.8+6.9
11 1311 49+0.6 3.7+0.3 0.1040.02 39.7£3.0 1.2+0.6 0.0340.03 16.9+7.2
12 601 18.1+£2.8 7.8+0.5 0.2140.01 37.7£27 34+1.1 0.0440.03 19.8+5.6
13 1134 63+1.3 24402 0.1440.04 20.1+3.9 0.84+0.4 0.0940.04 13.41+4.5
14 239 19.5+£2.0 7.24+0.9 0.2610.03 28.81+4.3 1.8£1.1 0.0440.03 8.81+4.4
15 750 7.9+3.4 56+1.2 0.1340.05 49.9+11.7 24+1.1 0.1140.06 3344128
16 524 12£13 3.440.5 0.184+0.05 25247.0 1.2+05 0.0940.05 16.7+6.8
17 227 63+1.3 3.0+0.4 0.1240.03 28.6+4.0 1.2£0.6 0.1640.05 21.8+4.6
18 2460 13.8+29 7.5+1.3 0.2440.02 32.1+5.1 23+1.6 0.0740.03 11.2+6.8
19 330 9.7£1.6 6.24+0.7 0.1840.02 35.8£5.0 1.2£0.7 0.0540.03 12.1+5.7
20 1722 14.1+2.1 7.7+1.3 0.2140.04 42.01+8.4 3.6+2.2 0.0740.05 21.1+13.7
21 265 11.7£2.7 13.8+1.9 0.2340.01 61.71+8.4 34424 0.0640.02 23.1£11.6
22 498 10.74+2.2 45+0.6 0.1640.03 329+7.9 2.1+0.8 0.0840.03 227473
23 559 33422 3.5+0.5 0.2140.03 18.54+3.8 1.2+05 0.0740.04 10.3+3.9
24 347 2.7+£23 6.21+0.8 0.2240.01 27.7£3.6 1.0£0.8 0.0340.02 63143
25 2957 9.1+24 43+0.7 0.1640.03 28.4+4.0 1.6+£0.9 0.14£0.05 19.1+6.0
26 420 129421 9.0+0.6 0.2540.01 36.2+24 1.7£09 0.0440.02 11.1+3.6
27 2782 82+£2.0 58+1.0 0.2640.02 22.0+3.8 33+1.1 0.1040.03 15.44+4.2
28 791 42.0+4.7 16.91+4.0 0.1740.03 103.6+22.2 4.1+£3.1 0.0740.04 36.74+23.3
AVG £STD 11.34+9.4 6.5+42 0.20£0.06 34.6+183 22+15 0.08 +0.04 16.9+9.1
SUM 24,359

Table 2. Results of estimating pulsatile ICP based on Transfer function from each individual. MWA: Mean
Wave Amplitude. MWRT: Mean Wave Rise Time, MWRTC: Mean Wave Rise Time Coefficient.

IDs 6, 9, 13 and 24 this was <1.0 mmHg in >50% of observations, and <0.5 mmHg in >20% of observations
(Table 3). An average absolute difference of MWA <1 mmHg was observed in 3/28 individuals (Patient IDs 6,
9, and 13; Table 2). In conclusion the non-invasive MWA was estimated rather satisfactorily in four individuals
(Patient IDs 6, 9, 13, and 24) (Tables 2 and 3), thus providing a promising non-invasive estimation of MWA in up
to 14% of the patient cohort.

We also examined the ability of the estimates to predict MWA at a threshold of 4 rather than 1 mm Hg, given
that this is a commonly used clinical threshold value (Table 4). The negative predictive value for this threshold
was low, at only 53% (15/28).

Transfer function estimate evaluation. As mentioned in the method section, a frequency sampling fil-
ter at the limit of the linear phase frequency region was applied in order to get information about the estimator’s
performance, as an additional study. The limit of linear phase varied from around 2 Hz and up to 15 Hz for the
patient cohort. Some transfer functions had no linear phase part at all. The filter was applied to both estimates
and the invasive ICP gold standard in order to compare signals of equal bandwidth. For these comparisons the
error in MWA was notably smaller, but as these results yield little clinical value in our particular clinical applica-
tion, they are not covered in detail here, but shown in Table 5. The improvement of the MWA prediction, and the
varying linear phase limit, indicates that the pressure equalization from the subarachnoid space to the outer ear is
only dispersion-free for low frequencies, and that the cochlear aqueduct therefore reproduces the low frequency
content of the ICP signal with better accuracy than the high frequency content. The results in Table 5 also reveal
that this is highly patient dependent. No significant correlation was found between the improved results and the
age or BMI of the patients.
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Figure 3. The non-invasive ICP waveform estimate (nICP, interrupted red line) is shown together with the
invasive ICP waveform (continuous red line) for four different 6-second time windows after the beginning of
the measurement (patient ID 3). The time delay between the nICP and ICP signals, as seen in Fig. 2a, has been
removed for visual comparison.
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Figure 4. The averaged absolute difference in Mean Wave Amplitude (MWA), Mean Wave Rise Time (MWRT)
and Mean Wave Rise Time Coefficient (MWRTC) between the non-invasive ICP estimate and the measured
ICP signal is shown for each patient ID. The error bars illustrate the patient specific standard deviation

(mean =+ stdev).

Discussion

The present study addresses to which degree measurement of the TMP waveform made non-invasively in the
outer ear could estimate the invasively measured ICP waveform. This differs from earlier work in the field, where
the goal has been to evaluate absolute, or mean ICP utilizing the stapedial reflex'®2%?2340 The main observation
in this study was that the non-invasive TMP waveforms did not reliably estimate the invasive ICP waveform for
the majority of the cohort at the level required for clinical use.

To validate the reliability of the method, we compared the MWA from the invasive ICP signal with the ICP
signal estimated from the TMP waveform. From a clinical perspective, the non-invasive MWA was estimated
rather satisfactorily in only 4/28 individuals (14%). In these four patients the differences between original and
estimated MWA were <1.0 mmHg in >50% of observations, and <0.5 mmHg in >20% of observations (Table 3).

One of the prerequisites of this method is a relatively clear path allowing pressure transfer between the intracra-
nial compartment and the outer ear. For the normal case, where no dehiscence is present, a total of three commu-
nication routes exist, namely the vestibular aqueduct, cochlear aqueduct and the internal auditory canal. If there
are no irregularities, there is a perfect hydrodynamic relationship between the cerebrospinal fluid pressure and
the perilymphatic pressure®#142, Animal studies show that the cochlear aqueduct is the most prominent route for
pressure transfer*’, but due to the vestibular aqueduct, pressure equalization still happens to some degree also if the
cochlear aqueduct is occluded, but if so, with time delay, and with lower magnitude***°. The percentage of patent
cochlear aqueducts in humans has been studied by Gopen et al.*, who found 34% of the cochlear aqueducts to be
clearly patent, 7% not to exist or to be completely occluded, and 59% to contain loose connective tissue. From this
study alone, a success rate in the range from 34% to 93% would be expected, when assuming that the loose tissue
does not completely prevent pressure equalization. Our results are even lower than this.
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1 1 10
2 10 22
3 14 33
4 10 18
5 17 35
6 23 66
7 2 3
8 4 40
9 45 74
10 11 19
11 9 40
12 2 4
13 23 66
14 14 28
15 5 11
16 15 39
17 12 33
18 12 23
19 12 38
20 9 20
21 5 9
22 0 6
23 5 37
24 33 59
25 13 24
26 3 19
27 1 3
28 8 15
AVG £STD 11.4+10.0 28.4+19.7

Table 3. Percentage of 6-s observations with difference in MWA either <0.5 mmHg or <1.0 mmHg. MWA:
Mean Wave Amplitude.

Original & Estimate >4 mmHg 13
— - Sensitivity 65%
Original & Estimate <4 mmHg 8 Specificity 100%
Original >4mmHg & Estimate <4 mmHg | 7 PPV 100%
NPV 53%
Original <4 mmHg & Estimate >4mmHg | 0

Table 4. Predictive ability of MWA threshold of 4 mmHg. PPV: Positive predictive value. NPV: Negative
predictive value.

It should be noted that the result for Patient ID 3 illustrated to the left in Fig. 3, which is representative for the
study, is an example of one of the patients where the results from this method were found unsatisfactory. When
visually comparing the waveform estimates for Patient ID 3 and Patient ID 9 to the corresponding invasive ICP
signal, it is not evident which estimate that performs best. For both patients there is an apparent resemblance
in waveform between the nICP estimates and the invasive ICP signal, but when focusing only on the averaged
peak-to-peak amplitude, the difference is evidently higher for Patient ID 3 (Table 2). Figure 3 shows that the
estimates overshoot for some and undershoot for others, which in sum easily gives an absolute error of more than
1 mmHg. Although MWA is currently the most informative parameter for indicating brain compliance in clinic,
and therefore is the measure assessed here, there are other examples in literature where more of the frequency
content of the ICP waveform is included in the analysis'*'*. Given the apparent resemblance in total waveform
exemplified in Fig. 3 there are reasons to believe that an analysis focusing on more of the spectral content could
give somewhat better results and that the method still might have potential as an initial screening device for ICP.

In the literature, there is some controversy on whether the cochlear aqueduct patency is age dependent. While
Gopen et al. found no such dependency, an earlier study shows the opposite result‘®. We were not able to find any
correlation between age and the ability to estimate MWA from TMP signals in our results. It could be speculated
whether age affect the patency of the cochlear aqueduct, and if so, this would affect our results as they are based
on a patient cohort with high mean age (54.1 +17.8 years).
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1 462 0.74+0.4 0.0340.02 3.91+1.81 4

2 666 23+19 0.140.04 6.03+4.67 4

3 409 14£1.1 0.0240.02 5.8614.08 11
4 1044 8.1+5.6 0.0340.04 20.55+13.12 4

5 682 14+£038 0.0440.03 4.29+£2.31 3

6 321 0.5+0.5 0.0140.02 2.77+2.61 6

7 906 0.6+0.3 0.0140.01 2.07£1.25 2

8 557 0.9+0.5 0.0540.03 3.26+2.06 3

9 624 09+0.6 0.03+0.02 2.01+1.89 4

10 771 21+1 0.0540.03 8.1914.43 3

11 1311 0.7£0.5 0.03+0.03 7.91+7.06 15
12 601 26+1 0.034+0.02 13.384+5.24 6

13 1134 1.4+0.3 16.9+3.5 6.6411.59 6

14 239 12409 0.0240.02 4.2942.69 5

15 750 2409 0.1+£0.04 17.18+6.83 —
16 524 0.9+0.4 0.0940.05 14.11+6.81 11
17 227 0.6+£0.4 0.08+0.03 5.72+2.11 5

18 2460 2+1.7 0.05£0.03 7.28+5.3 4

19 330 0.8+£0.7 0.0340.03 6.731+4.83 10
20 1722 1.8+2 0.0240.02 6.63+7.1 3

21 265 3.54+22 0.0240.02 12.72+8.72 3

22 498 1.6+0.8 0.0840.03 17.445.65 2

23 559 0.4+£0.4 0.0540.03 1.93+1.39 12
24 347 0.84+0.7 0.0140.01 3.88+3.34 4

25 2957 1.2+038 0.140.05 8.731+4.02 5

26 420 0.94+0.8 0.0140.01 334429 4

27 2782 2341 0.0740.03 9.25+£3.31 2

28 791 1.7£18 0.0240.02 4.42+4.75 2

AVG+STD 1.6+15 0.06+3.2 7.5+5.0

SUM 24,359

Table 5. Transfer function estimate evaluation. MWA: Mean Wave Amplitude. MWRT: Mean Wave Rise Time,
MWRTC: Mean Wave Rise Time Coefficient.

When visually inspecting the measured TMP signals it seemed as if the mean level of the measurements
could fluctuate. Due to the way our study was performed, where the mean pressure was removed, this would not
directly affect our spectral estimations, but it indicates that other pressure waves were able to reach the sensor in
the outer ear channel. This implies that the sealing was not optimal, and/or that in-body fluctuations affected the
measurements. This is substantiated by the fact that the average error in MWA estimation was significantly higher
at the end of the measurements compared to the starting point. Measurement uncertainties are therefore most
certainly an influencing factor in the presented study, together with the indications that the cochlear aqueduct
might result in a dispersive propagation pathway for high frequencies for almost all patients. Unfortunately, this
is hard to control as only the external sealing is easily improved.

It is important to note that the method utilized in this study depends on invasively obtained ICP training data,
and that therefore also under perfect conditions, the method is of limited use in clinic, as is. The results however,
indicate that it could be interesting to investigate alternative ways of estimating patient specific transfer functions.
A natural focus for further work is to look into modelling transfer functions in a way not unlike what was proposed
by Gao et al.¥’, but from the inner ear to the subarachnoid space, which is a different approach to transfer function
estimation than what is described in this study. One can imagine a tube reflector system from the perilymphatic
space of the inner ear to the intra cranial compartment, where the cochlear aqueduct is modelled as an acoustic tube
with a lump that represents the connective tissue. Such a model has already been proposed by Gopen et al.*2. The
diameter and length of the tube, as well as maybe even the lump (tissue) within can be found using modern imaging
technology. The parameters extracted from images then represent the patient specific adaptiveness of the method*.
This approach might open up for a risk-free and completely non-invasive ICP monitoring technique that in theory
could work for up to the earlier mentioned 34-93% of the patients, under ideal conditions. There are simple tests that
can be performed in order to check if the cochlear aqueduct is patent, and hence evaluate at an early stage if such a
technique could be relevant for the patient in question. The simplest and most relevant test is the TMD-test, which
uses the patient’s volume displacement of the tympanic membrane in the outer ear in sitting and supine position.
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If the volume displacement changes with a given minimum magnitude when the positions changes, the cochlear
aqueduct must be patent, as there are known intracranial pressure changes that occur with shifts in posture®.

Despite a wide range of approaches over long time, clinically viable non-invasive ICP monitoring is still not a
reality. There are techniques that provide promising results*->!, but these are currently lacking clinical validation.
The importance of ICP level in the case of traumatic brain injury and critical pathologies is well documented,
but due to the lack of a good non-invasive monitoring technique, the role played by ICP is unknown in several
different less critical pathologies. To create a non-invasive ICP monitoring tool of considerable utility, it must
be accurate, non-dangerous, and possible to use for people with relatively little medical expertise. The approach
presented here as a possibility for further work is not ideal in this regard, but the risk associated with invasive
placement of a pressure probe is removed. In addition, intracranial pressure monitoring through the outer ear, is
highlighted by Popovic et al. as the technology for non-invasive ICP monitoring that is the most user friendly®.
However, with traditional tympanic membrane displacement using the stapedial reflex, continuous monitoring
is not possible. This changes when looking at the pulsatile pressure and waveform analysis used in this study.
The TMP technique utilized here also allows for very comfortable measurements, as there is no exposure of the
patients to extreme sound pressure levels, which is necessary in order to trigger the stapedial reflex. It also has the
advantage that it can work on people who are on muscle relaxes, which traditional TMD measurements cannot.
The potential value for different patient groups if this technique works is therefore significant.

Conclusion

This study showed that the TMP waveforms measured in the outer ear could not be used to correctly predict
the ICP waveform parameter MWA non-invasively. An estimate that might possibly be acceptable in clinic was
only observed in 4/28 (14%) individuals. An observation of the study was that the cochlear aqueduct worked as
a physical lowpass filter. This reduced the TMP measurements ability to reproduce the entire spectral content of
the ICP waveform, and hence affected the MWA estimation.
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