Cerebral Circulation - Cognition and Behavior 3 (2022) 100132

Contents lists available at ScienceDirect

l Cerebral

Circulation-
B Cognition
&Behavioi

Cerebral Circulation - Cognition and Behavior

FI. SEVIER

journal homepage: www.sciencedirect.com/journal/cerebral-circulation-cognition-and-behavior

t.)

Check for

Pulsatile tympanic membrane displacement is associated with cognitive e
score in healthy subjects

Anthony A. Birch®>", Wahbi K. El-Bouri ®“’, Robert J. Marchbanks *", Laura A. Moore ?,
Cherith M. Campbell-Bell %, Christopher M. Kipps ¢, Diederik O. Bulters

& Neurological Physics Group, Department of Medical Physics, University Hospital Southampton NHS Foundation Trust, Southampton, SO16 6YD, UK.
® University of Southampton, Faculty of Medicine, Southampton, SO17 1BJ, UK.

€ University of Southampton, Faculty of Engineering and Physical Sciences, Southampton, SO17 1BJ, UK.

d Department of Neurosurgery, University Hospital Southampton NHS Foundation Trust, Southampton, SO16 6YD, UK

¢ Department of Neurology, University Hospital Southampton NHS Foundation Trust, Southampton, SO16 6YD, UK.

f Liverpool Centre for Cardiovascular Sciences, Department of Cardiovascular and Metabolic Medicine, University of Liverpool, Liverpool, UK

ARTICLE INFO ABSTRACT
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To test the hypothesis that pulsing of intracranial pressure has an association with cognition, we measured
cognitive score and pulsing of the tympanic membrane in 290 healthy subjects. This hypothesis was formed on
the assumptions that large intracranial pressure pulses impair cognitive performance and tympanic membrane

MOCA . .
. pulses reflect intracranial pressure pulses.
Cognitive assessment . is
Pulsatility 290 healthy subjects, aged 20-80 years, completed the Montreal Cognitive Assessment Test. Spontaneous

tympanic membrane displacement during a heart cycle was measured from both ears in the sitting and supine
position. We applied multiple linear regression, correcting for age, heart rate, and height, to test for an associ-
ation between cognitive score and spontaneous tympanic membrane displacement. Significance was set at P <
0.0125 (Bonferroni correction.)

A significant association was seen in the left supine position (p = 0.0076.) The association was not significant
in the right ear supine (p = 0.28) or in either ear while sitting. Sub-domains of the cognitive assessment revealed
that executive function, language and memory have been primarily responsible for this association.

In conclusion, we have found that spontaneous pulses of the tympanic membrane are associated with cognitive
performance and believe this reflects an association between cognitive performance and intracranial pressure
pulses.

1. Introduction Elasticity of the aorta and other large arteries absorbs energy from
the heartbeat during systole and releases it during diastole. Arterial
stiffening reduces the degree to which the pressure pulse is absorbed and

therefore increases the pulse pressure transmitted to smaller arteries in

Stiffening of arterial walls with age is a well-recognised process and
known to be associated with cardiovascular disease. Less well known,

though clearly demonstrated, is an association between arterial stiffness
and cognitive impairment [2,32,34,36-38,43,60,62,65]. This has been
shown to exist, independently from age, in several studies from different
groups [1,7,12,23,33,39,49,52,56]. Stroke, including sub-clinical
microinfarcts, forms an obvious and proven link [6,21,55]. However
the relationship between cognitive impairment and arterial wall stiff-
ness remains in subjects without a history of stroke, including healthy
young individuals [5,27,31,40,41,48,54]. A complete mechanistic
explanation for this association therefore remains to be established.
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distal vascular beds, including in the brain [51,61]. Unlike elsewhere in
the body, cerebral arterial pulsing is confined within the rigid volume of
the skull. The blood volume increase with each heartbeat therefore
generates an increase in the pressure within the rigid skull [63,67].
Cerebral arterial pulsing thus generates a pulsing intracranial pressure
(ICP) which is transmitted to the cerebral capillaries and venous system
[25,61]. It has been hypothesised that increased intracranial pulsing,
due to central arterial stiffening, has a damaging mechanical impact on
the cerebral microcirculation and in part explains the relationship
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between increases in arterial stiffness and cognitive decline with age
[17,24,33,45]. This hypothesis is supported by several works that
demonstrate an association between measures of cerebral arterial pul-
satility and cognition [16,18,50,53,64-66,68].

The size of the intracranial pressure pulse cannot be easily measured.
Evidence of a link between cerebral pressure pulsing and cognitive
decline has been derived from measurements of pulsing of the blood
flow rather than the pressure. Pressure pulsing measurements have been
principally limited to tonometry from the extracranial carotid artery.
Measurement of the pulsing of the intracranial pressure would be a very
useful tool to investigate the role of intracranial pulsatility and its
impact on the cerebral microcirculation in cognitive decline.

Invasive measures of intracranial pressure are too difficult and haz-
ardous for use in research on large numbers of volunteers [3,13,35].
Several techniques have been proposed for non-invasive assessment of
ICP [13,26,46,70]. One of these uses measurements of tympanic mem-
brane displacement [44]. Modelling predicts that ICP pulse pressure
waves are transmitted from the posterior fossa to the perilymph in the
cochlea [20]. It is therefore likely that ICP pulses are transmitted, via the
oval window and ossicles, to the tympanic membrane (TM). Pulsing
displacements of the TM can be clearly and easily measured
non-invasively from within the auditory canal [28]. A component of this
pulse waveform has been demonstrated to originate from the ICP pulse
[11,14,15,22,29,58,59] Fig. 1. shows how intracranial pressure pulsing
can be transmitted to the tympanic membrane.

We hypothesise that variations in cognitive function in a healthy
population may be associated with intracranial pulsatility and this will
be measurable in the TM pulses. To address this hypothesis, tympanic
membrane displacement measurements and cognitive assessments were
made in a population of healthy volunteers. Multiple linear regression
was performed to test for an association between cognitive performance
and tympanic membrane displacement.

2. Methods
2.1. Participants

Our target was 360 healthy volunteers in three equal age groups
20-40, 40-60 and 60-80 with equal number of males and females.
Volunteers responded to publicity, which was circulated via digital and
printed media and through radio, club and society meeting appeals.
Subjects were recruited if they had no history of otological or neuro-
logical disease, a normal otoscopic examination and normal middle ear
pressure (MEP) and compliance (MEC). All participants gave informed
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Subarachnoid Space
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Fig. 1. Illustrating a mechanical link from the intracranial fluids in the poste-
rior fossa via the cochlear aqueduct to the inner ear and from there through the
ossicles to the tympanic membrane.
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consent and ethical approval was given by the Health Research Au-
thority, NRES Committee East of England - Hatfield (14/EE/1126). All
research was performed in accordance with relevant guidelines and
regulations.

2.2. Data collection

Participants attended a two-hour appointment. Following medical
history, health and lifestyle questionnaire, height, weight and blood
pressure measurements, all participants undertook the Montreal
Cognitive Assessment Test (MOCA)(www.mocatest.org) [47].

Tympanometry was performed to confirm normal middle ear
compliance and pressure (0.3-1.6 ml and 0 + 50 daPa respectively),
using a GSI Tympstar Middle Ear Analyser V2 (Grason Stadler, Eden
Prairie, MN).

ECG was continually recorded to provide an exact time for each
heartbeat (ECG100C, BIOPAC Systems, Goleta, CA )

Spontaneous TMD measurements were then made using the MMS-14
Cerebral and Cochlear Fluid Pressure analyser (Marchbanks Measure-
ment Systems Ltd, Lymington, UK). Data was collected in 20 s time
periods with five repeats of good quality data (movement artefact free)
giving a total of 100 s of data per measurement.

The order of measurements was:- left ear sitting, right sitting, left
supine, right supine. Supine measurements were performed lying flat
with the head supported on a thin memory-foam pillow. At least five
minutes was allowed to elapse after lying down before starting supine
recordings. This was to allow ICP to stabilise after the postural change.
Where a participant met the inclusion criteria for just one ear, recordings
were made from this ear only. ECG and TMD analogue outputs were
sampled at 250 Hz (ICM+, Cambridge Enterprise, Cambridge, UK,
http://www.neurosurg.cam.ac.uk/icmplus).

2.3. Analysis

Signal processing of spTMD was performed with Matlab (Math-
Works, Natick, MA) using the following procedure:-

e All data periods, free from obvious movement or swallowing arte-

facts, were chosen by visual inspection and included in the analysis.

The time of every pulse was automatically identified from the QRS

peaks in the ECG signal. Accuracy of QRS identification was

confirmed by visual inspection.

The TMD signal corresponding to each beat, from one QRS peak to

the next, was then extracted and linearly detrended using the method

of least squares.

e The amplitude of each beat was then calculated as: (maximum -
minimum).

e spTMD was determined as the median of all measured beats.

A value for spTMD pulse amplitude was thus determined for the left
and right ears in the sitting and supine posture for each subject Fig. 2.
illustrates a sample of TMD data and shows how the individual beats
were identified from the synchronous ECG trace.

Statistical analysis was performed in MatLab. Linear regression was
used to test for a significant association between spTMD and MOCA
score. Age, height, pulse pressure, middle ear compliance and heart rate
are all parameters that were considered to be potential confounders. The
association between each confounder and spTMD was inspected for
evidence of a linear association, the significance of which was tested by
simple linear regression. If a significant linear association was demon-
strated (p < 0.05) they were included as co-variables in the analysis,
making it a multiple linear regression analysis. Significance of the as-
sociation between spTMD and MOCA was determined from the multiple
linear regression partial F test. This statistical approach is equivalent to,
and gives the same results as, an ANCOVA with spTMD as the dependant
variable and MOCA score as the independent variable while correcting
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Fig. 2. Example showing a sample of data and illustrating how the ECG is used to extract heartbeats from a continuous trace of tympanic membrane displacement.

for the confounding variables. Sitting and supine position, left and right
ears were analysed separately. Significance was set at a p value of <
0.0125 (using Bonferroni correction).

Finally, the individual components of the MOCA test were analysed
to determine which if any of these was most strongly associated with
spTMD. The analysis was performed on the individual domains, on a
composite score made up of the domains associated with executive
function, and on the task requiring participants to list as many words as
they can beginning with the letter F.

3. Results
3.1. Participants

Altogether 366 volunteers attended between February 2015 and July
2017, 290 of whom satisfied the inclusion criteria and completed the
protocol. The mean age was 46.8 years, (stdv 16.6yrs, range 20 — 80).
There were 159 female (55%) and 131 male (45%) subjects. In some
volunteers either the left or the right ear was excluded, and occasionally
a measurement could not be obtained because of an inadequate ear seal
with the TMD machine or technical failure. Consequently, differences in
the number of data points from each ear and in each position exist. The
number of measurements in each configuration were: left ear sitting
247, right ear sitting 237, left ear supine 233 and right ear supine 217.

3.2. The spTMD

For both ears, sitting and supine, the distribution of spTMD pulse
amplitude data was visibly skewed to the right and an Anderson-Darling
test indicates that it is not normally distributed. After log trans-
formation, with the exception of the right ear sitting, the data becomes
consistent with a normal distribution. The statistical analysis has
therefore been performed on log transformed spTMD data.

3.3. MOCA scores

A MOCA score of 30 is the maximum possible, 26 or more is
considered normal, and a threshold between 24 and 26 is recommended
to screen for cognitive impairment [8]. As expected, the majority of our
volunteers scored between 25 and 30; a small number scored 24 or less.
To ensure sufficient numbers per analysis group, 12 subjects with scores
of 24 or less were grouped together. Each of the scores from 25 to 30 had

at least 20 subjects which we considered sufficient numbers to be
included without further grouping. Thus, seven MOCA score groupings
were analysed from 24 (or less), in increments of one, up to 30. The
median group size was 33.5, range (12 to 63). One volunteer who scored
15 was considered an outlier and removed from further analysis

(Fig 3) shows dot plots of spTMD results for each MOCA score. The
supine plots suggest a trend towards smaller spTMD values in volunteers
with lower MOCA scores. No such trend is apparent in the sitting results
for either ear.

3.4. Confounding variables

No non-linear associations were seen by visual inspection between
log spTMD and any of the 5 confounding variables. Simple regression
analysis is presented in Table 1. A significant association was seen, in at
least one ear or posture, with age, height, and heart rate but not with
middle ear compliance or pulse pressure. Therefore age, height and
heart rate were included as explanatory variables in the multiple
regression.

3.5. Multiple regression

Our data is from a random sample and thus the observations and the
residuals should be independent. The correlation matrix between all
predictor variables showed the strongest correlation between age and
height (0.27), closely followed by age and MOCA score which was 0.25.
As none were highly correlated (r value greater than 0.8) multi-
collinearity does not present a problem.

The Anderson-Darling test confirmed no violation of the assumption
of normality (p < 0.05) and Bartlett’s test demonstrated homoscedas-
ticity for all 4 combinations of ear and posture except for the right sitting
position which passed the test of homoscedasticity but not normality.

Having satisfied the assumptions, except in the right siting position,
multiple regression analysis was used to test if MOCA score significantly
contributes to the prediction of spTMD in each of the 4 positions. The
results are shown in Table 2.

Approximate normality of residuals was confirmed with QQ plots
and the Anderson-Darling test for all analysis with the exception of the
right sitting posture. Data from the right sitting posture had also failed
the Anderson Darling test of normality. A significant association in this
position could not therefore be considered valid.

Our results indicate a significant association between spTMD and
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Fig. 3. Dot plots showing the association between MOCA score and spTMD, each volunteer in the study is represented as a dot on each of the plots for which they
gave data. The trendlines and correlation values (R) are for illustration only, they have been fitted by conventional least squares fit of all data points which assumes
that the MOCA score is a continuous linear variable, it is actually an ordinal variable and has been treated as ordinal or categorical in all analysis

Table 1

Significance of linear association with spTMD for each of the possible confounding variables (MEC = middle ear compliance.).

Age Height Heart Rate MEC Left MEC Right Pulse Pressure
Left Sitting p =0.03 p=0.12 p =0.02 p =0.69 NA p =0.58
Right Sitting P =< 0.001 P =0.008 P =0.008 NA P =0.07 P =0.16
Left Supine P =0.54 P =0.001 P =0.001 P =0.28 NA P =0.77
Right Supine P =0.13 P =<0.001 P =<0.001 NA P=0.13 P =0.38
Table 2 MOCA score from the left ear in the supine position (p = 0.0076.) The
able

Showing results from the 4 independently carried out multiple regression
analysis, with spTMD as the response variable. We consider a p value less than
0.0125 to be significant.

SumSq DF MeanSq F P-value
Left Sitting
Age 2.14 1 2.14 5.67 0.0181
MOCA 2.39 6 0.40 1.05 0.39
Heart Rate 2.06 1 2.06 5.45 0.020
Height 1.50 1 1.50 3.97 0.047
Error 89.6 237 0.378 1 0.5
Right Sitting
Age 12.76 1 12.76 28.50 <0.0000
MOCA 2.644 6 0.44 0.98 0.44
Heart Rate 2.71 1 2.71 6.06 0.015
Height 6.26 1 6.26 13.99 0.00023
Error 101.6 227 0.45 1 0.5
Left Supine
Age 0.067 1 0.067 0.223 0.64
MOCA 5.47 6 0.91 3.01 0.0076
Heart Rate 2.59 1 2.59 8.56 0.0038
Height 1.22 1 1.22 4.05 0.045
Error 67.5 223 0.303 1 0.5
Right Supine
Age 0.128 1 0.128 0.396 0.53
MOCA 2.44 6 0.407 1.26 0.28
Heart Rate 0.387 1 0.387 1.20 0.27
Height 3.00 1 3.00 9.28 0.0026
Error 66.87 207 0.32 1 0.5

contribution of MOCA score is not significant in the other 3 positions.
The trend seen in the supine position in left and right ears in Fig. 1 has
achieved significance for the left ear but not in the right. The co-
variables reveal very significant associations of age with spTMD in the
sitting position in both ears and yet no association in the supine posture.
Height has shown a significant association in the right ear in both pos-
tures, the association does not reach significance on the left. Heart rate
has shown a significant association in the left supine position but not
right supine. In the sitting position neither ear reaches a significant as-
sociation with heart rate.

3.6. MOCA sub-domain analysis

By analysing individual sub-domains of the MOCA score, with an
appropriate change to the number of groups, we determined which
cognitive processes were most closely associated with spTMD for the
supine data only. We included a composite ‘executive function’ sub-
domain made up of the alternating number-letter task, the number of F
words (N>11) and performance on abstraction. The total number of
words beginning with the letter F in 1 minute was also assessed as a
continuous variable. Results are summarised in Table 3.

In the left ear, two out of the 7 subdomains analysed (language and
delayed recall) produce an association that would have been classed as
significant (p < 0.05) had they been the primary research question. The
composite executive function variable and the number of F words also
produced significant results in the left ear. None of the subdomain
variables were significant for the right ear. We have not corrected the
sub-domain analysis for multiple comparisons; these results are pre-
sented to illustrate which have been most influential in determining the
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Table 3

Showing the significance of the MOCA variable in the multiple regression
analysis after substituting the MOCA score with single domains, sub-domains
and composite domains to illustrate the components that have been most
influential. In the majority of cases the number of groups that have been used in
the analysis is less than the maximum possible number to avoid groups with very
small or zero numbers. For example the visualspatial/executive domain can be
scored from O to 5 making 6 possible groups, however only 2 subjects scored 2 or
less. They were grouped together with a score of 3 or less and the following 3
groups were used in the analysis, 3 or less, 4 or 5. Nearly all of our volunteers
scored full marks for orientation, this domain could not therefore be grouped for
analysis.

Domain Number of Groups  Left Supine P Right Supine P
value value
Visuospatial/ 3 0.213 0.230
Executive
Naming 2 0.927 0.386
Language 3 0.013 0.409
Attention 3 0.874 0.606
Abstraction 2 0.053 0.573
Delayed recall 4 0.013 0.085
Orientation NA NA NA
Composite 3 0.006 0.319
Executive
Number of F Words Continuous 0.007 0.816
variable

association between MOCA and spTMD. The results clearly point to-
wards the executive function tasks.

3.7. spTMD waveforms

To further illustrate the spTMD pulse waveform association with
cognitive score, a coherently averaged TMD heartbeat was produced for
each subject and then further averaging of these was performed,
grouped by MOCA score. Thus, producing the average shape of the TMD
pulse for each of the MOCA groups. This was done for the left and right
ears in the supine posture. Data for the averaging was extracted from 1
second before up to 1.5 s after each ECG trigger. The extracted beats
were linearly detrended before incorporation into the average. Shown in

Left supine
100 T T T T
w— MOCA < 25
s MOCA 25
= MOCA 26
= MOCA 27
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= MOCA 29
== MOCA 30
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-50

Spontaneous tympanic membrane displacement (nL)
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0 05 1 1.5 2 25

Sample time, seconds
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Fig. 4 it clearly illustrates the increase in pulse amplitude with
increasing MOCA score in the left supine data. The only exception to the
trend is subjects with a MOCA score of 24 or less. This was the smallest
group, statistically less reliable, and arguably containing some un-
diagnosed pathologies. Data from the right ear shows a similar though
less distinct trend.

4. Discussion

We have observed a significant association between spTMD and
MOCA score in healthy volunteers. This is seen in the supine position,
but not in the sitting position, and after correction for multiple com-
parisons, reaches significance in the left ear only. We believe that these
results are important as they show a novel measurement, likely related
to intracranial pressure pulsing, to be associated with subtle compro-
mises in brain performance within a seemingly healthy population, and
across a broad range of ages. An association with developing cognitive
impairment seems likely.

Our assumption, prior to analysis, was that higher ICP pulses would
generate larger spTMD pulses and be associated with poorer cognitive
performance. The results are the opposite of this prediction. We discuss
here some possible explanations for this unexpected result. We based our
assumption on known links between cognitive impairment and vascular
measurements including arterial stiffening, increased pulsatility of the
extracranial carotid artery and increased pulsatility of the intracranial
blood flow velocity. While it would seem intuitive that intracranial
pressure pulsing would increase under each of these conditions it is not
necessarily the case. This overlooks the complex association between
intracranial flow pulsatility and intracranial pressure pulsatility [63].
Increasing arterial stiffness does increase flow pulsatility and intra-
luminal pressure pulsing however it decreases the vessel wall expansion.
This therefore can reduce the transmission of arterial pulse pressure to
the intracranial pressure despite an increase in arterial pressure pulsing.
It may therefore be the case that a reduced intracranial pressure pul-
satility is associated with cognitive decline, although this counters the
argument that increased intracranial pulsatility is responsible for me-
chanical damage associated with cognitive impairments.

We also made the assumption that an increase in ICP pulse amplitude

100 . . Right supine . .
——MOCA <25
= MOCA 25
=~ MOCA 26
~———MOCA 27
~———MOCA 28
——MOCA 29
——MOCA 30

Spontaneous tympanic membrane displacement (nL)

05 1 15 2 25
Sample time, seconds

Fig. 4. Pulse waveforms of tympanic membrane displacement during a heartbeat, showing the average for each cognitive assessment score.
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will generate an increased spTMD. This assumption may not always hold
true. ICP is one of several factors that contribute to the spTMD [11,15]
and it is possible that some of these contributions are in opposition with
one another in the force they apply to the TM and either an inward or an
outward movement of the TM is produced depending upon which of the
driving forces dominates. If ICP is the weaker of two opposing drivers
then an increasing ICP pulse will act to reduce rather than increase the
size of the spTMD.

These arguments show that the factors that predict the direction of
any association between spTMD and cognitive performance are unclear
and require further research. What we feel is important is the demon-
stration of an association. Our statistical analysis was two-tailed and
therefore valid regardless of the direction of the association.

As always in regression analysis a significant association requires all
confounding variables to have been taken into account. This is partic-
ularly difficult in complex biological systems. We have considered the
key variables, that we felt might have an influence on the association
between spTMD and MOCA score. They have been accounted for and do
not therefore explain the results. It is still possible, however, that other
factors, or interactions between factors, that we have overlooked are
confounding our result.

We have observed a difference between sitting and supine results.
The difference in ICP between sitting and lying is typically 11 mmHg [9,
42]. An associated change in ICP pulsatility might also to be expected,
however the physiology is not so well understood. Intracranial compli-
ance is reduced which will increase ICP pulsatility, this however will be
countered by vasoconstriction which occurs in response to increased
cerebral perfusion pressure to maintain cerebral blood flow and will
reduce ICP pulsing. The normal change in ICP pulsatility with posture, in
healthy subjects, remains to be established. Similar changes with
posture are anticipated in the inner ear fluid pressures, and all vascular
pressures within the inner, middle and outer ear. It is not a surprise
therefore that a move to the supine position is a profound enough
disturbance to have exposed an association between spTMD and
cognitive performance that is not seen in the sitting position.

Age has shown a strong association with spTMD in the sitting posi-
tion and yet no clear association in the supine position. We had not
predicted this, and while we might speculate, we are not sure of the
reasons why aging would have a more profound impact in the sitting
position than supine. Given the high strength of this observation and the
potential significance to our understanding of the vascular physiology in
the aging brain, we feel this should be further researched.

Less predictable than a postural difference is the difference between
left and right ears that has been observed. The study was not designed to
determine, and we have not therefore tested, the significance of this
observed difference. It is possible therefore that the difference is within
the bounds of statistical variations. It does however support a similar left
to right difference observed in evoked TM displacement in the supine
position [4]. The results suggest that an anatomical difference may exist
between left and right ears. One anatomical difference known to exist is
in the size of the jugular vein:- the right side being generally larger [57].
An alternative explanation is related to the sequence of our measure-
ments. Left supine measurements were made sooner after lying down
than those from the right (typically 5 min and 10 min respectively).

The domains of the MOCA test that show the strongest association
with spTMD in the left supine position are primarily related to executive
function, language and memory. These are left hemisphere domains in
the majority of the population, which is intriguing. The strongest asso-
ciation was seen with executive function tasks, particularly letter
fluency, again, strongly influenced by left frontal, temporal and parietal
structures. In a healthy population, greater left-sided pulsatility may
reflect improved perfusion, and therefore function. Where this fails,
these brain regions may be disproportionately affected, explaining the
relationships with impaired cognition seen in disease populations re-
ported previously.

Studies using Doppler ultrasound or MR imaging techniques
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consistently demonstrate abnormal cerebral flow pulsatility in patients
with cognitive impairment [10,16,18,19,50,66]. Further evidence of an
association between vascular pulsatility and cognitive performance has
been provided by measurements from the systemic arterial system,
which are reasonably assumed to be influencing the intracranial
vascular pulsatility [30,69]. These reports of an association between
intracranial pulsatility (whether flow or pressure) and impaired cogni-
tion, in predominantly elderly patient populations, are increasing in
number and beginning to gain acceptance. While intracranial flow
pulsatility measurements can be made relatively easily in research
participants, intracranial pressure pulsatility measurements are much
more challenging. The relationship between pressure and flow pulsa-
tility is complex and very likely to differ between normal and patho-
logical conditions [63].

Pulsatility measures of both pressure and flow are key to under-
standing cerebral haemodynamics and CSF dynamics. The spTMD
measurement described in this paper is non-invasive, safe, quick and
easy to perform and we believe influenced by intracranial pressure
pulsatility [11]. It forms a valuable addition to the tools available for the
investigation of cerebral fluid dynamics and its role in cognitive per-
formance and cognitive decline.

In conclusion we have found, in 290 healthy volunteers, that larger
spontaneous pulses of the TM are associated with better cognitive per-
formance. This was shown in the left ear in the supine posture. It was not
replicated in the right ear. Despite this we believe that this study has
raised the probability of an association between cognitive performance
and TM displacement measurements from very speculative to likely.
Further work to assess spTMD in patients with different degrees of
cognitive impairment is an important next step in the development of
biomarkers for cognitive decline based upon CSF flow dynamics
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