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Wideband tympanometry performs a more thorough analysis of middle-ear mechanics than the conventional single-frequency method with a 226-Hz probe tone. The present work examines the sensitivity of wideband tympanometry to the stiffness of the stapes-annular ligament system in relation to intracranial pressure (ICP) and labyrinthine fluid pressure.

Here, body tilt allowed ICP to be set at different values. Sixty-eight ears of volunteers were tested sequentially in upright, supine, head-down (-30°) and upright postures. Energy absorbance of the ear was measured in these postures with a commercially available wideband-tympanometry device between 0.25 and 3 kHz, at ear-canal pressures between -600 and 300 daPa. In each posture, it was possible to find a single (posture-dependent) pressure in the ear canal at which a tympanometric peak occurred at all frequencies below about 1.1 kHz.

The average across ears of tympanometric-peak pressure (TPP), close to 0 in upright posture, got increasingly positive, +19 daPa in supine and +27 daPa in head-down positions. The three-dimensional plot of energy absorbance against frequency and pressure displayed an invariant shape, merely shifting with TPP along the pressure axis. Thus, a properly adjusted ear-canal pressure neutralized the effects of ICP on the ear's energy absorbance. Comparisons to published invasive assessments of ICP in the different tested body positions led to the proposed relationship ICP ≈ 15 TPP, likely describing the transformer effect between tympanic membrane and stapes-annular ligament system at quasi-static pressures. With wideband tympanometry, the middle ear may serve as a precision scales for noninvasive ICP measurements.

1.

Introduction

The fraction of acoustic energy that reaches the cochlea and its sensory receptors as a function of sound frequency is an important audiological parameter that depends on the middle-ear transfer function determined by the acoustic impedance of vibrating auditory structures. The related notions of impedance and immittance are probed clinically, usually with the help of tympanometry measured at one frequency [START_REF] Creten | Impedance and admittance tympanometry. I. Experimental approach[END_REF][START_REF] Elner | A method for studies of the middle ear mechanics[END_REF][START_REF] Shanks | Tympanometry[END_REF]. Tympanometry, by assessing middle-ear mobility as a function of static air pressure in the ear canal, detects conditions that produce a conductive hearing loss, such as a damaged tympanic membrane, interrupted or blocked ossicular chain and otitis media with effusion. To differentiate these conditions, measurements at a single frequency may be insufficient. Wideband acoustic tympanometry (WBT) has been developed to refine middleear analysis. A WBT device emits a sound stimulus with a broad frequency spectrum in the sealed ear canal. Its microphone detects the wave reflected from the tympanic membrane, while ear-canal air pressure is swept in an interval of a few hundred daPa around ambient pressure. The energy reflectance (ER), a dimensionless real number between 0 and 1, is the square of the magnitude of the complex ratio R between the reflected and forward pressure waves in the ear canal. Energy absorbance (EA) is ER's counterpart, 1-ER.

Experiments have shown that noninvasive WBT helps refine the diagnosis of middleear pathologies, e.g., by pinpointing an abnormal value of some specific physical parameter of the ossicular chain [START_REF] Allen | Evaluation of human middle ear function via an acoustic power assessment[END_REF][START_REF] Feeney | Wideband energy reflectance measurements in adults with middle-ear disorders[END_REF][START_REF] Shahnaz | Energy reflectance and tympanometry in normal and otosclerotic ears[END_REF][START_REF] Voss | Effects of middle-ear disorders on power reflectance measured in cadaveric ear canals[END_REF]. It also detects inner-ear macromechanical defects such as semicircular canal dehiscence [START_REF] Merchant | Power reflectance as a screening tool for the diagnosis of superior semicircular canal dehiscence[END_REF], which modify labyrinthine-fluid acoustic impedance and ossicular vibrations. The static pressure exerted by the perilymph on the stapes footplate and its annular ligament has been shown to influence middle-ear transfer function [START_REF] Buki | Otoacoustic emissions: a new tool for monitoring intracranial pressure changes through stapes displacements[END_REF][START_REF] De Kleine | The behavior of spontaneous otoacoustic emissions during and after postural changes[END_REF][START_REF] Reid | The relationship between intracranial pressure and tympanic membrane displacement[END_REF]. Intracranial pressure (ICP) and perilymph pressure equalize through the cochlear aqueduct, a bony canal that connects cerebrospinal fluid spaces to the labyrinth [START_REF] Gopen | Anatomy of the normal human cochlear aqueduct with functional implications[END_REF]. This suggests possible audiological methods for gaining access to ICP. The importance of ICP as biomarker and the risk of its direct invasive monitoring raise a keen interest for noninvasive methods such as audiological ones in neurointensive care and neurology. Marchbanks' MMS10 device for ICP evaluation [START_REF] Reid | The relationship between intracranial pressure and tympanic membrane displacement[END_REF] detects the change in motion of the stapes in response to stapedius muscle contractions when increased hydrostatic pressure in the perilymph pushes the stapes footplate outward. The influence of ICP is also reflected by otoacoustic emissions (OAEs) and cochlear microphonic potential (CM) generated by cochlear outer hair cells in response to sound [START_REF] Avan | Middle ear influence on otoacoustic emissions. I: noninvasive investigation of the human transmission apparatus and comparison with model results[END_REF][START_REF] Bershad | Intracranial pressure modulates distortion product otoacoustic emissions: a proof-of-principle study[END_REF][START_REF] Buki | Non-invasive measurements of intralabyrinthine pressure changes by electrocochleography and otoacoustic emissions[END_REF][START_REF] Buki | Otoacoustic emissions: a new tool for monitoring intracranial pressure changes through stapes displacements[END_REF][START_REF] Lawley | Cerebral spinal fluid dynamics: effect of hypoxia and implications for high-altitude illness[END_REF].

The changes, mainly an ICP-dependent phase shift around 1 kHz [START_REF] Buki | Otoacoustic emissions: a new tool for monitoring intracranial pressure changes through stapes displacements[END_REF], can be attributed to the nonlinear stiffness of the stapes annular ligament system [START_REF] Lauxmann | Nonlinear stiffness characteristics of the annular ligament[END_REF], as predicted by analog electric-circuit models of the ear [START_REF] Avan | Middle ear influence on otoacoustic emissions. I: noninvasive investigation of the human transmission apparatus and comparison with model results[END_REF][START_REF] Lutman | Development of an electroacoustic analogue model of the middle ear and acoustic reflex[END_REF][START_REF] Zwislocki | Analysis of the middle-ear function. Part I: Input impedance[END_REF]. Middle-ear transfer-function changes with ICP serve for noninvasive monitoring of patients with increased ICP due to hydrocephalus or head injury, with a 50-daPa accuracy, once at the start of the procedure, a reference OAE or CM phase is associated with a reference ICP [START_REF] Giraudet | Noninvasive detection of alarming intracranial pressure changes by auditory monitoring in early management of brain injury: a prospective invasive versus noninvasive study[END_REF]. However, the serious shortcoming of OAEs and CM is the required presence of clear signals. While proof-of-concept experiments enrolled only patients meeting this requirement, OAEs and CM may be abolished in ageing patients with hydrocephalus and OAEs are difficult to measure in noisy surroundings such as neurointensive care units.

In contrast, WBT is little affected by aging and ambient noise. Past work suggests that the larger the ICP, the more the stapes moves outward in the oval window [START_REF] Reid | The relationship between intracranial pressure and tympanic membrane displacement[END_REF], and that minimum stretch of the annular ligament comes with minimum stiffness [START_REF] Lutman | Development of an electroacoustic analogue model of the middle ear and acoustic reflex[END_REF]. This leads to hypothesize that sound energy should be optimally transmitted at small ICP. Increased ICP should mean stiffer interface between middle and inner ear and less energy transmission at lower frequencies where the stiffness dependence of the transfer function is largest. Here, ICP was manipulated using body tilt in healthy volunteers lying on a tilting table [START_REF] Chapman | The relationship between ventricular fluid pressure and body position in normal subjects and subjects with shunts: a telemetric study[END_REF]. The effects of body tilt on EA and OAEs have been compared previously, with inconclusive results in regard to the ability for EA to detect ICP changes [START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF], but in this reference, EA was analyzed only at ambient pressure in the ear canal. Here, commercial WBT equipment measured EA against pressure in the ear canal (Pec) and frequency. The goal of the present work was to use Pec to modulate the EA dependence on posture. Its working hypothesis stemmed from the remark of Wever and Lawrence in their chapter 11 [START_REF] Wever | Distortion Product Otoacoustic Emissions and Intracranial Pressure During CSF Infusion Testing[END_REF]) that a quasi-static pressure that provokes movements of the tympanic membrane may affect the inner ear through ossicular chain transmission. Reciprocally, by pushing on the stapes, ICP indirectly acts on the eardrum. The present work examined whether proper adjustment of Pec against ICP to control the positioning of the stapes in the oval window might restore EA to its maximum value, supposing the middle-ear cavity remained at ambient pressure. The Pec able to achieve EA restoration might provide an evaluation of ICP according to the principle of a weighing scale.

Subjects and Methods

Enrolled volunteers

The two ears of healthy volunteers (n = 41 subjects, 27 females and 14 males) aged from 24 to 35 years were tested at the University Medical Center of Groningen (UMCG). For 78 ears out of 82, there was no history of otological disease. Otoscopic examination ensured the absence of earwax accumulation and of tympanic-membrane abnormality. Ten of these 78 ears were excluded due to the instability of the measuring probe when the body was tilted, which impeded complete data collection. Experiments with the remaining 68 ears were carried out in a soundproof room.

Subjects had signed their informed consent to the study and its method before starting the tests (local ethical committee, authorization 2017/679).

Material

The Titan® Wideband Tympanometer (WBT 440, Interacoustics, Denmark) is a commercially available device that delivers plots of EA as a function of Pec and frequency (f). The ear probe of the device, to be sealed in the external ear canal, contains four channels.

The first two ones contains two identical earphones. In its WBT version, the device uses one earphone to emit broadband clicks (0.25-8 kHz) at 100 dB peak SPL at a rate of 21.5/s. The third channel is connected to a microphone that records sound in the external ear canal. In the fourth channel, a built-in pump sweeps Pec from +300 down to -600 daPa at a mean rate of 100 daPa/s, slower at low than high pressures. At the initial Pec = +300 daPa, the probe seal is checked and EA calibration is performed. The derived EA(Pec, f) is a three-dimensional (3D) plot exported as a spreadsheet to a personal computer. From these raw data, one can extract a standard tympanogram, i.e., EA(Pec, f0) at one frequency (e.g., 226 Hz or 1000 Hz, conventionally used in clinical studies); stacked tympanograms, i.e., EA(Pec, fn) with n integer and fn being sampled within the frequency interval covered by the device; or EA plots as a function of f at fixed Pec. Here, EA was particularly studied at two Pecs, ambient pressure Pec = 0, which defines ambient EA (aEA, with aEA(f) =EA(0, f)), and tympanometric-peak pressure (TPP) at which standard tympanograms below 1 kHz exhibit a sharp peak, which defines peak EA (pEA, with pEA(f)= EA(TPP, f)). To verify whether TPP is indeed the same at all frequencies between 0.226 and about 1 kHz was one goal of this study. If not, the very notion of pEA would have to be cast off.

Measurement protocol

The operator chose the best available earplug to obtain a tight yet comfortable seal of the WBT probe. To modulate inner-ear fluid pressure in order to study its influence on EA, the tilting table on which the subjects were lying flat on their back served for producing ICP steps. It was moved in four consecutive positions at angles of 70°, 0°, -30° then 70° again with respect to the horizontal plane (positions called respectively upright, supine, Trendelenburg and upright II, henceforth). Although the exact ICP in each position is unknown, published data from invasive measurements of volunteers during body-tilt experiments suggest figures between 0 and 20-30 mmHg for the tested postures, with reasonably small variability [START_REF] Eklund | The pressure difference between eye and brain changes with posture[END_REF]. After body tilt, ICP reaches a stable value after a few seconds [START_REF] Lawley | Effect of gravity and microgravity on intracranial pressure[END_REF], and past experiments with OAEs have shown that it takes about 10 seconds after an ICP step in humans for OAE characteristics to plateau [START_REF] Buki | Middle-ear influence on otoacoustic emissions. II: contributions of posture and intracranial pressure[END_REF].

Volunteers were instructed to behave naturally and swallow when they felt the need, which was seen to occur once or twice per minute. In the core protocol to which all 68 ears were submitted, WBT data collection in one posture took about 30 seconds including probefit check. The WBT measurement started 10 seconds after each position change, thus subjects remained 40 seconds in each position before changing to the next. Pilot tests with repeated WBT in the subsample made of the first 10 enrolled subjects controlled the stability of tympanometric patterns when each body position was prolonged a few minutes.

Data analysis.

Following previous studies of the influence of posture on EA [START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF], data were first presented as plots of aEA. Next, tympanograms were built showing EA(Pec, fn) against Pec, with n increasing from 1 to 73 to represent the frequency bins between 226 and 3000 Hz sampled by the WBT device. For quantitative comparison of EAs in different postures, stacks were built of tympanograms, i.e., graphs of the dimensionless EA against Pec at a given frequency, each graph at fn+1 being shifted upward by 0.03 with respect to the graph at fn. From these representations, TPP and its frequency dependence showed up more clearly than from the inclined surface plots provided by the WBT device.

For comparisons of 3D plots of EA in different postures, the volume between these plots (VBP) was computed as: Given VBP and the pressure and frequency intervals, the mean absolute EA difference between 3D plots (ADBP) was readily obtained for all tested postures. In order to evaluate how accurately the posture effect could be described by a shift of the whole EA plot along the pressure axis, the EA-posture-X plot was shifted stepwise relative to the EA-upright one by s pressure bins in a 10 to 20 bin range, and ADBP was computed as a function of s. If the effect of posture on EA can be fully offset by applying a proper Pec (the working hypothesis of this work), different in upright posture and in posture X, a sharp dip in the plot of ADBP against s should occur when the pressure scale shift aligns the two offsetting Pecs. If the working hypothesis is wrong, the plot of ADBP against s, more complex, would be unable to reach small mean ADBP values, all the more since ADBP is computed from absolute differences between 3D plots. With different but intertwined plots, positive and negative discrepancies might still compensate each other, but not their absolute values.

VBP= Σ Σ [ |EA-posture-X(Pecm,
Last, the descriptions of the posture effect by pEA(f) and aEA(f) were compared by a metric similar to that of ADBP, the spread between plots in postures X and upright being described by their mean vertical difference in the [0.226, 3 kHz] interval. This difference was computed both with absolute and algebraic sums of contributions from sampled frequencies.

A consequence of the present working hypothesis, that the effect of posture on EA is due to ICP and that a proper Pec can offset this effect, is that there is an optimum EA that serves as a posture-independent template. If true, TPP in a given posture should display a privileged relation to ICP not captured by aEA. Accordingly, the means and standard deviations (SD) of TPP (in daPa) were computed for every posture (upright, supine, Trendelenburg and upright II) and side (left and right ears). Means were compared in different body positions using one-way analysis of variance (ANOVA). A p-value less than 0.05 was taken as statistically significant.

Results

Effect of body tilt on EA at ambient pressure

The first possible readout of 3D EA data extracted by the WBT device is aEA(f) at ambient pressure against frequency. Fig. 1 (a-d, left panels) shows four examples of aEA in the four tested postures represented with different line styles in selected ears, i.e., the earliest recorded in each of the four categories of patterns observed in the tested cohort and defined as follows. The first category (a) displayed a single peak around 1.2 kHz, emerging by more than 0.20 above the rest of the plot, either on the higher or lower frequency side (Fig 1a). In categories b and c-d, the peak occurred either at 1 kHz or below (Fig. 1b), or above 1.4 kHz (Fig. 1c andd), either with a shallow (Fig. 1c) or large frequency dependence (Fig. 1d). These examples show that aEA(f) depends on posture. At a given frequency, there is a tendency for aEA to be largest in upright posture (solid lines), either before or after body tilt. Both the size and frequency dependence of the change in aEA in supine or Trendelenburg positions show a large intersubject variability. In the ears depicted in Fig. 1a andb, the largest aEA decrease occurred at frequencies < 1.2 kHz while aEA changed little above this corner frequency. The frequency dependence of aEA in cases of Fig. 1c andd was less systematic, almost absent in Fig. 1c and greatly exaggerated in Fig. 1d.

Notion of tympanometric peak pressure in 3D EA plots

Regardless of posture, Pec sweeps produced tent-like tympanograms between 0.226 and 1.1 kHz. The characteristics of their peak is summarized in table I, showing that TPP was independent of frequency in 45% ears and straddling two consecutive pressure bins in 30% ears. In 17% ears, a blunter tympanometric peak extended over 3 to 4 adjacent pressure bins.

In 6% ears, no TPP came out because tympanometric profiles split into separate peaks above one frequency that fell between 0.5 and 0.8 kHz.

Above 1.1-1.2 kHz, aligned with the ridge defined in the 3D plot at lower frequencies at Pec = TPP, a relative trough was observed between two peaks moving away at increasing frequencies toward positive and negative Pecs, approximately equidistant from TPP. The size of these peaks was asymmetrical. At a given frequency, the tympanometric profile might be too blunt or slanting for its tympanometric trough pressure (TTP, replacing TPP) to be assessed accurately. This peak-splitting pattern is well-acknowledged [START_REF] Creten | Impedance and admittance tympanometry. I. Experimental approach[END_REF] and explained both theoretically and numerically [START_REF] Chen | A computational model for tympanometry[END_REF][START_REF] Van Camp | Impedance and admittance tympanometry[END_REF].

Above 2-2.5 kHz, the patterns of EA dependence on frequency and pressure became flat and featureless, making it impossible to characterize EA dependence on posture (Fig. 2).

Likewise, EA 3D plots at extreme |Pecs| larger than 200 daPa, were nearly flat, which prompted us not to include these large pressures in the quantitative analysis of EA dependence on posture.

Visual comparison of stacked tympanograms in different body positions

With tympanometric plots of EA(Pec, fn) stacked at increasing fn, the nature of the posture dependence of EA becomes more straightforward. Fig. 2 shows EA(Pec, fn) in the same ear as Fig. 1a. The reference EA pattern in upright posture matched the generic description of section 3.2., with a single TPP = +2 daPa below 1.122 kHz.

Above 1.122 kHz, TTP, also clearly defined in this ear, aligned with the previously identified Pec = TPP line (bold vertical line). In supine posture (Fig. 2, lower diagram), the whole tympanometric pattern merely shifted en bloc to higher Pecs, with all troughs between peaks (above 1.122 kHz) and single peaks (below 1.122 kHz) now aligned with the TPP = +18 daPa line (bold vertical line). In Trendelenburg position, the whole stack of tympanograms kept shifting, the single TPP this time being +28 daPa. In upright posture II, TPP moved back to +7 daPa.

Visual inspection of stacked tympanometric plots in every ear confirmed that body tilt and its attendant ICP changes essentially shifted the tympanogram stacks horizontally along the Pec axis. A proper choice of Pec for each body position, defined by TPP, was able to offset the effect of ICP on EA at all frequencies.

Quantitative evaluation of the effect of posture on 3D plots

The example of Fig. 2 is consonant with the hypothesis of posture invariance of the shape of 3D EA plots, shifting en bloc with body position along the pressure axis. Function ADBP(s), where variable s is the shift in the pressure bin index between plots, quantified the degree of identity of EA shapes in two different postures by pinpointing the pressure shift that minimized their mean vertical difference. A minimum ADBP close to 0 would indicate an offset of the effect of body tilt by the corresponding Pec. For the grand average of ADBPs to be computed across ears, index s was individually adjusted to 0 for aligned TPPs in the two postures under comparison. With this adjustment, ambient pressures corresponded to s between -1 and -5 depending on the tested ear. All individual ADBP(s) exhibited a sharp dip at s = 0. In more than 75% ears, minimum mean ADBP was smaller than 0.04. The standard deviation of ADBPs computed across pressure and frequency bins of a given ear ranged between 0.015 and 0.049, being smaller than 0.026 in a majority of ears. This indicates that the changes in 3D EA patterns as a whole, due to body tilt, were visually hardly detectable onscreen.

The ADBPs were also computed in the restricted interval [1.122, 3 kHz] (Fig. 3, bottom) where TPP is replaced by the fuzzier notion of TTP, with nearly identical results despite the fuzziness of EA characteristic features.

When ambient pressures were considered, individual ADBP values at the corresponding s fell between 0.09 and 0.17 in more than half the ears (Fig. 3 right, shaded boxplots), a large discrepancy between plots, already evident in the 2D representations of In every ear, plots of ADBP against the shift s in pressure bin index between postures were almost indistinguishable, whether supine, upright II or Trendelenburg were compared to the upright reference. Accordingly, grand averages of ADBP for supine and upright II, with s = 0 for aligned TPPs, were perfectly overlaid on that represented in Fig. 3 for the Trendelenburg position. This validates the idea, visible in the example of Fig. 2, that the 3D EA plot of a given ear was posture-invariant. The main difference between postures related to the value of TPP in each of them and to the resulting number of pressure bins between ambient pressure and TPP.

The next study zooms in on EA at Pecs that likely best embody physiological sound conduction. Past studies focused on aEA [START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF], and for comparison, we chose pEA since TPP, by maximizing EA below 1 kHz in all postures, allows optimal transfer of sound to the inner ear.

Study of pEA

For the 4 ears already depicted in Fig. 1 that showed their aEA(f), the four plots pEA (f) in the four measured body positions almost overlay one another in the 0.226 -3.0 kHz interval (Fig. 4 a-d, individual TPP values in daPa in brackets on top of each plot, for U, S, T and UII postures in this order). The mean vertical difference at TPPs evaluated how functions pEA(f) in S, T or UII postures in a given ear resembled the initial pEA(f) in upright posture, in comparison with the same analysis at ambient pressure. The difference between aEAs being largest in Trendelenburg position in all ears (Fig. 1), the results are shown in this position in Fig. 4e. For aEAs, when computations were conducted with absolute values, i.e., the spread between two plots regardless of which one is on top (Fig. 4e, leftmost shaded boxplot), the grand average across ears of mean vertical differences was 0.083 (SD 0.05). The 25 th and 75 th percentiles were 0.043 and 0.100. For pEAs with adjusted posture-dependent TPPs (Fig. 4e, open boxplot), the grand average of mean vertical differences dropped to 0.039 (SD 0.016) and the 25 th and 75 th percentiles, to 0.026 and 0.047 respectively. For aEAs, outliers reached between 0.23 and 0.26, while not exceeding 0.10 when pEAs were considered.

With computations using algebraic differences, which grant better similarity to plots when they intertwine than when they do not, for aEAs (Fig. 4, right side), the grand average across ears of mean vertical difference was 0.063 (SD 0.061). For pEAs (Fig. 4, rightmost boxplot), it was divided by more than 3, around a grand average of 0.019 (SD 0.018), visually undetectable -see Fig. 4a-d).

Similar results were observed when aEAs and pEAs were compared in supine vs. upright, and upright II vs. upright postures, that is, a drop by a factor of at least 3 of vertical differences in EA between plots in the 0.226 -3 kHz interval. Overall, ears in which aEA plots seemed the most dependent on posture underwent the largest improvement when pEA plots were considered, as the mean vertical difference between plots was divided by a factor of more than 5 in these cases. For 7 ears among the 68 tested ones, pEAs in the 0.226 -0.5 kHz and above 1.5 kHz tended to wander from the optimal pEA in the initial position. When the computation was restricted to the 0.5 -1.5 kHz interval, pEAs in all postures were as optimal as those of the 61 other ears in the 0.226 -3 kHz interval.

Distribution of TPP in different body positions

The distribution of TPP for every posture in the 68 ears (32 right ears and 36 left ears)

is depicted in Fig. 5 and the means, SDs and median are given in Table II. Posture was controlled in the present protocol but the resulting ICP could not be determined for lack of invasive measurements, for which the required spinal tap was deemed unjustified. However, in recently performed experiments, the acute effect of body position on human ICP was ascertained by direct manometric measurements, in different categories of subjects who nonetheless gave consistent results summarized in Fig. 6. In one study [START_REF] Lawley | Effect of gravity and microgravity on intracranial pressure[END_REF], the subjects were patients equipped with a reservoir placed under the scalp and connected to the lateral cerebral ventricle by a catheter, for chemotherapy delivery to treat haematological cancer. These subjects were asymptomatic thus their ICP was considered normal. They were measured in the context of microgravity simulations in upright, supine and -6°-head-down positions, in this latter position, 5 min after tilt. Results replotted in Fig. 6 were obtained in normal gravity. Eklund [START_REF] Eklund | The pressure difference between eye and brain changes with posture[END_REF] measured healthy volunteers through a spinal tap in sitting, supine and in -9° head-down tilt, the readings being translated to the level of the ocular lamina cribrosa, approximately level with the cochlea. Last, Petersen [START_REF] Petersen | Postural influence on intracranial and cerebral perfusion pressure in ambulatory neurosurgical patients[END_REF] measured neurosurgical patients during body tilt in upright, supine posture and at a tilt angle of -20°. When ICP was measured at intermediate tilt angles from +20° to -20° in 10° steps, the latter study showed that ICP parallels the change in height of the venous hydrostatic gradient, at a rate of about 0.5 mmHg/degree of tilt.

The present group results are shown side by side with the invasive ones after a simple transformation that introduces 15 x TPP instead of TPP. This multiplicative factor 15 allows the measurements to be aligned at all ICPs, from around 0 mmHg in upright position at the same height as the cochlea, to about 27 mmHg at a tilt angle of -30°. As no report used the same amount of head-down tilt (from -6° to -30°), head-down data were extrapolated to -30° using the aforementioned formula of 0.5 mmHg/degree of tilt [START_REF] Petersen | Postural influence on intracranial and cerebral perfusion pressure in ambulatory neurosurgical patients[END_REF](dashed line symbols in Fig. 6). The factor 15 that seems able to convert TPP into ICP is reminiscent of the transformer ratio of the middle ear [START_REF] Relkin | Introduction to the analysis of middle ear function[END_REF][START_REF] Wever | Distortion Product Otoacoustic Emissions and Intracranial Pressure During CSF Infusion Testing[END_REF]. Whether it is a chance coincidence will be discussed further on.

Discussion

The main outcome of this study is that, although the 3D plot EA(Pec, f) is posturedependent, its particular shape in a given ear is invariant, as a proper shift of the pressure scale cancels the posture effect across the whole range of pressures and frequencies. In particular, at TPP, the posture-dependent pressure at which EA shows an extremum (a peak below 1 kHz), pEA is posture-invariant contrary to aEA that depends on posture with no clear frequency behavior. This means that the mechanism by which posture acts on the middle-ear transfer function is fully offset by an appropriate Pec acting on the tympanic membrane and ossicular chain. Pec may interact with two pressures possibly influenced by posture and acting on the tympano-ossicular chain, air pressure in middle-ear cavities (Pme) and ICP. For TPP and ICP to balance each other at the two ends of the tympano-ossicular chain, assuming that Pme can be neglected, the transformer action due to tympano-ossicular geometry predicts that TPP ≈ 15 ICP, e.g., [START_REF] Rosowski | Models of external and middle-ear function[END_REF]. Published data from invasive measurements of ICP against posture (not possible here) and group results for TPPs match this relationship.

Up until now, the effect of posture on EA has been scantily documented, with only one explicit attempt to compare EA to distortion-product OAE changes to probe a method for noninvasive detection of ICP changes [START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF]. In this reference, only aEA was shown and discussed in relation to possible posture-induced ICP changes, with the conclusion that the aEA representation failed to reveal any clue toward absolute ICP estimation [START_REF] Nakajima | Assessment of ear disorders using power reflectance[END_REF][START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF].

The questions raised by available data and examined in this section are: whether posture might influence EA through other factors than ICP; how ICP influence on EA can be compensated by Pec while at the same time the compensating Pec does not act enough on the tympanic membrane to influence EA; why an empirical pressure transfer ratio of about 15 between Pec and ICP to restore optimal EA; which of aEA and pEA best captures the posture effect on 3D EA or lack thereof.

The ICP is one factor, modulated by posture, which influences sound transfer by the middle ear, thus EA. How posture affects human ICP is known from neurosurgical measurements in treated patients whose ICP is supposed to behave normally [START_REF] Chapman | The relationship between ventricular fluid pressure and body position in normal subjects and subjects with shunts: a telemetric study[END_REF]. However, posture may also affect mechanics and transfer function of the middle ear for other reasons also influencing EA. The first possible reason is a decrease in the volume of middle-ear cavities when the body is tilted from upright to supine then head-down, either because increasing ICP displaces the stapes footplate outwards or due to middle-ear mucosa swelling with increased pressure in the jugular veins [START_REF] Gaihede | Positional changes and stabilization of middle ear pressure[END_REF]. This decreased volume would lead to increased Pme if auditory-tube patency is affected by body tilt enough to prevent equalization of Pme with ambient pressure. For stapes displacement and volume reduction to account for a 10-daPa increase in TPP, the resulting change in middle-ear cavity volume would have to be 1/1000 of its total volume, about 2 cm 3 . With a 3.2 mm 2 stapes footplate area [START_REF] Wever | Distortion Product Otoacoustic Emissions and Intracranial Pressure During CSF Infusion Testing[END_REF], a 1.5 mm displacement of this footplate would need to happen, three orders of magnitude larger than what is measured in mammalian ears [START_REF] Dirckx | Quasi-static transfer function of the rabbit middle ear' measured with a heterodyne interferometer with high-resolution position decoder[END_REF].

As for swelling of the middle-ear mucosa, Gaihede and Kjaer's finding that TPP(supine position) > TPP(upright) [START_REF] Gaihede | Positional changes and stabilization of middle ear pressure[END_REF] rests on three assumptions, that TPP is a readout of Pme; that auditory-tube patency is decreased in supine position; and that ICP itself does not influence EA. The latter assumption is not supported by studies showing large middle-ear transfer function changes with invasively measured ICP, e.g. [START_REF] Buki | Otoacoustic emissions: a new tool for monitoring intracranial pressure changes through stapes displacements[END_REF]. In regard to auditory tube patency, in normal middle ears in the absence of nasopharyngeal inflammation, swallowing, by opening the auditory tube, periodically equalizes Pme and ambient pressure [START_REF] Pau | Pressure changes in the human middle ear without opening the eustachian tube[END_REF], both in upright and supine posture [START_REF] Virtanen | Relation of body posture to Eustachian tube function[END_REF], even in patients who remain supine for 3 days and nights in an intense-care unit [START_REF] Giraudet | Noninvasive detection of alarming intracranial pressure changes by auditory monitoring in early management of brain injury: a prospective invasive versus noninvasive study[END_REF]. Here, reflex swallowing of saliva was seen to occur at the normal rate of once to twice a minute, thereby buffering any consequence of mucosa swelling. With unimpeded Pme equalization with ambient pressure in supine posture, the present finding of an average TPP of +16.4 to+18.6 daPa only leaves ICP as a plausible explanation.

Whether the auditory tube can still open in Trendelenburg position as easily as in upright or supine position has been questioned [START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF] and these authors reported a few ears with positive TPPs despite repeated equilibration attempts, between +25 and +74 daPa in -45° tilted position, figures which do not seem to contradict the present results. Voss et al. actually raise the hypothesis that TPP is not an accurate measure of Pme in these subjects.

The direct influence of ICP on the middle-ear transfer function independently of Pme has been demonstrated for the first time in patients whose ICP was directly modified by cerebrospinal fluid infusion while otoacoustic emissions were monitored [START_REF] Buki | Otoacoustic emissions: a new tool for monitoring intracranial pressure changes through stapes displacements[END_REF]. It was later shown that the effect of body tilt shares identical physical characteristics with direct manipulations of ICP [START_REF] Avan | Middle ear influence on otoacoustic emissions. I: noninvasive investigation of the human transmission apparatus and comparison with model results[END_REF] and with stapedius muscle contractions. Similar results were observed in gerbils when ICP was manipulated via an extradural catheter, while the open bulla prevented Pme buildup [START_REF] Buki | Detection of intracochlear and intracranial pressure changes with otoacoustic emissions: a gerbil model[END_REF]. The resulting middle-ear changes were specific of a stiffness increase of the stapes-annular ligament system [START_REF] Buki | Middle-ear influence on otoacoustic emissions. II: contributions of posture and intracranial pressure[END_REF], attributed to displacement of the stapes footplate from its resting, minimum-stiffness position in the oval window [START_REF] Reid | The relationship between intracranial pressure and tympanic membrane displacement[END_REF]. Here, the posture independence of pEA, despite middle-ear transfer-function sensitivity to Pec when ICP is constant and to ICP when Pec is ambient, shows that an appropriate combination of forces on the stapes-annular ligament system and on the tympanic membrane keeps the transfer function stable.

While it is easy to conceive that one force due to Pec, applied to the stapes footplate via the ossicular chain, cancels another force due to ICP acting in the opposite direction, thereby restoring optimal sound transmission by the stapes, the actual issue here is to restore optimal EA. This can be achieved only if the ICP-cancelling Pec does not modify sound transmission by the tympanic membrane. The improvement in middle-ear transfer function allowed by a looser annular ligament would be lost if this occurs at the cost of a stiffer tympanic membrane, or of a modification in any of the mechanical parameters, mass, stiffness or friction coefficients that describe each of the many middle-ear subsystems.

A pathology, such as middle-ear effusion or otosclerosis, can induce a long-lasting change of one or several of these parameters, but body tilt cannot, unless the parameter of interest shows some nonlinearity. Hopefully, only two middle-ear structures are known to have a strongly nonlinear behavior, the tympanic membrane and stapes annular ligament [START_REF] Lauxmann | Nonlinear stiffness characteristics of the annular ligament[END_REF]. Hopefully again, the finding that the TPP to ICP relationship involves an average multiplicative factor 15 makes ICP neutralization possible by a TPP small enough for not modifying tympanic-membrane stiffness.

The next question is, why this multiplicative factor. The pressure-transformer model of the middle ear only roughly describes pressure transfer by the ossicular chain. Actually, the eardrum buckles instead of acting as a rigid piston, ossicular joints may slip and the stapes footplate may rotate [START_REF] Huttenbrink | The mechanics of the middle-ear at static air pressures: the role of the ossicular joints, the function of the middle-ear muscles and the behaviour of stapedial prostheses[END_REF][START_REF] Puria | Sound-pressure measurements in the cochlear vestibule of human-cadaver ears[END_REF]. In addition, for acoustic pressures at frequencies > 3 kHz (not considered in the present work), propagation along the coneshaped, tilted tympanic membrane cannot be neglected [START_REF] Fay | The discordant eardrum[END_REF]. Direct measurements performed in human temporal bones only give access to acoustic pressure in the cochlear scala vestibuli against sound frequency [START_REF] Aibara | Human middle-ear sound transfer function and cochlear input impedance[END_REF][START_REF] Dancer | Intracochlear sound pressure measurements in guinea pigs[END_REF]. The measured pressure gain is about 15 between a few hundred Hz and a few kHz [START_REF] Relkin | Introduction to the analysis of middle ear function[END_REF][START_REF] Wever | Distortion Product Otoacoustic Emissions and Intracranial Pressure During CSF Infusion Testing[END_REF] and drops to 0 at lower frequencies. The latter decrease is explained in an electric-circuit analog model, by the voltage divider formed by the series impedances that represent the annular ligament and cochlea. At low frequencies where the stiffness of the ligament is dominant, most of the pressure exerted by the ossicular chain is spent to move the ligament and does not reach the cochlea [START_REF] Rosowski | Models of external and middle-ear function[END_REF]. Contrary to pressure in the cochlea, the pressure on the stapes-annular ligament at low frequencies remains close to what it was at higher frequencies, for a given sound pressure level in the ear canal (Fig. 2.10 in [START_REF] Rosowski | Models of external and middle-ear function[END_REF]). By extrapolation to static pressures, a pressure Pec in the ear canal should generate a pressure on the stapes-annular ligament (Pal) such that Pal = ligament system, inferred from group data, is about ICP/15.

Even though the main outcome of the present study is that an appropriate choice of Pec scale cancels the ICP effect on 3D EA, the question arises whether ambient pressure might still provide a useful, easy-to-interpret picture since aEA approximately reflects a single parametric change, i.e., stapes-annular ligament stiffness. A first answer to this question is that ICP cannot act only on the stapes-annular ligament system as it is coupled to the tympanic membrane via the ossicular chain. A second answer stems from graphs of aEA. The effect of an isolated increase in annular-ligament stiffness due to increased ICP should be a reduction in aEA in the frequency interval where stiffness dominates the mechanical responses, thus below 1 kHz [START_REF] Avan | Middle ear influence on otoacoustic emissions. I: noninvasive investigation of the human transmission apparatus and comparison with model results[END_REF][START_REF] Lutman | Development of an electroacoustic analogue model of the middle ear and acoustic reflex[END_REF]. Such an effect was visible in some ears (Fig. 1a andb) but not all (Fig. 1c andd). Past studies of the effect of body position on ER = 1 -aEA against distortion-product OAEs at ambient pressure [START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF], also reported a changes in ER peaking above 1.5 kHz and extending to 3 kHz, a paradox for a stiffness-related effect. Here, paradoxical changes in aEA between postures were most conspicuous when TPP changed sign with body tilt (Fig. 7, upper right diagram).

With the complex shape of the 3D diagram of EA(Pec, f) [START_REF] Chen | A computational model for tympanometry[END_REF]Van Camp et al., 1978) This work suggests a method for inferring absolute ICP from TPP measured from the ear, with two advantages over previous methods of ICP monitoring through the ear, OAEs [START_REF] Buki | Otoacoustic emissions: a new tool for monitoring intracranial pressure changes through stapes displacements[END_REF] and CM [START_REF] Buki | Non-invasive measurements of intralabyrinthine pressure changes by electrocochleography and otoacoustic emissions[END_REF]. These methods only detect ICP changes and sensorineural hearing loss eliminates the ICP-sensitive signals. The EA method proposed here, with each ear being its own control, seems sensitive enough to detect mild ICP changes such as those experienced by supine subjects, of the order of 10 mmHg. The standard deviations measured here in just-tilted subjects are larger than in experiments using invasive means, a spinal tap [START_REF] Eklund | The pressure difference between eye and brain changes with posture[END_REF] or a catheter [START_REF] Lawley | Effect of gravity and microgravity on intracranial pressure[END_REF][START_REF] Petersen | Postural influence on intracranial and cerebral perfusion pressure in ambulatory neurosurgical patients[END_REF]. This may reflect the fact that our subjects, in contrast to the past ones, could behave almost freely while undergoing WBT. This sensitive method may have been able to detect ICP fluctuations allowed by less constrained measurement settings, a speculation in the present experiment where invasive ICP measurements were not allowed. Nonetheless, invasive ICP in supine posture in young healthy subjects can show large variability in the 7 -15 mm Hg range [START_REF] Ekstedt | CSF hydrodynamic studies in man. 2 . Normal hydrodynamic variables related to CSF pressure and flow[END_REF][START_REF] Lawley | Cerebral spinal fluid dynamics: effect of hypoxia and implications for high-altitude illness[END_REF], i.e., standard deviations closer to those observed here than in the tightly controlled experiments summarized in Fig. 6. Uncontrolled Pme, which might occur in ENT patients with chronic tubal dysfunction and add one component to the forces that act on the tympanic membrane, is seldom an issue in patients with neurosurgical conditions who need ICP evaluation.

Conclusion

The present work suggests that the use of WBT extends beyond finer analysis of middle-ear conditions than with single-frequency tympanometry [START_REF] Allen | Evaluation of human middle ear function via an acoustic power assessment[END_REF][START_REF] Feeney | Wideband energy reflectance measurements in adults with middle-ear disorders[END_REF][START_REF] Keefe | Wideband aural acoustic absorbance predicts conductive hearing loss in children[END_REF][START_REF] Nakajima | Assessment of ear disorders using power reflectance[END_REF], and beyond the search for a third cochlear window [START_REF] Merchant | Controlled exploration of the effects of conductive hearing loss on wideband acoustic immittance in human cadaveric preparations[END_REF]. While an analysis of WBT restricted to ambient pressure does not give access to absolute ICP [START_REF] Nakajima | Assessment of ear disorders using power reflectance[END_REF][START_REF] Voss | Posture systematically alters ear-canal reflectance and DPOAE properties[END_REF] 
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  Body position clearly influenced TPP (ANOVA, [F (3,124) = 16.96; p = <0.001] for the left ear; [F (3,140) = 8.07; p = <0.001] for the right ear) in the same manner in the right and left ears. It increased from near 0 initially to about 17 daPa in horizontal position, then to about 26 daPa in Trendelenburg position. Although not significantly different from the initial value when the subject went back to the upright position, according to Tukey post-hoc tests, TPP was slightly shifted upward and showed a larger SD than initially. Gender, size, weight and body mass index showed no statistically significant correlation with TPPs in any of the measured postures.

  (Fig.7, left diagrams), comparisons based upon aEA(f) explore unrelated features of the 3D landscape (Fig.7, dashed vs. dotted vertical lines) that generate the confusing picture of Fig.7 (upper right diagram) between 1.5 and 3 kHz. The present work advocates pEA comparisons (lower right diagram) to capture the posture invariance of EA(Pec, f) revealed when TPPs are aligned. That this invariance holds across a broad frequency range provides a strong argument for the existence of a compensating mechanism, whereas a shifted TPP in a standard tympanogram at a single frequency might be a chance finding.
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 II , the present work exploits the posture independence of EA at TPP to hint at absolute ICP in ears with no middle-ear ventilation problem. It suggests that the middle ear may be used as a precision weighing balance with TPP for matching ICP. Tympanometric peak pressure against posture in the left and right ears (Left ears: N = 32. Right ears: N = 36)
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