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EXPERIMENTAL METHODS

Intracranial pressure (ICP) is commonly monitored in a wide range of 
devastating brain pathologies that cause brain swelling or bleeding, in-
cluding head injury, stroke, hydrocephalus, and brain surgery. Be-
cause the skull resists expansion, changes in the volume of its con-
tents result in changes in ICP.  Elevations of ICP can lead to worsen-
ing brain injury or death by compressing both the blood vessels that 
supply the brain and vital brain structures themselves.  Detecting and 
treating increases in ICP is crucial to protecting the injured brain.  Ex-
isting methods to monitor ICP are invasive and require direct entry of 
a probe system through the skull (Figure 1).

OVERVIEW:  DPOAE magnitudes were measured on seven normal-hearing, healthy subjects at 
four postural positions on a tilting table (Figure 2) to characterize how posture, and presumably 
intracranial pressure (ICP), affects DPOAE magnitudes.   At these positions, it is expected that ICP 
varied from about 0 (90o) to 22 mm Hg (-45o) (Champman et al., 1990; de Kleine et al, 2000).   

SUBJECTS:  The experiments were performed on seven healthy female subjects with normal hear-
ing (ages 19 to 36).  All experiments were approved by the Smith College Science Center Institu-
tional Review Board.  Audiometric thresholds were normal (<20 dB hearing level) at all audiomet-
ric test frequencies (500, 1000, 2000 and 4000 Hz) in all ears.  Each subject was given an oto-
scopic examination to ensure no excessive ear wax was present in the ear canal.  Tympanometric 
measurements are described below.  All measurements were made in the right ear of each subject.

MEASUREMENT OF DPOAEs:  DPOAE magnitudes were measured with an Etymotic ER-10c 
probe using HearID v3.1 developed by Mimosa Acoustics.  To maximize the response, magnitudes 
were measured at frequencies fdp=2f1-f2 with f2 / f1=1.2 and L1-L2 at 10 dB, with L1=65 dB SPL 
and L2=55 dB SPL.  Response magnitudes were obtained from discrete Fourier transforms of the 
time-domain average of N responses.  For each subject, and in each postural position, DPOAE 
magnitudes were measured for two frequency ranges.  In the first range, five measurements with 
f2=[750, 891, 1078, 1266, 1500] were made with N=469.  In the second range, nine measurements 
with f2=[984,1172, 1406, 1688, 2016, 2391, 2813, 3375, 3984] were made with N=187.  More av-
erages were performed at the lower frequencies in order to reduce the noise floor.  The noise floor 
was estimated from a narrow frequency band surrounding the response measured at fdp.  We elimi-
nated data that fell less than 6 dB above the estimated noise floor.
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The skull contains brain, blood, and cerebrospinal fluid (CSF).  Because the inner ear fluid is connected to the CSF (via the co-
chlear aqueduct, the vestibular aqueduct, and the space surrounding the auditory nerve), changes in ICP produce changes in intra-
cochlear pressure (ICoP).  When increases in ICP lead to increases in ICoP, at least two mechanisms could contribute to changes 
in auditory function: (1) the modified ICoP may alter cochlear responses by acting directly on the structures of the cochlea (e.g., 
the hair cells) or (2) the modified ICoP may stretch and alter the stiffness of the annular ligament that attaches the stapes of the 
middle ear to the oval window of the inner ear.  Although Bohmer (1993) demonstrated that changes in ICoP have little if any 
direct effect on cochlear function, it is well documented that increases in the stiffness of the annular ligament substantially 
reduce middle-ear sound transmission at frequencies below 1000-2000 Hz. Increases in ICP are therefore most likely to be de-
tected from the ear canal as reductions in low-frequency middle-ear transmission that result from a increased stiffness 
(reduced compliance) of the annular ligament (Buki et al. 2000, 2002).

Previous work that relates ICP changes to otoacoustic emissions (OAEs) in humans shows that in both healthy subjects on tilting 
tables and surgical patients with medically necessary ICP invasive monitoring, evoked OAEs show qualitative changes in magni-
tude and phase angle that are largest at low frequencies (Buki et al., 1996, 2000; Frank et al. 2000; de Kleine et al. 2000, 2001).  
However, these preliminary reports failed to provide a systematic or controlled picture of how OAEs and ICP changes relate.  
For example, the existing measurements show substantial intersubject variability and did not control for the parameters of 
middle-ear static pressure and intrasubject variations in OAEs.

Here we describe the first steps toward the development of a noninvasive diagnostic monitoring system for changes in ICP pres-
sure using otoacoustic emissions as a response.  Our approach is to relate changes in posture, and presumably changes in  intra-
cranial pressure,  to the noninvasive auditory measure of distortion-product otoacoustic emissions (DPOAEs).  Of all the OAE 
types, DPOAEs are likely to be the most practical evoked emission for a diagnostic test because measurements can be made at 
relatively high yet safe sound-pressure levels, resulting in large signal-to-noise ratios.  Because ICP changes systematically with 
posture (Chapman et al. 1990), we measured the effects of posture on DPOAEs in healthy, normal-hearing subjects placed on a 
tilting table.   Our protocol included monitoring the subjects' middle-ear static pressure and assessing the intrasubject variability 
in DPOAEs over time.

SUMMARY

DPOAEs appear to be a candidate for a method to monitor ICP changes in some patients

DPOAE magnitudes changed systematically with posture - and presumably with ICP - for 750 ≤ f2 ≤1500 Hz.  
DPOAE magnitudes generally decreased as posture changed from upright (90o) to -45o relative the hori-
zontal.  The largest changes occured at the lowest frequencies, with an average change of 7.5 dB at f2 

=750 Hz.

Multiple DPPOAE measurements repeated within minutes of one another showed relatively small standard 
deviations (often less than 1 dB).  Variations over several days had standard deviations ranging from 0.3 
to 7.6 dB, with 50% between 2 and 4 dB.   

Future work includes (1) making DPOAE measurements on patients undergoing medically-necessary ICP 
monitoring, and (2) Improving our tympanometric methods to include a higher static-pressure resolution. 

Figure 1:  Surgical placement of an ICP monitoring device.  
Picture from:  http://www.djo.harvard.edu/files/2791_333.jpg

Figure 3:  Averaged DPOAE magnitude measurements across five meassurement sessions for each of the seven subjects.  Measurements at -45o were not made on Subject 3, 
who could not tolerate this position.  Data at 0o are not plotted because they do not differ statistically from those at 90o.

Averaged DPOAE magnitude measurements for individual subjects 
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Figure 5:  The least-squares mean values for the DPOAE magnitudes from all measure-
ments on all subjects predicted with the random effects model, controlling for day, posi-
tion, frequency, the interaction between position and frequency, and clustering within 
subjects.  Corresponding standard errors fro each value are all between 2 and 2.1 dB.

Least-Square Means for the Random Effects Model
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RESULTS

DPOAE MAGNITUDES AT DIFFERENT POSTURAL POSITIONS:  
INDIVIDUAL DATA (FIGURES 3 AND 4)

All subjects had systematic low-frequency changes in DPOAE magnitudes as their 
position was changed from upright (90o) to -30o and -45o.  In general, for f2 frequencies 
below 1500 to 2000 Hz, DPOAE magnitudes decreased as posture moved from 90o to -45o 
(Figures 3 and 4).

Figure 4:  The least-squares mean values for the differences between the DPOAE magnitudes upright (averaged measurements at 90o and 0o ) and both -30o (blue) and -45o (red) for 
each subject, predicted with the random effects model, controlling, position, frequency, the interaction between position and frequency, and clustering within subjects.  Error bars indi-
cate the corresponding standard errors.  Measurements at -45o were not made on Subject 3, who could not tolerate this position.

Changes in least-squares mean value of the DPOAE magnitudes  for individual subjects

7 8 9
1000

2 3 47 8 9
1000

2 3 4

-15

-10

-5

0

5

dB

7 8 9
1000

2 3 4 7 8 9
1000

2 3 47 8 9
1000

2 3 4 7 8 9
1000

2 3 4

-15

-10

-5

0

5

dB

7 8 9
1000

2 3 4

Frequency (Hz)

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7

 -30 relative to 90 degrees
 -45 relative to 90 degrees

INTRODUCTION

Bohmer A.  (1993).  Hydrostatic pressure in the inner ear fluid compartments and its effects on inner ear function. Acta Otolaryngol (Stockh), Suppl. 507.

Buki B.,  Avan P., Lemaire JJ, Dordain M, Chazal J, Ribari O.  (1996) Otoacoustic emissions: a new tool for monitoring intracranial pressure changes through stapes displacements. Hear. 
Res., 94:125-139.

Buki B.,  Chomicki A, Dordain M, Lemaire JJ, Wit HP, Chazal J, Avan P. (2000)  Middle-ear influence on otoacoustic emissions. II: Contributions of posture and intracranial pressure.  
Hear. Res., 140:202-211.

Buki B., de Kleine E, Wit HP, Avan P. (2002) Detection of intracochlear and intracranial pressure changes with otoacoustic emissions: A gerbil model. Hear. Res., 167:180-191.

Chapman PH, Cosman ER, Arnold MA. (1990) The relationship between ventricular fluid pressure and body position in normal subjects and subjects with shunts: A telemetric study.  Neu-
rosurgery, 26:181-189.

Feldman HA. (1988) Families of lines: random effects in linear regression analysis. Journal of Applied Physiology, 64:1721-1732.

Fitzmaurice GM, Laird NM, Ware JH.  (2004) Applied longitudinal analysis. John Wiley & Sons, New York.

Frank AM, Alexiou C, Hulin P, Janssen T, Arnold W, and Trappe AE. (2000) Non-invasive measurement of intracranial pressure changes by otoacoustic emissions (OAEs) -- a report of 
preliminary data. Zentralbl Neurochir, 61:177-180.

de Kleine E, Wit HP, van Dijk P, and Avan P.  (2000) The behavior of spontaneous otoacoustic emissions during and after postural changes. J. Acoust. Soc. Am., 107:3308-3316.

de Kleine E, Wit HP, Avan P, van Dijk P.  (2001) The behavior of evoked otoacoustic emissions during and after postural changes. J. Acoust. Soc. Am., 110:973-980.

Laird NM, Ware JH. (1982) Random-effects models for longitudinal data. Biometrics, 38:963-974. 

Voss SE, Horton NJ, Tabucchi THP, Folowosele F, Shera CA. (In Press) Auditory-based detection of changes in intracranial pressure: Distortion-product otoacoustic emissions measure-
ments  Neurocritical Care  

Figure 2:  Measurements were made with sub-
jects on a tilting table at four positions (angles 
90o, 0o, -30o, and -45o to the horizontal).  Mea-
surements at 90o and 0o are not statistically dif-
ferent at any frequency, and so those at 0o are 
not plotted. Since de Kleine et al. (2000) dem-
onstrated that stability in emission measure-
ments is typically reached within 30 seconds 
after a postural change, DPOAE measurements 
were made after a subject was in position for at 
least one minute.

STATISTICAL ANALYSIS:  A statistical analysis and model was used to determine whether there were significant changes within the DPOAE magni-
tude data between positions at each of the 14 frequencies.  To account for clustering within subjects that resulted from repeated DPOAE magnitudes 
measured on the same subject, random effect (or random coefficient) models were used (Laird and Ware 1982, Feldman 1988, Fitzmaurice et al. 2004).   
SAS PROC/MIXED version 9.1 was used to fit these models.  We included the main effects of day (4 df), position (3 df), frequency (13 df), and the 
interaction between position and frequency (39 df) to model DPOAE magnitudes.  We eliminated 59 of the 1890 data points collected because the 
DPOAE amplitudes were less than 6 dB above the estimated noise floor.  

TYMPANOMETRIC MEASUREMENTS:  Subjects were asked to swallow at each postural position in order to maintain middle-ear pressures as 
close to zero as possible. Middle-ear pressure was monitored at each postural position before each measurement was made.  To avoid removing and rein-
serting the ear plug of the ER-10c, a tympanometric-like system was designed that could maintain an ear-canal static pressure (Folowosele, 2005). Ad-
mittance magnitude was measured and analyzed as a function of static pressure at 500 Hz, and the middle-ear pressure was assumed to equal the ear-
canal static pressure where the admittance magnitude was a maximum.  Measurements were made with ear-canal static pressures at: -150, -100, -50, 0, 
25, 50, 100, 150 daPa.  In the total of 135 measurements, three middle-ear pressures appeared to be outside the ±100 daPa range.  In 26 of the 35 mea-
surement sessions the middle ear pressure varied during the measurement session by less than 100 daPa (i.e., either ±50 or 0-100 daPa); in 7 of the ses-
sions the variation was 100--150 daPa and in the remaining 2 sessions variation was greater than 150 daPa.

Figure 6:  Boxplot of the standard deviations of DPOAE 
magnitudes in dB for minute-to-minute variations and day-
to-day variations.  The bottom, middle, and upper lines of 
the box indicate the 25th, 50th, and 75th percentiles, respec-
tively.  Outlying observations are denoted with a circle.
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DPOAE MAGNITUDES AT DIFFERENT POSTURAL POSITIONS:  
GROUPED DATA (FIGURE 5)

There was a significant position by frequency interaction (F39,1765=3.4, 
p<0.0001).  For frequencies lower than 1500 Hz, the predicted differences in 
magnitude between upright and -45o were highly significant (all p-values 
<0.001).  At higher frequencies, there were minimal differences.

INTRASUBJECT VARIABILITY (FIGURE 6)

Minute-to-Minute Variability:  Five repeated 
measurements over the course of 20 minutes were 
made on each of four subjects to document the 
variability associated with inserting and removing 
the acoustic probe.  The standard deviations across 
four subjects and 14 frequencies range from 0.1 to 
2.4 dB (Figure 6), and all standard deviations were 
less than 2 dB for  f2 below 1500 Hz.

Day-to-Day Variability:  Intrasubject variability 
in the upright position was tested over a time 
period of several days by analyzing the data from 
the five testing sessions on each of the seven 
subjects (i.e., all 90o data from Figure 3).  The 
standard deviations range from 0.3 to 7.6 dB 
(Figure 6).
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