
Objective; The aim of this study is to investigate the influence of extreme hypothermia on distortion product
otoacoustic emissions (DPOAE) generated from the OHC of the organ of Corti. Temperature is controlled (within
certain rigid limits) in warm-blooded animals including human beings. To investigate extreme hypothermia in our
study we selected patients undergoing congenital open heart surgery where body temperature can be lowered over
a large temperature interval. To monitor inner ear functions, we measured distortion product otoacoustic emissions
that can be applied repeatedly in a cardiovascular operating room that is electrically and acoustically noisy.

Study Design; Prospective clinical trial.

Materials & Methods; Twenty-four pediatric patients (median age, 24 months) with congenital heart disease
undergoing cardiopulmonary bypass (CPB) were involved in the study. The same anesthetic, surgical, and CPB
protocols were used in all patients. Distortion product otoacoustic emission measurements were performed
preoperatively, several times intraoperatively, and postoperatively. 

Results; Inner ear functions diminished with the degree of hypothermia and returned to normal with warming
(P<05). Other parameters such as presence of cyanotic disease, cross-clamping, and duration of CPB did not
significantly affect distortion product otoacoustic emission measurements..

Conclusion; Congenital open heart surgery has no permanent effect on inner ear function. Hypothermia can cause
transient loss of inner ear functions. To the best of our knowledge, this is the first study in the medical literature on
human beings to show the effect of hypothermia on distortion product otoacoustic emission measurements. 
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The mechanoacoustic auditory message is converted
into nerve signals in the hair cells of the organ of Corti
and is transmitted to the brainstem by the auditory
nerve afferent neurons. Conversion and transmission
involve ionic mechanisms that might react to body
temperature. Otoacoustic emissions (OAE),
noninvasively recorded from the external auditory
canal, have enabled studies on the effects of body
temperature on cochlear transduction mechanisms [1,2].
In both animals and human beings, active outer hair
cell (OHC) micromechanical activity has been shown
to generate mechanical vibrations underlying the OAE

recorded from the external auditory canal [3]. These
mechanical vibrations involve metabolic processes
that are biochemical reactions that should be
temperature dependent. Logically then, variations in
body temperature should affect OAE. Temperature is
controlled (within certain rigid limits) in warm-
blooded animals including human beings. The aim of
our study was to investigate the influence of extreme
hypothermia on distortion product otoacoustic
emissions (DPOAE) generated from the OHC of the
organ of Corti. To date no study has investigated the
influence of hypothermia on DPOAE in human beings.
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Materials & Methods

This study was approved by the Institutional Ethics
Committee. The parents of all of the patients provided
written informed consent. Twenty-eight pediatric
patients with congenital heart disease scheduled for
open heart surgery were included in the study. The day
before surgery, an otologic examination was
performed by an ear, nose, and throat specialist to
verify the absence of chronic or acute otitis media and
middle ear effusion. Also, cerumen was removed from
occluded ear canals. Three patients had middle ear
effusions, and 1 patient had hemorrhage from the ear
canal while cleaning cerumen that precluded
performing DPOAE measurements. These 4 patients
were excluded from the study. The remaining 24
pediatric patients were included. 

The same anesthetic, surgical, and CPB protocols were
used in all of the patients. CPB was performed using a
membrane oxygenator with prime volumes of 35
mL/kg. The pump flow and hematocrit were
maintained at 2.5 to 3.0 L/minute/m_ and 28% to 30%
respectively. Systemic hypothermia with a target core
temperature of 24ºC to 26ºC, and a cold hyperkalemic
cardioplegia solution was used. Appropriate cardiac
corrective surgery was performed by the
cardiovascular team according to the congenital
cardiac anomaly.

The patient group was composed of 14 females and 10

males (median age, 24 months; range, 4-108 months).

Fifteen were acyanotic and 9 were cyanotic.

Preoperatively, all these patients had DPOAE

indicating normal cochlear integrity and hearing.

DPOAE were obtained using ILO292 OAE, DP

Echoport Plus device (Otodynamics Ltd., Hartfield,

UK) and appropriate software (Otodynamics Ltd,

1999, v5.60y). Distortion product otoacoustic

emission signals were evaluated as a function of

stimulus intensity (input-output (I/O) function). Two

primary pure tones at frequencies f1 and f2 were used

in the test procedure. The level and the frequency ratio

of the primaries were kept constant (L1= L2,

f2/f1=1.22). The levels were increased in 5-dB steps

from 35 to 70 dB sound pressure level (SPL). The I/O

function was evaluated at f2 ranging from 1000 to

6000 Hz at 9 frequency bands. Preoperative and

postoperative measurements were taken from both

ears but intraoperatively, a single ear was chosen

randomly as this was deemed to be more practical.

Distortion product otoacoustic emission measurements

were performed preoperatively the day before surgery

and postoperatively the day after surgery. Intraoperative

measurements were obtained just after induction of

anesthesia, at the beginning of surgery, before initiation

of CPB, at maximum hypothermia level, after cessation

of CPB, and just before awakening. Rectal temperature

measurements were followed throughout the operation.

In patients with deep hypothermia, DPOAE

measurements were taken at 2°C increments and

decrements in rectal temperature.

Statistical analyses were conducted with SPSS

software (Statistical Package for the Social Sciences,

version 11.0, SPSS Inc, Chicago, IL, USA). A P value

less than .05 was accepted as statistically significant. 

Results

Intraoperative DPOAE measurements were obtained
from the right ear in 14 and the left ear in 10 patients.
Among 24 patients included in the study, 9 had
cyanotic and 15 had acyanotic cardiac pathologies.
The cardiac pathologies consisted of atrial septal
defects, ventricular septal defects, tetralogy of Fallot,
aortic coarctation, pulmonary artery stenosis, and
combinations of these pathologies.

Three patients had total circulatory arrest with deep
hypothermia (17°C -19°C), the remaining patients had
CPB with varying degrees of hypothermia (22°C -
32°C). Eight patients had cardioplegic solution
instilled to the heart. The duration of CPB varied
between 18 and 114 minutes (median, 59 minutes). 
Parameters such as presence of cyanotic disease,
cross-clamping, duration of CPB, and cardioplegic
solution application did not significantly affect OAE
measurements (p > .05). 
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There were no significant differences between
preoperative and after the induction of anesthesia
DPOAE measurements for each frequency band (P > .05).

There were no significant differences between
preoperative and postoperative DPOAE measurements
for each frequency band (P > .05).

Without exception, DPOAEs were affected during

decreases in core temperature (p<0.05). An example of

the DPOAE changes in the temperature domain from a

representative subject is presented in Figure 1.

DPOAE amplitude decreased with cooling and

completely disappeared during deep hypothermia

Figure 1. DPOAE changes in the temperature domain from a representative subject undergoing congenital open heart surgery.
Recordings represent the cooling down period (Figure 1a:37ºC; 1b:31ºC; 1c:25ºC; 1d:19 ºC) and warming up period (Figure 1e:23 ºC;
1f:33 ºC; 1g: 35 ºC; 1h: 37 ºC), respectively.

Figure 1a: 37ºC Figure 1b: 31ºC Figure 1c: 25ºC

Figure 1d: 19 ºC Figure 1e: 23 ºC Figure 1f: 33 ºC

Figure 1g: 35 ºC Figure 1h: 37 ºC



(<30°C). DPOAEs then returned back to normal with
rewarming. It was not possible to find a frequency
band that systematically disappeared or reappeared
first or last in all subjects. The average DPOAE
changes during cooling and warming are demonstrated
in Figures 2 a and b, respectively.

Discussion

The mechanoacoustic auditory message is converted into
nerve signals in the hair cells of the organ of Corti and
transmitted to the brainstem by the auditory nerve
afferent neurons. Conversion and transmission involve
ionic mechanisms that might react to body temperature.
There are many ways that temperature might affect OHC
activity, through direct temperature dependence of
channel gating kinetics, through direct temperature
dependence of contractile mechanisms, through
temperature dependence of metabolic pathways and
metabolite logistical pathways such as oxygen transport.

The literature concerning the influence of temperature on
OAE amplitude and frequency in amphibians and reptiles
is abundant, most likely because they are cold blooded
animals and can easily change their body temperature over
a large temperature range [4,5]. For these species, a clear and
reversible effect is observed. Reducing the body
temperature in frogs reduced the frequency of
spontaneous otoacoustic emissions (SOAE) [4]. However,
the hearing organ in frogs is different from the organ of
Corti in human beings. The hair cells of frogs are
embedded in a relatively solid structure and no basilar
membrane exists. Therefore, these findings cannot be
extrapolated to humans [2]. Spontaneous otoacoustic
emissions in the ear canal of the Australian bobtail lizard
are temperature sensitive and shift their frequency up with
increases in temperature-an effect that is fully reversible [5].

In contrast, relatively few studies have investigated the
effect of temperature on OAE in mammals. Most

Figure 2. The average DPOAE changes during cooling and warming are demonstrated in Figures 2 a and b, respectively. Each line is
designated by the corresponding temperature.
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studies in mammals to investigate temperature effects
on OAE have been performed by raising body
temperature. A study in human beings conducted
under hyperthermic conditions obtained in a climatic
chamber revealed a significant amplitude decrease in
transient evoked otoacoustic emissions (TEOAE) [2]. 

There are clues that hypothermia may reduce ischemic
damage in animals. In Mongolian gerbils that lack
posterior cerebral communicating arteries and have
labyrinthine arteries nourished solely by the vertebral
arteries, Watanabe and associates have shown that
occluding both vertebral arteries for 15 minutes causes
profound deafness and substantial loss of hair cells.
Decreasing the whole body temperature by 5°C
prevented hearing loss and progressive hair cell loss in
the cochlea after transient ischemia [6]. 

Experimental studies have shown that ischemia-induced
damage progresses after reperfusion in many organs
such as the brain, heart, and liver [7,8]. Hypothermia is an
effective way to protect against this injury especially in
the brain [9]. Glutamate is closely related to ischemia
reperfusion injury of the inner ear [10]. The effects of mild
hypothermia are thought to be due to a reduction in
glutamate toxicity, suppression of calcium influx into
neurons, or prevention of nitric oxide production thus
reducing free radical toxicity.[11-14]

Hypothermia also increases the survival time of
isolated spinal neurons [15]. Experiments in mice have
shown that hypothermia increases thresholds to the
cochlear nerve envelope response and reduce the
damaging effects of noise, whereas hyperthermia
exacerbates the detrimental action [11].

In human beings, temperatures below body core
temperatures are imposed for open heart bypass
surgeries during which the body temperature can be
lowered over a large temperature interval. A study of
30 patients undergoing open heart surgery under
induced hypothermia in which TEOAE were recorded
showed a clear influence of body temperature on the
amplitudes and reproducibilities of the TEOAE [16].

Another study of 5 children during open heart bypass
surgery, investigating the effect of hypothermia on

TEOAE showed that TEOAE were totally abolished at
tympanic temperatures of approximately 30ºC, and
that during rewarming, changes reversed and TEOAE
returned to their initial prehypothermia status [1]. In this
study the patients were under general anesthesia. This
study does not mention the preanesthesia levels of
TEOAE measurements. In both of these studies,
TEOAE were measured. The total suppression of
TEOAE was attributed to a temperature-dependant
energy source. It is assumed that the frequency of
otoacoustic emissions depends on electrical tuning of
hair cells, the temperature dependence of emission
frequency may result from the temperature dependence
of calcium channel kinetics [4]. In our study we
measured the DPOAE the day before the surgery and
after the induction of anesthesia but there was no
significant difference between these measures.

Previous animal studies have shown that the measured
cochlear temperature was about the same as the rectal
temperature, and also, changes in rectal temperature
were parallel to the cochlear temperature [6,17,18]. Thus, in
our study, instead of using an ear canal probe, we used
rectal measurements, which is a routine application of
the cardiovascular surgery team.

The 2 major techniques used to protect vital organs
during cardiac repair are deep hypothermia with either
TCA or CPB. With cardiac arrest, risks are primarily
related to cerebral hypoxic-ischemic/reperfusion
injury, and with CPB, these risks are related to embolic
complications associated with the increased time of
extracorporeal circulation [19]. In both of these
situations in our study, these extreme conditions had
no persistent detrimental effect with respect to OAE
levels. There were no significant differences in
preoperative and postoperative DPOAE
measurements. 

Sudden-onset hearing loss, which often results from
disruption of cochlear function, is thought to be caused
by an acute interruption of blood supply to the inner
ear [6]. Reducing the cochlear temperature immediately
after onset of sudden deafness may prevent progressive
hearing loss. Also, it has been postulated that
interruption of cochlear blood flow during acoustic
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neuroma surgery causes postoperative sensorineural
hearing loss [20,21]. There is an increasing trend to
implant patients with residual hearing. . Thus, it is
important during surgical drilling and implanting of
the electrode to keep cochlear sensory cell damage to
the lowest possible level. Hypothermic techniques
during ear surgery could be beneficial in preserving
serviceable hearing after internal acoustic canal
surgery and cochlear implants [22]. Hypothermia by
total body cooling is not so practical for ear operations.
Studies to investigate the local cochlear cooling
techniques in otolaryngology should be encouraged [23].

Conclusion

Hypothermia causes a transient loss of inner ear
functions. To our knowledge, ours is the first study in
the medical literature, on human beings, showing the
effect of hypothermia on distortion product
otoacoustic emission measurements. 
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