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Summary. Auditory thresholds for sinusoidal tones were determined in eight
patients with adrenal cortical insufficiency (four with Addison's disease and
four with panhypopituitarism) and compared to those in normal volunteers.
In adrenal cortical insufficiency (ACI) the auditory detection sensitivity is
significantly more acute than that of normal subjects over most of the fre-
quency range, but especially in the region of greatest hearing sensitivity of
normal subjects, 1,000 to 2,000 cycles per second (cps).

Treatment of the patients with deoxycorticosterone acetate decreased serum
potassium concentration and produced gains in body weight but did not alter
auditory detection thresholds.

Treatment with prednisolone or with maintenance doses of carbohydrate-
active steroids returned the auditory detection threshold to normal in every
patient tested.

The mechanism by which carbohydrate-active steroids affect the sensitivity
of the nervous system to sound is not known. However, since the senses of
taste, smell, and hearing are all affected in similar fashion by their removal
and replacement, there appears to be a generalized increase in sensitivity to all
sensory stimuli in patients with ACI not receiving steroids. These hormones
may play a significant role in maintaining the level of responsiveness of the
sensory system to incoming stimuli.

Introduction

It has been shown previously that patients with
untreated adrenal cortical insufficiency exhibit
markedly increased detection sensitivity for all
four modalities of taste and for the smells of vari-
ous vapors (1, 2). Treatment of the patients
with ACI with deoxycorticosterqne acetate
(DOCA) for 2 to 9 days produced no alteration
in taste or smell thresholds, but treatment with
carbohydrate-active steroids for 18 to 36 hours
returned taste and smell thresholds to normal
(1, 2). These studies indicated further that

* Submitted for publication May 26, 1966; accepted
November 28, 1966.

t Address requests for reprints to Dr. Robert I. Henkin,
Clinical Endocrinology Branch, National Heart Institute,
Bethesda, Md. 20014.

changes in extracellular sodium or potassium con-
centration or in extracellular fluid volume could
not account for these effects (1, 2).

The present study was designed to evaluate the
detection thresholds of patients with ACI with re-
spect to another sensory modality, audition, and to
explore the effects of treatment with adrenal cor-
tical hormones and adrenocorticotropin on audi-
tory thresholds.

Methods

The subjects of this study were 15 normal volunteers
aged 18 to 26 (mean age, 21.6) ; 10 normal volunteers
aged 39 to 61 (mean age, 47.1) ; 4 patients with anterior
pituitary insufficiency aged 14 to 57; and 4 patients with
adrenal cortical insufficiency aged 19 to 52. All patients
with adrenal cortical insufficiency had clinical features of
this disease, urinary 17-hydroxycorticosteroids that were
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FIG. 1. COMPARISON OF DETECTION THRESHOLDS FOR

SINUSOIDAL TONES IN 15 NORMALVOLUNTEERS, MEANAGE

21.6, WITH THOSEOBTAINED IN 4 PATIENTS WITH ADRENAL

CORTICAL INSUFFICIENCY (ACI), MEAN AGE 19.9. The
open circles represent the mean threshold responses of
the normal volunteers, the black rectangles the mean

threshold responses of the patients with AC. The lines
extending above and below the symbols represent 1 SEM.
The upper limits of the crosshatched area represent the
threshold values obtained by VonBekesy (7) and Stein-
berg and associates (8). The lower limits represent

those obtained by Sivian and White (6). The data for
the normal volunteers fall approximately midway be-
tween these limits. At each frequency, mean threshold
for the patients with ACI was significantly below that
of the normal volunteers. cps = cycles per second.

below 2 mg per 24 hours and did not increase with
ACTH, 40 U given intravenously over 8 hours each day
for 4 days (except for V.M., whose urinary 17-hydroxy-
corticosteroids rose to 5.0 mg per 24 hours on the fourth
day of ACTH). All patients with anterior pituitary in-
sufficiency had hypothyroidism, hypogonadism, and
adrenal cortical insufficiency, with urinary 17-hydroxy-
corticosteroids below 2.2 mg per 24 hours, rising above
10 mg per 24 hours after infusion of ACTH, 40 U given
intravenously over 8 hours each day for 2 or more days.
Taste and smell thresholds have been reported previously
for four of these eight patients (1, 2). All patients re-

mained on an air-conditioned metabolic ward and ate a

regular diet, which was well tolerated even when they
were not receiving treatment. Sodium intake was 100 to
200 mEq per day. Body weight, determined with meta-

bolic scales daily on arising, was used to provide a gross

estimate of changes in the volume of body fluids. None
of the subjects or patients gave a history of gross hear-
ing loss or acute or chronic ear disease. Otolaryngologi-
cal examination revealed no gross abnormalities in any

of the normal subjects or patients with ACI. The pa-

tients were studied under the following five conditions:
a) untreated for 4 or more days; b) treated with DOCA,
20 mg per day, for 1 to 9 days; c) treated with predniso-
lone, 20 mg per day, for 2 to 7 days; d) treated with
ACTH, 40 U intravenously over 8 hours, for 4 days; and
e) treated with maintenance dosages of 9a-fluorohydro-

cortisone (0.05 to 0.10 mg per day) and of prednisolone
(5.0 to 7.5 mg per day) or dexamethasone (0.5 mg per
day).

Auditory thresholds were evaluated by measuring each
subject's minimal sensitivity for a sinusoidal stimulus over
a wide range of frequencies. Thresholds were mea-
sured independently by two experimenters on separate
occasions during the afternoon hours. Two of the ex-
perimenters (R.M., R.D.) participated in the study on
a double blind basis. The threshold measurements thus
determined by any two of three observers in both pa-
tients and normal volunteers differed by less than 5
decibels (db) within any given subject over the entire
range of frequencies tested for any given treatment
condition.

Threshold determinations were made with the sub-
jects and patients comfortably seated alone in an arm
chair in an Industrial Acoustic 1204 sound chamber.
Acoustic signals, provided by a Southwestern Industrial
Electronics model M-2 R-C oscillator, were presented
to the subjects over short intervals of time. The sig-
nal was attenuated by a Hewlett Packard model 350 B
attenuator and then presented to the left and right ear
of each subject separately through a Knight KN 848
circumaural earphone.

We obtained thresholds monoaurally in both ears of
each patient utilizing the method of limits. Order of
presentation to left or right ear was randomized to elimi-
nate order and practice effects. The data reported here
are the mean thresholds for the second or better ear

tested. Threshold values for normal subjects obtained
by these techniques are directly comparable to, and in
good agreement with, those reported by other investi-
gators [(34), Figure 1].

TABLE I

Auditory detection thresholds in normal subjects

Detection Detection
Frequency threshold* threshold*

cpst
50 77.4 ± 1.9 77.1 ± 0.7
70 61.8 i 5.8 70.1 4 1.6

100 45.3 ± 2.2 60.0 i 1.9
200 29.1 ± 1.2 50.0 ± 1.0
500 20.8 4 1.2 31.6 ± 1.8

1,000 12.7 ± 1.2 23.1 i 2.1
2,000 11.3 2.1 22.6 ± 4.0
5,000 20.0 ± 2.2 33.8 i 4.4
8,000 24.5 ± 3.0 40.3 ± 3.7

10,000 30.0 ± 2.7 54.0 ± 4.1
12,000 48.1 ± 3.2
15,000 61.4 ± 2.9

Mean range of response (cps) 50.5-15,500 37.5-11,625
Meanage of volunteers 21.6 47.1

(years)
Age range (years) 18-26 39-61

Number of volunteers 15 10

* Re 0.0002 microbar; values given are means ± stand-
ard errors.

t Cycles per second.
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The eight patients with ACI were found to have a
bimodal age distribution: four had a mean age of 19.9
years, whereas the other four had a mean age of 48.0
years. To compare data from the patients with those
from the normal subjects, it was necessary to select two
groups of normal subjects with ages comparable to those
of the patients. Thus, 15 younger normal volunteers,
ranging in age from 18 to 26 years, and 10 older ones,
ranging in age from 39 to 61 years, were chosen. In
order to make meaningful comparisons between the pa-
tients and the normal volunteers without introducing the
effect of age upon hearing thresholds as an uncontrolled
variable, we have treated threshold data for the younger
and older subjects separately in this paper.

Results

Auditory thresholds in normal subjects. The
mean detection thresholds for each frequency tested
in the 15 younger and the 10 older normal volun-
teers are presented in Table I. The means dem-
onstrate that the greatest sensitivity of normal
hearing is between 1,000 and 2,000 cps in both
groups. For the younger subjects, the smallest
variation occurs at those frequencies where sensi-
tivity tends to be the greatest. For the older sub-
jects, variance is increased at frequencies of 2,000
cps and above. This greater variation at higher
frequencies in the older subjects is presumably a
manifestation of the aging effects on the auditory
thresholds. The means determined for the younger
subjects are similar to those determined by other
investigators, falling between the threshold curves
reported by VonBekesy (7) and Steinberg, Mont-
gomery, and Gardner (8) and those reported by
Sivian and White (6) (Figure 1). The mean fre-
quency range of responses for these subjects was
50.5 to 15,500 cps. The means for the older sub-
jects are similar to those for the younger subjects
for frequencies of 70 cps or below, but significantly
higher for all frequencies of 100 cps or above. The
pattern of responses is similar to that described by
other investigators (9-11). The mean range of
frequency responses for these older subjects was
37.5 to 11,625 cps. Thus, not only is there a
marked decrease in frequency response in the
older, as compared to the younger, subjects at the
high end of the frequency spectrum, but there is
also a slight increase in the frequency response at
the lower end of the spectrum.

Auditory thresholds in patients weith ACI re-
ceiving no steroid. The detection threshold for
each frequency in each patient with untreated

adrenal cortical insufficiency is presented in Table
II. The younger patients consist of two with
Addison's disease and two with panhypopitui-
tarism (R.E., P.K., E.N., and L.D.). The older
patients also consist of two with Addison's dis-
ease and two with panhypopituitarism (R.P.,
V.M., H.L., and E.B.). The detection thresholds
for the patients are significantly lower than those
for the normal subjects of comparable ages at all
frequencies tested between 50 and 10,000 cps. The
greatest increase in sensitivity was found at about
1,000 to 2,000 cps, the frequency range in which
maximal hearing sensitivity is found in normal
subjects. At these frequencies, the patients could
detect tones that were 11 to 24 db below those
detected by comparable normal subjects. In no
instance did the range of thresholds observed for
the frequencies between 100 and 5,000 cps overlap
the range for comparable normal subjects. Thresh-
olds significantly lower than normal were found
at both 12,000 and 15,000 cps for the younger pa-
tients. However, at the higher frequencies, dif-
ferences between the older patients and the older
subjects became smaller. Mean detection thresholds
for the older patients are significantly lower than
those of the younger normal subjects at 500, 1,000,
and 2,000 cps. This emphasizes the extreme sen-
sitivity of the auditory system in patients with un-
treated ACI; the older patients are, on the average,
28 years older than the younger normal subjects.

The general pattern of hearing responses is the
same in both patients and normal subjects (Figure
1), but the frequency range for both patient groups
is markedly expanded, as compared to that of com-
parable normal subjects, particularly at the high
end of the frequency spectrum. The mean fre-
quency range for the younger patients, off treat-
ment, is an average of 21 cps lower at the low end
of the frequency spectrum and an average of 3,375
cps higher at the high end, as compared to the
range for the younger normal subjects. For the
older patients, the upper frequency range has been
increased by an average of 1,775 cps, as compared
to that for the older normal subjects.

Auditory thresholds in patients with ACI treated
with DOCA. The detection threshold for each
frequency in each patient with ACI treated with
DOCAalone is presented in Table III. The
means of the detection thresholds for both groups
of patients are virtually the same as those observed
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off treatment (Table II), despite decreases of se-
rum potassium concentration and gains in body
weight.

Auditory thresholds in patients uith ACI
treated with prednisolone. The detection thresh-
old for each frequency in each patient with ACI
treated only with prednisolone, 20 mg per day,
for 2 to 4 days, is presented in Table IV. In all
patients, the mean detection thresholds returned
to normal levels in the lower and middle frequency
ranges after treatment for 2 to 4 days.1 The aver-
age outer limits of the frequency range for the
younger patients decreased to 47 to 16,750 cps,
which are essentially the same as the limits ob-
served in the younger normal subjects. A similar
decrease was observed in the older patients. This
return of threshold to normal occurred also after
treatment with maintenance doses of carbohy-
drate-active steroid alone or with maintenance
doses of sodium-potassium-active steroid. Simi-
larly, in those patients with panhypopituitarism
and in the patient with ACI with some remaining
adrenal cortical function, treatment with ACTH
over 4 days returned hearing thresholds to nor-
mal in the same manner as that observed after
treatment with carbohydrate-active steroids (Ta-
ble IV).

Discussion

Determination of detection thresholds for a
sinusoidal tone over the entire frequency range of
hearing has shown that thresholds for all fre-
quencies tested were lowered in untreated patients
with adrenal cortical insufficiency as compared to
normal subjects. This increase in sensitivity ex-
tends over the entire frequency range but is great-
est between 1,000 and 2,000 cps, the region of
greatest hearing sensitivity in normal subjects.
The frequency response pattern of these patients
is essentially the same as that of normal subjects
(Figure 1).

Treatment of these patients with DOCAalone
for as long as 9 days did not alter the abnormal
hearing thresholds in any discernible manner.
This observation is similar to those made previ-
ously, in which the increased sensitivity for taste

1 In some patients, treatment with carbohydrate-active
steroids for periods longer than 4 days was required be-
fore detection thresholds returned to normal in the
higher frequency range (above 10,000 cps).

*)4

C.)

A)

tj

C.)

P0)

0i*t

0

0

0
0

0

0

.-

0
0
0
0

0

C4
4

oo

0
Co
0U)

a
0
o,

00

8
0

Co
In

U)

8

Co
UN

0)

0

Cd
p4

0 0 000 0 0 0
00 0 00 0 0 CC)
o o o4 o to ot-o -.
t_ N 0 CCCCCS' 0

4 4 a O 01 4 Ml I-
t W) VI) In .d W) to I

m
o0
m) 0

0
0

C2,)
s1

4

u

00 CL)

H.

-H

m0 m 0% 00
to ie o

'
U)

C,)Ct) -C- .-'0 q'- '0

N m
U

44 W) m)-S H-H

C,)Ca 00 '0C-

C14e +o Nr
io io i IRoe

6d'odoS- 4CS CN H -H

o r -o6 o6 o od oO O o '

C,)C,)OC-C-. CC)C,) -! OO"i)

-C -0rN CS)0m _C

0' M 'Or'0 -. f Iat

_4 c -Hs N -H

inN)O NO-_ - It W)0S No

e to m m ) W) " -HO O

m
. . .

m
0, c, C, C,) C,C.. 00 00 00 t-

M O McOC')0 C3C)0
- 00-H

00V C'4 00Cm C-.
mIt )"4 CC)

ld -I

in No 1 0No%

00 C

00_. o4

cE to Ild e N
_ ' C') to Ct)

~4 zA z-

co COd-

0~~~~~~~~006
0

0 cd~~° a ?CO Cd

4C
¢~~~~~~~~~~~~~~m

,

z

433

Cd

.0
0

CO

la
06

H

U:



HENKIN, McGLONE, DALY, AND BARTTER

and olfaction observed in these patients did not
change after treatment with DOCA(1, 2).

Treatment of the patients with ACI with car-
bohydrate-active steroid returned hearing thresh-
olds to normal, as previously shown for the senses
of taste and smell. Although taste detection re-
turned to normal 18 to 36 hours after treatment
with large doses of prednisolone and smell detec-
tion returned to normal after 6 to 16 hours of
treatment, auditory detection required at least
24 hours of treatment with 20 mg of prednisolone
before it returned to normal, and then the return
was mainly in the low and middle frequency
ranges. After treatment with carbohydrate-active
steroids was discontinued, hearing sensitivity was
markedly increased after 2 to 5 days, a phenomenon
similar to that observed previously for both taste
and smell (1, 2).

As with taste and smell, the ability to return
auditory thresholds to normal is not limited to a
single carbohydrate-active steroid, for thresholds
have returned to normal after treatment with a
variety of carbohydrate-active steroids. Further-
more, excessive amounts of steroid need not be
administered to return auditory sensitivity to nor-
mal. At the time of admission the patients with
ACI were on maintenance doses of carbohydrate-
active steroids with or without sodium-potassium-
active steroids. At that time, auditory thresholds
were similar to those measured after treatment
with prednisolone, 20 mg per day, for as long as
7 days.

Thresholds observed for the normal subjects in
the present study are within the limits observed by
many investigators, some of whomused techniques
different from that used here (5-8). The average
frequency range observed was from 50.5 to 15,500
cps. However, other investigators using other
types of equipment have shown that normal sub-
jects can respond to an average frequency range
of 20 to 20,000 cps (12, 13). This difference in
observed frequency response can be explained by
the limitations of energy output of the earphones
used in the present study. With these earphones,
the frequency response of the patients with un-
treated ACI was significantly expanded over that
of the normal subjects. This indicates that less
sound energy was required by the patients with
ACI to hear a given frequency than by the nor-
mal subjects; the earphone limitation imposed

upon the normal subjects was not imposed upon
the patients until higher or lower frequencies
were reached.

Investigators have also noted that thresholds
for higher frequencies decrease markedly as sub-
jects become older (9-11). In the present study,
there are significant differences between the audi-
tory thresholds of the younger and older subjects
(Table I). The upper limit of frequency response
is markedly lower in the older subjects compared
to the younger ones. However, auditory thresh-
olds in the older patients, off treatment, for tones
500 to 2,000 cps were significantly lower than
even those of the younger normal subjects. The
frequency response ranges for the older patients
off treatment or on DOCAextended above those
found after treatment with prednisolone or those
of the older normal subjects by as much as 1,500
cps. This phenomenon was also observed in the
younger patients. Thus, in spite of those changes
that occur in the auditory sysem with age, e.g.,
presbycusis, the system in the older subjects is
still responsive to the removal of carbohydrate-
active steroid in the same qualitative, if not quan-
titative, manner as that of the younger patients.

Since hearing thresholds in the patients stud-
ied are significantly lower than normal, it might
be reasonable to assume that they would be more
aware of sounds around them than normal sub-
jects. However, this is not the case, for none of
them reported any excessive awareness of noise
or gross discomfort with normal speech in the
usual social setting. When the experimenter's
voice was transmitted through the earphones at
intensity levels only slightly above threshold to
each patient in the sound chamber, the patients
complained that the voice was rasping and uncom-
fortable. Speech patterns in all patients were
grossly normal.

The mechanism by which this increase in sen-
sitivity to sound occurs or its locus of action in
the nervous system is not known. However, it
is clear that this is not a phenomenon confined to
the auditory system, since similar increases in sen-
sitivity occur for the senses of taste and smell.
Similarly, all three sensory modalities respond in
the same general fashion to replacement with car-
bohydrate-active steroids. There may be a gen-
eralized increase in sensitivity to all sensory
stimuli in untreated patients with ACT. Thus,
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steroid hormones may well play a significant role
in maintaining the level of responsiveness of the
sensory system to incoming stimuli. The manner

in which this increase of sensitivity occurs and the
behavioral and biochemical manifestations of these
changes are presently being investigated (14-16).
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