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OBJECTIVE

To evaluate the prevalence of hearing impairment in participants with type 1
diabetes enrolled in the Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications (DCCT/EDIC) study and compare with
that of a spousal control group without diabetes. Among participants with type 1
diabetes, to evaluate the association of hearing impairment with prior DCCT ther-
apy and overall glycemia.

RESEARCH DESIGN AND METHODS

DCCT/EDIC participants (n = 1,150) and 288 spouses without diabetes were recruited
for the DCCT/EDIC Hearing Study. All subjects completed a self-administered
questionnaire, medical history, and physical measurements. Audiometry was per-
formed by study-certified personnel; audiograms were assessed centrally. Speech-
frequency (pure-tone average [PTA] thresholds at 500, 1,000, 2,000, and 4,000 Hz)
and high-frequency impairment (PTA thresholds at 3,000, 4,000, 6,000, and 8,000 Hz)
were defined as PTA >25 dB hearing loss. Logistic regression models were adjusted
for age and sex.

RESULTS

DCCT/EDIC participants and spousal control subjects were similar in age, race,
education, smoking, and systolic blood pressure. There were no statistically
significant differences between groups in the prevalence or adjusted odds of
speech- or high-frequency impairment in either ear. Among participants with type
1 diabetes, for every 10% increase in the time-weighted mean HbA1c, there was a
32% (95% CI 1.15–1.50) and 19% (95% CI 1.07–1.33) increase in speech- and high-
frequency hearing impairment, respectively.

CONCLUSIONS

We found no significant difference in the prevalence of hearing impairment
between the group with type 1 diabetes and the spousal control group. Among
those with type 1 diabetes, higher mean HbA1c over time was associated with
hearing impairment.
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The impact of hearing loss in the U.S.
includes an estimated 3 billion dollars
annually in direct medical costs for those
aged 65 years and older (1) and consider-
able years lost to disability (2). Between
25% and 40% of the U.S. population in this
age-group are hearing impaired, and over
half of U.S. adults aged 60–69 years have
at least a mild deficit in hearing sensitivity
in the range of tones most important for
the perception of speech (3). The prev-
alence of hearing impairment rises with
age (4), and it is typically gradual in onset,
bilateral, and characterized initially by
a loss of sensitivity to higher-frequency
noise signals and subsequently by de-
cline in the ability to perceive midfre-
quency signals that normally constitute
speech. People with age-related hearing
loss may have difficulty filtering back-
ground noise, which makes listening in
social settings especially challenging (4).
Hearing impairment has been shown in
cross-sectional studies to be associated
with male sex, less education, exposure
to loud noises, and smoking (5–7). Longi-
tudinal studies echo most of these cross-
sectional findings and report that the
risk of developing hearing impairment
is associated with age, male sex, less ed-
ucation, occupation, smoking, adiposity,
poor glycemic control in diabetes, inflam-
mation, and atherosclerosis (8–11).
An association between diabetes and

hearing loss was found in the National
Health and Nutrition Examination Survey
(NHANES) data; a twofold greater hear-
ing loss among U.S. adults with diabe-
tes was demonstrated compared with
adults without diabetes after adjusting for
factors related to hearing loss (12). Al-
though this study did not distinguish
between individuals with type 1 and
type 2 diabetes, the high prevalence
of type 2 diabetes (90–95%) among
those in the U.S. with diabetes suggests
that most participants had type 2 diabe-
tes (13). Another source of information
comes from small clinical studies, which
suggest that people with type 1 diabetes
have greater hearing loss than age- and
sex-matched individuals without diabe-
tes (14). However, the actual prevalence
of hearing impairment among those
with long-standing type 1 diabetes is
unknown. Finally, although poor glyce-
mic control has been associated with
hearing impairment in the general
population (11), among those with
type 1 diabetes, the relationship of hearing

impairment and prior or current glycemic
control is unknown. Based on previous
studies (12–14), hearing impairment has
been associated with diabetes. To verify
an association between hearing impair-
ment in type 1 diabetes and determine
the prevalence, we studied a large cohort
of individuals with long-standing type 1 di-
abeteswhohavebeenwellcharacterizedfor
nearly 35 years.

We designed the current study to
evaluate the prevalence of hearing im-
pairment among individuals with type 1
diabetes in the Diabetes Control and
Complications Trial/Epidemiology of Di-
abetes Interventions and Complications
(DCCT/EDIC) study and compare the
prevalence estimate to a group of adults
of similar age, sex, and socioeconomic
status without known diabetes. This
article describes the prevalence of hear-
ing impairment in these two cohorts
and, among those with type 1 diabetes,
describes the association of hearing im-
pairment with prior DCCT therapy and
overall glycemia. Possible associations of
hearing impairment with other diabetes-
related complications and comorbidities
will be reported separately.

RESEARCH DESIGN AND METHODS

Participants With Type 1 Diabetes
TheDCCT/EDIC study has been described
previously (15,16). In brief, between
1983 and 1989, 1,441 participants with
type 1 diabetes, ages 13–39 years, were
randomized in the DCCT, a multicenter,
controlled clinical trial designed to com-
pare the effects of intensive and conven-
tional diabetes therapy. During the DCCT,
intensive therapy consisted of three or
more daily insulin injections or use of an
external insulin infusion pump, with dose
adjustments based on four or more daily
self-monitored blood glucose measure-
ments. Glucose targets were 70–120 mg/dL
before and ,180 mg/dL after meals. The
HbA1c goal was ,6.05% (43 mmol/mol),
two SD above the nondiabetic mean. Con-
ventional therapy used one to two daily
injections of insulin, with the goal of clin-
ical well-being and freedom from symp-
toms of hyperglycemia and hypoglycemia.

In 1993, after an average of 6.5 years
of follow-up (range 3–9), the trial was
terminated 1 year early because it dem-
onstrated a consistent beneficial impact
of intensive glycemic therapy on the de-
velopment and progression of microvas-
cular complications. Participants in the

conventional group were instructed in in-
tensive therapy, and all participants were
referred back to their own health care
providers for ongoing diabetes care. In
1994, 1,375 (96%) of the 1,428 surviving
cohort members agreed to participate in
the EDIC observational study (1994 to pres-
ent) (16), and after an additional 22 years of
follow-up, 1,214 (94% of 1,297 surviving)
participants continue to be followed. An-
nual EDIC assessments include a detailed
medical history and physical examina-
tion (16). Blood samples are assayed
centrally for HbA1c using high-performance
ion-exchange liquid chromatography (17),
and fasting lipids and renal assessments
are measured in alternate years.

All surviving DCCT/EDIC participants
were invited to participate in the hearing
study, and 1,150 (89%, n = 1,297) par-
ticipants with type 1 diabetes were en-
rolled. The study was conducted across
27 EDIC clinical centers during EDIC years
20–22 (2015–2017).

Participants Without Type 1 Diabetes
Spouses of DCCT/EDIC participants with-
out diagnosed diabetes were recruited as
the control group without diabetes, with
the assumption that the spousal group
would be similar in age, sex, race, and
socioeconomic status to the participants
with type 1 diabetes. Spouses that had
significant illness or disability or who
were unable to travel to the clinical
center, were not interested, or lacked
permission from the EDIC participant for
contact were not recruited. Since we
anticipated a 9% prevalence of hearing
impairment in the group without dia-
betes (12), a control group of at least
260 spouses without diabetes would
provide 90% power to detect a twofold
greater difference in the odds of hearing
impairment between participants with
type 1 diabetes and control subjects
without diabetes. Of the 875 spouses
identified, 512 were randomly selected
and screened across all EDIC sites, and
a total of 288 spouses were evaluated
with a brief medical history, physical
measures to include weight, height, waist
circumference, and ankle/brachial blood
pressures, and HbA1c measurement.
Spouses with a current HbA1c $6.5%
(48 mmol/mol) were excluded from
the analyses (n = 5); however, those
with prediabetes (HbA1c 5.7–6.4% [39–
46 mmol/mol], n = 97) were retained,
resulting in a final n of 283.
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The study was approved by institu-
tional review boards at the DCCT/EDIC
clinical centers.

Procedures
Participants with type 1 diabetes and spou-
sal control subjects who were willing to
provide written informed consent under-
went a standard audiological examina-
tion and completed a self-administered
hearing questionnaire assessing self-
perceived hearing loss. Ascertainment of
hypertension and hyperlipidemia was
based on 1) historic measurements of
blood pressure and cholesterol during
the DCCT/EDIC and/or a history of phar-
macologic treatment in the participants
with type 1 diabetes and 2) self-report
and current blood pressure measure-
ment in the spousal control group.

Audiological Testing
Otoscopic examinations and audiomet-
ric testing were performed by study-
certified audiologists. Hearing was
measured in sound-treated booths by
pure-tone audiometry at 500, 1,000,
2,000, 3,000, 4,000, 6,000, and 8,000 Hz
(18,19). De-identified audiometric exams
were centrally assessed at the Univer-
sity of Wisconsin EpiSense Audiometry
Reading (EAR) Center. Readers were
masked to prior DCCT treatment assign-
ment and other clinical information.
Speech-frequency hearing impair-

ment was defined as a pure-tone average
(PTA).25 dB hearing loss of thresholds
measured at 500, 1,000, 2,000, and
4,000 Hz, and high-frequency hearing
impairment as a PTA .25 dB hearing
loss of thresholds measured at 3,000,
4,000, 6,000, and 8,000 Hz (12). Person-
level variables were constructed for bi-
lateral hearing impairment (both ears)
and any hearing impairment (either ear).
To assess the quality and reproducibility
of the audiometric grading process, 10%
of the completed audiological exams
were randomly selected, regraded, and
adjudicated. The primary and secondary
gradings were consistent, and no signif-
icant differences were identified.

Statistical Considerations
Differences in demographic and clini-
cal characteristics between participants
with type 1 diabetes and spousal control
subjects were tested using the Student
t test for quantitative characteristics or the
x2 test for categorical characteristics. The
prevalence of hearing impairment was

assessed within groups without adjust-
ment. Comparisons were made between
participants with type 1 diabetes versus
spousal control subjects, spousal control
subjects with prediabetes versus spousal
control subjects without diabetes, par-
ticipants with type 1 diabetes versus
spousal control subjects without diabe-
tes, and participants with type 1 diabetes
in the DCCT intensive versus conven-
tional treatment groups. Generalized es-
timating equation models were used to
estimate the odds of speech- and high-
frequency hearing impairment in partic-
ipants with type 1 diabetes (n = 1,150)
and spousal control subjects (n = 283),
after adjustment for age and sex (20). The
models used a logit link and assumed an
exchangeable covariance structure to
account for the correlation between
participants with type 1 diabetes and
the spousal control subjects. Conditional
logistic regression models were used to
replicate the comparison among the sub-
set of participants with type 1 diabetes
whose spouse was tested (n = 283).
Additional generalized estimating equa-
tion models were used to evaluate the
differences in mean PTA between partic-
ipants with type 1 diabetes and spouses,
unadjusted and adjusted for age and sex.
Six quantitative outcomes were evalu-
ated: speech frequency in the worse
ear (higher PTA), better ear, and average
of the left/right ear and high frequency
in the worse ear, better ear, and average
of the left/right ear. An overall test for
hearing impairment (speech and high
frequency) was conducted for both the
binary and quantitative outcomes.

Among participants with type 1 di-
abetes, separate multiple logistic regres-
sion models evaluated the association of
hearing impairment with HbA1c and with
prior DCCT treatment assignment. Gly-
cemic control was assessed using HbA1c:
1) at DCCT entry, 2) mean DCCT, 3) mean
EDIC, 4) current EDIC, and 5) time-
weighted mean DCCT/EDIC. The DCCT/
EDIC time-weighted arithmetic mean
was calculated using the quarterly DCCT
and annual EDIC HbA1c values weighted
by 3 and 12 months, respectively, from
1983 to the date of the audiological
exam.

RESULTS

Demographic Data
There were no significant differences
between the participants with type 1

diabetes and spousal control subjects
in age, race, education, BMI, current
smoking/drinking status, noise exposure,
parental history of hearing loss, and
systolic blood pressure (Table 1). There
was a higher proportion of females
among the spousal control subjects com-
pared with the participants with type 1
diabetes (48% vs. 56%, respectively, P =
0.01). Additionally, participants with
type 1 diabetes were more likely to
self-report sedentary levels of physical
activity and to have higher prevalences
of hypertension, hyperlipidemia, and
hyperglycemia (as assessed by HbA1c,
P , 0.01).

Hearing Impairment in Participants
With Type 1 Diabetes Versus Spousal
Control Subjects Without Diabetes
Speech-frequency hearing impairment
in either ear was present in 20% of the
participants with type 1 diabetes and 19%
of the spousal control subjects (Table 2),
and high-frequency hearing impair-
ment in either ear was present in 52%
and 48%, respectively. No significant dif-
ferences were observed between partic-
ipants with type 1 diabetes and spousal
control subjects in the odds of either
speech- or high-frequency hearing impair-
ment, when considering either or both
ears (Table 3 and Fig. 1A). Similarly, no
significant differences were observed be-
tween participants with type 1 diabetes
and spousal control subjects with normal
glucose levels (HbA1c,5.7% [39mmol/mol],
n = 186) or between spousal control
subjects with prediabetes (HbA1c 5.7–
6.4% [39–46 mmol/mol], n = 97) and
control subjects with normal glucose
levels. Results of a matched-pairs anal-
ysis (n = 283) of participants with
type 1 diabetes and their spouse yielded
similar nonsignificant results (data not
shown). There were no significant dif-
ferences in mean PTA between partic-
ipants with type 1 diabetes and spousal
control subjects, with the exception of a
marginal difference in speech-frequency
PTA in the better ear (participants with
type 1 diabetes 13.566 0.24 vs. control
subjects 12.496 0.47, difference = 1.07;
P = 0.0428) (Supplementary Table 1).

To exclude the possibility of selection
bias, further comparisons were made
to assess any differences between the
867 participants with type 1 diabetes
without a spousal control subject and
the 283 participants whose spouse was a
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control subject. The two groups were
similar in the prevalence of hearing im-
pairment and all other characteristics,
with the exception of time-weighted mean
HbA1c, which was greater in participants
with type 1 diabetes without a spousal

control subject (8.0% vs. 7.8% [64 vs. 62
mmol/mol], respectively; P , 0.001). Ad-
ditionally, there were no differences in the
distribution of PTA between participants
with type 1 diabetes and spousal control
subjects (Supplementary Fig. 1A and B).

Effect of Prior Diabetes Treatment
and HbA1c on Hearing Impairment in
Participants With Type 1 Diabetes
Among the participants with type 1 di-
abetes, there were no significant differ-
ences in hearing impairment between
the former DCCT intensive and conven-
tional treatment groups (Table 3 and Fig.
1A). Figure 1B presents the age- and sex-
adjusted odds of speech- and high-
frequency hearing impairment per 10%
increase in HbA1c. The current HbA1c,
mean EDIC HbA1c, and time-weighted
mean DCCT/EDIC HbA1c were all statis-
tically significantly associated with speech-
and high-frequency hearing impairment.
For every 10% increase in mean EDIC
HbA1c, there was a 30% and 17% increase
in speech- and high-frequency hearing
impairment, respectively (Fig. 1B and
Supplementary Table 2), after age and
sex adjustment. Similarly, for every 10%
increase in time-weighted mean DCCT/
EDIC HbA1c, there was a 32% and 19%
increase in speech- and high-frequency
impairment. Additionally, Supplementary
Fig. 2A and B demonstrate, respectively,
that the predicted probability of speech-
and high-frequency hearing impairment
in either ear increased as a function of
higher mean DCCT/EDIC HbA1c values.

CONCLUSIONS

No difference in hearing impairment
was observed between participants
with type 1 diabetes and a control group
without diabetes similar in age and so-
cioeconomic status. However, among
those with type 1 diabetes, long-term
glycemia was associated with hearing
impairment.

The NHANES study demonstrated a
higher prevalence of low and midfre-
quency hearing impairment in a popula-
tion predominantly with type 2 diabetes

Table 1—Characteristics of participants with type 1 diabetes vs. spousal control
subjects

Characteristics
Participants with type 1
diabetes (n = 1,150)

Spousal control
subjects (n = 283) P value

Age (years) 55.4 6 6.9 56.3 6 7.5 0.06

Sex (female) 549 (48) 159 (56) 0.01

Race (non-Hispanic white) 1,082 (94) 265 (94) 0.78

$College graduate 725 (63) 171 (60) 0.41

BMI (kg/m2) 28.9 6 5.6 28.9 6 6.2 0.93

Physical activity ,0.01
Sedentary 488 (42) 93 (33)
Moderate 621 (54) 170 (60)
Strenuous 41 (4) 20 (7)

Current smoker 113 (10) 25 (9) 0.61

Current drinker 554 (48) 139 (50) 0.58

Exposure to loud noise* 375 (33) 103 (37) 0.23

Hearing loss in parents 562 (49) 128 (46) 0.27

Blood pressure (mmHg)
Systolic 121.7 6 15.1 122.0 6 15.8 0.83
Diastolic 69.7 6 9.3 75.5 6 10.1 ,0.01

Any hypertension ever† 974 (85) 127 (45) ,0.01

Any hyperlipidemia ever† 797 (69) 112 (40) ,0.01

Current HbA1c (%) 7.9 6 1.2 5.5 6 0.3 ,0.01

Current HbA1c (mmol/mol) 63.3 6 12.8 36.6 6 3.6 ,0.01

Time-weighted mean HbA1c (%) 7.9 6 0.9 N/A

Time-weightedmean HbA1c (mmol/mol) 63.3 6 10.0 N/A

Diabetes duration (years) 33.6 6 4.9 N/A

Data are means 6 SD or n (%). Differences between the participants with type 1 diabetes
and spousal control subjects were tested using the Student t test for quantitative
characteristics or x2 test for categorical characteristics. N/A, not applicable. *Exposure to
loud noises is defined as having been exposed to loud noises due to firearm use, being
near military equipment, having a noisy job, exposure to steady and loud music or environmental
noises, all while wearing hearing protection no more than 50% of the time. †In the group
with type 1 diabetes, hypertension was based on longitudinal measures of systolic blood
pressure $140 mmHg or diastolic blood pressure $90 mmHg or the use of antihypertensive
medications, and hyperlipidemia on longitudinal measures of LDL $130 mg/dL or the use
of hypolipidemic medications. In the control group, hypertension was based on self-report and
a single contemporary blood pressure measure and hyperlipidemia on self-report.

Table 2—Prevalence of speech-frequency and high-frequency hearing impairment in participants with type 1 diabetes
and spousal control subjects

Hearing impairment

Participants with type 1 diabetes (n = 1,150) Spousal control subjects (n = 283)

Overall
(n = 1,150)

Intensive
(n = 594)

Conventional
(n = 556)

Overall
(n = 283)

Prediabetes
(n = 97)

No diabetes
(n = 186)

Both ears
Speech frequency 115 (10) 62 (10) 53 (10) 22 (8) 8 (8) 14 (8)
High frequency 418 (36) 217 (37) 201 (36) 93 (33) 35 (36) 58 (31)

Either ear
Speech frequency 227 (20) 118 (20) 109 (20) 53 (19) 21 (22) 32 (17)
High frequency 595 (52) 306 (52) 289 (52) 135 (48) 51 (53) 84 (45)

Data are crude prevalence estimates, n (%). Hearing impairment was defined as a PTA threshold .25 dB. Speech frequency = 500, 1,000, 2,000,
and 4,000 Hz; high frequency = 3,000, 4,000, 6,000, and 8,000 Hz. No diabetes was defined as HbA1c ,5.7% (39 mmol/mol) and prediabetes as
HbA1c 5.7–6.4% (39–46 mmol/mol).
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(12) compared with individuals without
diabetes. We did not find a significant
difference in hearing impairment, how-
ever, between the participants with type
1 diabetes and spousal control subjects.
Although the NHANES cohort was similar
in age, sex, and noise exposure to the
DCCT/EDIC cohort, these cohorts differed
with race, BMI, smoking status, duration
of diabetes, and type of diabetes (type
1 vs. type 2). Compared with the NHANES
cohort, the DCCT/EDIC cohort is pre-
dominantly Caucasian and more edu-
cated, with lower BMI and greater
duration of diagnosed diabetes (although
duration of type 2 diabetes is usually
underestimated).
This study included individuals with

type 1 diabetes and a control group
without diabetes of similar age, educa-
tion, and socioeconomic status. Subjects
in both groups were primarily non-
Hispanic white and college educated. Self-
reported smoking and drinking, exposure
to loud noise, hearing loss in parents,
and BMI were similar in both groups. Dif-
ferences in reported physical activity,
diastolic blood pressure, and known di-
agnoses of hypertension and hyperli-
pidemia were also observed, which may
be explained by one-time ascertain-
ment in the control subjects or by long-
standing diabetes.
Hearing was assessed by audiometry

at high frequencies, where impairment
usually occurs first, and in the mid to
low frequencies, which are important to
human communication. No statistically

significant differences were observed
in the prevalence of either high- or
speech-frequency hearing loss between
those with type 1 diabetes and those
without diabetes. The relatively young
age of both groups (mean age;56 years)
may have precluded the common age-
related hearing loss. However, the
rigorously administered audiometric
testing would be expected to detect
subtle subclinical differences should they
exist. Similarly, self-perceptions of hearing
loss were no different between the par-
ticipants with type 1 diabetes and spou-
sal control subjects.

Speech- and high-frequency hearing
impairment in either ear were similar
in participants with type 1 diabetes
and control subjects, ;19% for speech-
frequency and;50% for high-frequency
impairment in both groups. In compar-
ing the 1,150 participants with type 1
diabetes to the 283 control subjects
without diabetes, there were no statistically
significant differences in the adjusted
odds of speech- or high-frequency im-
pairment in either ear. An additional
matched-pairs analysis eliminating the
867 participants with type 1 diabetes
without a spousal control subject in the
study demonstrated similar results.

In the control group, 97 were deter-
mined to have prediabetes and were
included in the analyses. Inclusion of
control subjects with prediabetes could
diminish the difference in hearing im-
pairment between the participants with
type 1 diabetes and control subjects.

However, we found no differences in
hearing impairment between the spou-
sal control subjects with prediabetes
and those without diabetes (HbA1c

,5.7% [39 mmol/mol]), or between
this subset of spousal control subjects
and participants with type 1 diabetes
with HbA1c ,7%.

Among those with type 1 diabetes, no
differences were seen between those in
the former DCCT intensive and conven-
tional treatment groups, yet HbA1c was
associated with risk of hearing impair-
ment. For every 10% increase in the
time-averaged mean HbA1c (e.g., from 7
to 7.7%), a 32% and 19% increased odds
of speech- and high-frequency hearing
impairment was demonstrated.

Although the results were in the hy-
pothesized direction, the failure to
observe a difference in impairment be-
tween the participants with type 1 di-
abetes versus the control subjects may
reflect the limited power of the study to
detect a significant difference between
the odds ratios that we observed in this
analysis. The number of control subjects
was determined to provide 90% power to
detect an odds ratio of 2 when compared
with the participants with type 1 diabe-
tes. However, the observed odds ratios
ranged from 1.1 to 1.3. If the study had
been designed to detect an odds ratio
of 1.3, or a 30% increase in odds, the
number of control subjects required to
provide 90% power would be .1,500.
Conservatively, the sample of 1,150 par-
ticipants with type 1 diabetes provided

Table 3—Odds of speech-frequency and high-frequency hearing impairment in participants with type 1 diabetes and spousal
control subjects

Hearing impairment

Participants with
type 1 diabetes
(n = 1,150) vs.
spousal control

subjects (n = 283)

Spousal control
subjects with prediabetes
(n = 97) vs. spousal control

subjects without
diabetes (n = 186)

Participants with
type 1 diabetes

(n = 1,150) vs. spousal
control subjects without

diabetes (n = 186)

Intensive vs.
conventional treatment

(participants with
type 1 diabetes only)

Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted

Both ears
Speech frequency 1.3 (0.8, 2.1) 1.5 (0.9, 2.6) 1.1 (0.5, 2.7) 0.9 (0.3, 2.3) 1.4 (0.8, 2.4) 1.4 (0.7, 2.7) 1.1 (0.8, 1.6) 1.0 (0.7, 1.5)
High frequency 1.2 (0.9, 1.5) 1.3 (0.9, 1.8) 1.3 (0.7, 2.1) 0.9 (0.5, 1.7) 1.3 (0.9, 1.8) 1.2 (0.8, 1.9) 1.0 (0.8, 1.3) 0.9 (0.7, 1.2)

Either ear
Speech frequency 1.1 (0.8, 1.5) 1.2 (0.8, 1.6) 1.3 (0.7, 2.5) 1.1 (0.6, 2.0) 1.2 (0.8, 1.8) 1.2 (0.8, 1.8) 1.0 (0.8, 1.4) 1.0 (0.7, 1.3)
High frequency 1.2 (0.9, 1.5) 1.2 (0.9, 1.7) 1.3 (0.8, 2.2) 1.0 (0.6, 1.7) 1.3 (1.0, 1.8) 1.2 (0.9, 1.8) 1.0 (0.8, 1.2) 0.9 (0.7, 1.2)

Overall hearing (speech
and high)* 1.2 (0.9, 1.5) 1.3 (1.0, 1.6) 1.3 (0.8, 2.0) 1.0 (0.6, 1.6) 1.3 (0.9, 1.7) 1.2 (0.9, 1.7) 1.0 (0.8, 1.3) 0.9 (0.8, 1.2)

Data are odds ratios and 95% CI from unadjusted and age- and sex-adjusted logistic regression models. Hearing impairment was defined as
a PTA threshold .25 dB. Speech frequency = 500, 1,000, 2,000, and 4,000 Hz; high frequency = 3,000, 4,000, 6,000, and 8,000 Hz. No diabetes
was defined as HbA1c ,5.7% (39 mmol/mol) and prediabetes as HbA1c 5.7–6.4% (39–46 mmol/mol). *Overall test for any hearing loss
(speech and high frequency). Models were adjusted for type of hearing loss (speech-frequency worse ear, speech-frequency better ear,
high-frequency worse ear, and high-frequency better ear).
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at least 90% power to detect an odds ratio
of 1.02 per 10% higher mean HbA1c. Since
the observed odds ratios ranged from
1.05 to 1.22, the study was sufficiently
powered to detect such associations.
Study limitations include that this one-

time hearing assessment prevents the
assessment of longitudinal change. As-
sessment of spouses that did not partic-
ipate in the study was not possible. It
is possible that the spousal control sub-
jects, comprising people without serious
illness/disability and whose participant
spouse permitted study participation,
yielded biased results. There were no
differences between EDIC participants
whose spouse did versus did not partic-
ipate in this study. However, we found no

statistically significant difference in hear-
ing impairment between the participant
with type 1 diabetes and spousal control
groups. Importantly, the cohorts evalu-
ated may not be representative of the
population with type 1 diabetes or the
general population without diabetes. All
of our participants were either married or
in a permanent relationship, which may
have introduced a selection bias into our
analysis. Since marriage may improve
health, it is possible that individuals with
type 1 diabetes who are not married
may have more hearing impairment
than was observed in this cohort with
type 1 diabetes. Finally, we focused on
the role of glycemia in hearing impairment
and did not explore the other possible

mechanisms of the pathogenesis of hear-
ing impairment in type 1 diabetes. There
are several accepted methods to diag-
nose diabetes. In this study, HbA1c was
selected because of its convenience to
the spousal control subjects. It is possi-
ble that more spouses may have been
identified with type 2 diabetes if an oral
glucose tolerance test was used.

Conclusion
This study, conducted in a multicenter
environment in the U.S. and Canada,
included a well-defined cohort of
1,150 participants with type 1 diabetes
followed for over 30 years and is the
largest study to measure hearing impair-
ment in type 1 diabetes. The spousal
control group comprised individuals
without diabetes who were similar
in the most important characteristics
known to affect hearing loss. Hearing
was assessed using standardized audio-
metry measures performed by certified
audiologists and self-assessment of
hearing obtained by questionnaire, and
hearing was assessed in the high- and
speech-frequency ranges important to
human communication. No significant dif-
ferences were seen between those with
type 1 diabetes and a control group with-
out diabetes. Mean HbA1c levels over time
in the participants with type 1 diabetes
provided a robust assessment of the im-
pact levels of long-term glycemic control
on hearing impairment.
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