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OBJECTIVE

To describe the prevalence and clinical correlates of functional limitations in middleaged and older adults with long-standing type 1 diabetes.
RESEARCH DESIGN AND METHODS

Functional limitations were assessed for 1,094 participants in the Epidemiology of
Diabetes Interventions and Complications (EDIC) study, a multicenter, longitudinal,
observational follow-up of participants with type 1 diabetes randomly assigned to
intensive or conventional diabetes therapy during the Diabetes Control and Complications Trial (DCCT). The primary outcome measure was a score <10 on the Short
Physical Performance Battery (SPPB). The secondary outcome, self-reported functional limitation, was assessed by written questionnaire. Logistic regression models
were used to assess associations of both outcomes with demographic and clinical
factors (glycemic and nonglycemic factors, micro- and macrovascular complications, DCCT cohort, and treatment assignment).
RESULTS

Participants were 53% male, with mean ± SD age 59.5 ± 6.8 years and diabetes
duration 37.9 ± 4.9 years. The prevalence of SPPB score <10 was 21%. The prevalence of self-reported functional limitations was 48%. While DCCT treatment assignment was not associated with physical function outcomes measured  25 years after
the end of the DCCT, the time-weighted mean DCCT/EDIC HbA1c was associated
with both outcomes. Other clinical factors associated with both outcomes in multivariable analyses were BMI, general psychological distress, and cardiac autonomic neuropathy.
CONCLUSIONS

Almost half of the middle-aged and older adults with long-standing type 1 diabetes reported functional limitations, which were associated with higher HbA1c and
BMI, general psychological distress, and cardiac autonomic neuropathy. Future
research is needed to determine whether these ﬁndings are generalizable.
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RESEARCH DESIGN AND METHODS
Study Population

The DCCT and EDIC have previously been
described (10,13–15). Brieﬂy, between
1983 and 1987, the DCCT enrolled 1,441
individuals 13–39 years of age with type 1
diabetes and randomly assigned them to
either intensive (N = 711) or conventional
(N = 730) diabetes therapy. Intensive therapy was intended to achieve glucose levels
as close to the nondiabetic range as safely

possible using frequent self-monitoring
of blood glucose to guide insulin doses
administered via multiple daily injections
or insulin infusion pumps. With conventional therapy the goal was to maintain
clinical well-being using one to two daily
injections of insulin without routine glucose monitoring. The primary prevention
cohort (N = 726) had a diabetes duration
of 1–5 years, no diabetic retinopathy,
and urine albumin excretion rate (AER)
<40 mg/24 h at baseline. The secondary
intervention cohort (N = 715) had diabetes
duration of 1–15 years, minimal to moderate nonproliferative diabetic retinopathy,
and albumin excretion rate <200 mg/24 h
at baseline. In 1993, the DCCT concluded,
having demonstrated beneﬁcial effects
of intensive therapy on the development
and progression of microvascular complications (10). Conventional therapy participants were taught intensive therapy,
and diabetes clinical care was transitioned
to community providers. In 1994, all surviving DCCT participants were invited to
enroll in EDIC for assessment of the development and progression of and risk
factors for more advanced diabetes complications including CVD, age-related morbidities, and survival (13).
The current study included 1,094 of
1,185 active EDIC participants (mean ± SD
age 59.5 ± 6.8 years, diabetes duration
37.9 ± 4.9 years) and was conducted during the 25th through 26th years of EDIC
follow-up (2018–2019) (14–16) (Supplementary Fig. 1). Institutional review boards
at all 27 EDIC clinical centers approved the
protocol. Written informed consent was
obtained from all EDIC participants. EDIC
staff were centrally trained and certiﬁed
to conduct the assessments.
Assessment of Functional Limitations

The primary outcome was a Short Physical
Performance Battery (SPPB) score <10
(16). The SPPB is an objective measure
of lower-extremity mobility, and the SPPB
score, ranging from 0 (worst) to 12 (best
score), represents the sum of scores for
each SPPB component (balance, gait
speed, and repeated chair stands) (16).
Lower SPPB scores are associated with
worse physical function in older adults
and SPPB scores <10, or reductions in
scores over time, have been shown to
predict falls, disability, and mortality
(16–19). SPPB scores were excluded
from the analysis for 56 EDIC participants

from one clinical center due to incorrect administration of the 4-meter gait speed test.
The SPPB assessment and scoring were
developed in a community-based cohort
of nondisabled adults over the age of
70 years (16,17). In anticipation of possible ceiling effects in EDIC (78.1% of EDIC
participants were <65 years of age), participants who successfully completed the
SPPB balance measures were asked to
attempt a more challenging 30-s unipedal
stand test of balance (20). Up to three attempts to stand unaided on one foot for
30 s were permitted, and the test was
scored as successful (held stance for 30 s)
or not (held stance for <30 s).
The secondary outcome, presence of
self-reported functional limitations, was
assessed by written questionnaire with
use of items from the National Health and
Nutrition Examination Survey (NHANES)
(21). Self-reported functional limitations
were classiﬁed across ﬁve functional domains: activities of daily living (ADLs), instrumental activities of daily living (IADLs),
leisure and social activities, lower-extremity mobility, and general physical function
(21–24). A domain-speciﬁc functional limitation was considered present if a question for at least one item within the
domain was answered as “some difﬁculty,”
“much difﬁculty,” or “unable to do” and
absent if the questions for all items in the
domain were answered as “no difﬁculty”.
Responses of “do not do this activity,”
“prefer not to answer,” and “don’t know”
were treated as missing.
Demographic and Clinical Factors
Influencing Functional Limitations

Demographic and clinical factors expected
to inﬂuence functional limitations among
EDIC participants were selected a priori
based on a literature review. Demographic
factors were current age, sex, and level of
formal education. Clinical factors (glycemic
characteristics, nonglycemic characteristics,
micro- and macrovascular complications,
and study design characteristics) were
measured using methods that have been
previously described (10,13–15). Glycemic
characteristics included diabetes duration,
history of severe hypoglycemia (coma or
seizure), and three measures of glycemia:
the time-weighted mean DCCT/EDIC HbA1c
(weighted mean HbA1c from DCCT baseline
to EDIC year 25/26), mean EDIC HbA1c
(mean annual HbA1c from the start of
EDIC to follow-up year 25/26), and
current HbA1c level (EDIC year 25/26).
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Functional limitations and disabilities associated with aging are more prevalent,
occur earlier, and progress more rapidly
in individuals with diabetes compared
with those without diabetes (1–5). However, little is known about the burden
of functional limitations in older adults
with type 1 diabetes. While this knowledge gap is due in part to the shortened
life span historically associated with type 1
diabetes (6), life expectancy for individuals
with type 1 diabetes has increased and
was recently shown to be only slightly
shorter than that of the U.S. general
population (7–9). As more people with
type 1 diabetes survive to advanced ages,
it is important to understand how type 1
diabetes may impact physical function.
The Diabetes Control and Complications Trial (DCCT) established the beneﬁt
of intensive therapy to delay the onset
and slow the progression of microvascular
and neuropathic complications in type 1
diabetes (10). In the long-term observational follow-up of the DCCT cohort, the
Epidemiology of Diabetes Interventions
and Complications (EDIC) study, rates of
diabetic retinopathy, kidney disease, neuropathy, cardiovascular disease (CVD), and
mortality were lower in EDIC participants
assigned to intensive therapy compared
with those assigned to conventional therapy during DCCT, despite convergence of
levels of glycemia during EDIC. This phenomenon is known as “metabolic memory” (11,12). The aims of this study were
to 1) examine the prevalence of functional
limitations in the EDIC cohort, 2) identify
demographic and clinical factors associated
with functional limitations, and 3) determine whether the beneﬁts of prior DCCT
intensive therapy extend to measures of
functional limitations. We hypothesized
that hyperglycemia and the presence of
diabetes-related complications would be
associated with a greater prevalence of
functional limitations.
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Statistical Methods

Descriptive analyses were stratiﬁed by
sex, as women typically bear a greater
burden of functional limitations and disability and perform worse on objective
measures of physical function than men
(2,4,16,28,29). The Wilcoxon rank sum
test (with continuity correction) was used
to assess differences between women
and men in quantitative measurements,
and the x2 test (with Yates’ continuity
correction) was used to assess sex differences in categorical measurements.
The associations between clinical factors (glycemic, nonglycemic, micro- and
macrovascular complications, and study
design) and functional limitation outcomes
were assessed with logistic regression
models minimally adjusted for age, sex,
and education level (graduate school,
college graduate, some college or trade
school, or secondary school graduate or
less). A separate multivariable logistic regression model was developed for SPPB
<10 and for self-reported functional
limitations with use of a backward elimination procedure. Each model was subsequently tested with use of forward
selection (30). The ﬁnal multivariable model
retained the selected covariates signiﬁcant
at P < 0.05. The odds ratios (ORs) and
95% CIs are presented.
In a sensitivity analysis we investigated the robustness of the results with
respect to the 91 (7.7%) otherwise active EDIC participants with incomplete
or absent functional limitation outcome
measures (Supplementary Fig. 1). Individuals missing both the SPPB and
questionnaire data for reasons given as
“unwillingness to participate,” “completion
of tests unsafe,” or “physical/clinical condition makes completion of test not possible” were assigned SPPB score <10 and
self-reported functional limitations as
“present.” Those missing both SPPB and
questionnaire data for any other reason
were assigned SPPB score $10 and selfreported functional limitations as “absent.”
Individuals with partial data (either the
SPPB or questionnaire was completed,
but not both) were categorized according to their available (nonmissing) data.
Speciﬁcally, if the SPPB was completed
but not the questionnaire, those with
SPPB score <10 were assigned “present”
self-reported functional limitations, while
those with SPPB score $10 were assigned
“absent” self-reported functional limitations. Conversely, if the questionnaire

but not the SPPB was completed, those
with “present” self-reported functional
limitation were assigned SPPB <10 and
those with “absent” self-reported functional
limitations were assigned SPPB $10.
Both z and P values are reported for
logistic regression models to further clarify the relative strengths of the associations. The absolute value of the z test,
which is the regression coefﬁcient divided by its SE, indicates the strength of
the association of each exposure with
the outcome. Larger absolute z values indicate stronger associations resulting in
smaller P values. Results nominally signiﬁcant at P < 0.05 (two sided) are reported.
All analyses were performed with SAS 9.4
and R statistical software.
Data and Resource Availability

Data collected for the DCCT/EDIC study
through 30 June 2017 are available to
the public through the NIDDK Central
Repository (https://repository.niddk.nih.
gov/studies/edic/). Data collected in the
current cycle (July 2017–June 2022) will
be available within 2 years after the end
of the funding cycle.
RESULTS
Demographic and Clinical
Characteristics

Characteristics of the 1,094 EDIC participants with stratiﬁcation by sex are shown
in Table 1. Men were slightly older than
women (mean ± SD age 60.0 ± 6.4 vs.
59.0 ± 7.1 years, P = 0.018), but the
proportions of men and women aged
$65 years were similar. Sex differences
were observed for heavy alcohol use,
BMI categories, MoCA scores, current
HbA1c, and prevalence of peripheral
neuropathy.
Prevalence of SPPB Score <10 and
Unipedal Stand Test Results

Functional limitations as assessed based
on SPPB score <10 were present in 217
(21.2%) of EDIC participants (Table 2).
Unipedal balance was assessed in the
867 participants (84.6%) who successfully
completed the SPPB balance measures,
and of these, 30% were unable to successfully hold the unipedal stand for 30 s.
No sex differences were observed for the
prevalence of SPPB score <10, for any
component of the SPPB (balance, gait
speed, repeated chair stands), or for the
unipedal stand test (Table 2).
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Nonglycemic characteristics were measured concurrently with functional limitation assessment and included heavy
alcohol use ($27 g/day), smoking status,
BMI (kg/m2, continuous and categorical),
cognitive function, and psychological distress. Cognitive function was assessed
with the Montreal Cognitive Assessment
(MoCA) (25). Psychological distress (including depression) was deﬁned according to Symptom Checklist-90-Revised
Global Severity Index (GSI) score $63
(26). Micro- and macrovascular complications were assessed with standardized
methods throughout DCCT and EDIC
(10,13–15). Proliferative diabetic retinopathy was deﬁned by neovascularization
observed on centrally graded fundus photographs or self-reported and/or conﬁrmed
scatter photocoagulation at any time during DCCT/EDIC. Reduced estimated glomerular ﬁltration rate (eGFR) was deﬁned as
a sustained eGFR <60 mL/min/1.73 m2
(estimated with the Chronic Kidney Disease Epidemiology Collaboration equation)
or chronic renal dialysis or transplant at
any time during DCCT/EDIC. Diabetic peripheral neuropathy was deﬁned as the
presence of conﬁrmed clinical neuropathy at the most recent full neurological
assessment in EDIC year 13/14 (2006–2007).
Cardiovascular autonomic neuropathy was
deﬁned according to R-R variation <15,
R-R variation 15–19 plus Valsalva ratio
#1.5, or a postural drop $10 mmHg in
diastolic blood pressure at the most recent full autonomic neuropathy assessment in EDIC year 16/17 (2009–2010).
Any nonfatal CVD included nonfatal myocardial infarction, stroke, angina, coronary
revascularization, or congestive heart failure as reported by participants and
supported by medical records and silent myocardial infarction identiﬁed on
centrally evaluated electrocardiograms
(obtained every other year during DCCT
and annually during EDIC). All cardiovascular events were adjudicated and classiﬁed by the Mortality and Morbidity
Review Committee (27). Study design characteristics, including DCCT treatment group
(intensive vs. conventional) and DCCT
study cohort (primary prevention vs.
secondary intervention), were assessed
to explore whether the effect of metabolic memory, observed for a number of
outcomes during EDIC, might extend to
measures of functional limitations (12).
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Table 1—EDIC participant characteristics at the time of the physical function assessment (2018–2019)

N
Study design
DCCT conventional treatment group
DCCT secondary intervention cohort

Women

Men

522

572

P*

518 (47.3)
545 (49.8)

243 (46.6)
256 (49.0)

275 (48.1)
289 (50.5)

0.657
0.668

59.5 ± 6.8
854 (78.1)

59.0 ± 7.1
410 (78.5)

60.0 ± 6.4
444 (77.6)

0.018
0.768
0.450

276
415
304
97

(25.3)
(38.0)
(27.8)
(8.9)

130 (25.0)
190 (36.5)
148 (28.4)
53 (10.2)

146
225
156
44

(25.6)
(39.4)
(27.3)
(7.7)

760
232
44
51

(69.9)
(21.3)
(4.0)
(4.7)

353
119
28
22

407
113
16
29

(72.0)
(20.0)
(2.8)
(5.1)

0.088
(67.6)
(22.8)
(5.4)
(4.2)

Nonglycemic characteristics
Current smoker
Heavy alcohol use ($27 g/day)
BMI (kg/m2)
BMI category
Underweight
Normal
Overweight
Obese
Total MoCA score†
Psychological distress (GSI $63)

91 (8.3)
60 (5.5)
29.2 ± 5.8

35 (6.7)
14 (2.7)
29.1 ± 6.4

56 (9.8)
46 (8.1)
29.4 ± 5.3

5 (0.5)
263 (24.0)
403 (36.8)
423 (38.7)
26.2 ± 2.6
86 (8.1)

5 (1.0)
147 (28.2)
173 (33.1)
197 (37.7)
26.5 ± 2.6
41 (8.2)

0 (0.0)
116 (20.3)
230 (40.2)
226 (39.5)
25.9 ± 2.6
45 (8.0)

<0.001
0.989

Glycemic characteristics
Duration of type 1 diabetes (years)
Time-weighted mean DCCT/EDIC HbA1c (%)
Time-weighted mean DCCT/EDIC HbA1c (mmol/mol)
EDIC HbA1c (%)
EDIC HbA1c (mmol/mol)
Current HbA1c (%)
Current HbA1c (mmol/mol)
Any severe hypoglycemia ($1 vs. 0 cumulative events)‡

37.9 ± 4.9
7.9 ± 0.9
62.8 ± 9.8
7.9 ± 0.9
62.6 ± 10.3
7.8 ± 1.2
61.2 ± 12.8
546 (50.5)

38.1 ± 5.0
7.9 ± 0.9
63.3 ± 9.7
7.9 ± 0.9
63.1 ± 10.4
7.9 ± 1.2
62.5 ± 12.9
255 (49.3)

37.8 ± 4.8
7.9 ± 0.9
62.4 ± 9.8
7.8 ± 0.9
62.1 ± 10.3
7.6 ± 1.1
60.0 ± 12.6
291 (51.6)

0.574
0.095
0.095
0.102
0.102
<0.001
<0.001
0.456

Micro- and macrovascular complications
Any nonfatal CVD§
Any PDR
Any reduced eGFR
Diabetic peripheral neuropathyjj
Cardiac autonomic neuropathy¶

172
284
88
277
374

73 (14.0)
126 (24.1)
33 (6.3)
102 (20.9)
182 (36.6)

99 (17.3)
158 (27.6)
55 (9.6)
175 (32.2)
192 (34.4)

0.154
0.214
0.058
<0.001
0.493

(15.7)
(26.0)
(8.1)
(26.9)
(35.5)

0.083
<0.001
0.057
0.001

Data are means ± SD or n (%). PDR, proliferative diabetic retinopathy. *P values evaluate difference at a = 0.05 level between the N = 522 female
and N = 572 male participants. Pearson x2 test with Yates’ continuity correction is used for binary and categorical variables, and Wilcoxon rank sum
test with continuity correction is used for continuous variables. †MoCA was assessed in N = 1,049 active participants (n = 495 female,
n = 554 male), and mild cognitive impairment was deﬁned as a MoCA score #21. n = 58 participants scored #21. ‡Severe hypoglycemia was
deﬁned as events leading to coma or seizure documented by self-report for the 3-month period prior to each annual study visit. Cumulative
refers to the running sum of all events. §CVD events were considered only if the event occurred before the physical function assessment.
jjDiabetic peripheral neuropathy was assessed in N = 1,031 participants (n = 487 female and n = 544 male). ¶Cardiac autonomic neuropathy
was assessed in N = 1,055 participants (n = 497 female and n = 558 male).

Prevalence of Self-reported
Functional Limitations

Self-reported functional limitations were
reported by nearly half of participants
(N = 522 [48.0%]). While the prevalence
was higher among women than men, the
difference was not signiﬁcant (Table 2).
General physical function domain limitations
were reported by nearly all (N = 506
[96.9%]) participants with any self-

reported functional limitations. Lowerextremity mobility limitations were reported by 218 participants (41.8%), IADL
limitations by 190 (36.4%), ADL limitations by 176 (33.7%), and leisure
and social limitations by 149 (28.5%).
No sex differences were observed for
the prevalence of self-reported functional limitations overall or for any
domain.

Association of Demographic and
Clinical Factors With SPPB Score <10
and Self-reported Functional
Limitations

Table 3 presents two separate logistic
regression models, minimally adjusted for
age, sex, and education, evaluating the
associations of clinical factors (study
design, glycemic, and nonglycemic and
micro- and macrovascular complications)
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Demographics
Age (years)
Age <65 years
Education
Graduate school
College graduate
Some college or trade school
Secondary school graduate or less
Employment
Employed
Retired
Unemployed
Disabled

All
1,094

diabetesjournals.org/care
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Table 2—Physical function outcomes by sex in EDIC participants

N

N

Women

Men

492

533

11 [10, 12] 11 [10, 12] 11 [10, 12] 0.525
217 (21.2) 107 (21.7) 110 (20.6) 0.720
0.967
13 (1.3)
7 (1.4)
6 (1.1)
26 (2.5)
13 (2.6)
13 (2.4)
30 (2.9)
13 (2.6)
17 (3.2)
89 (8.7)
44 (8.9)
45 (8.4)
867 (84.6) 415 (84.3) 452 (84.8)
0.053
8 (0.8)
4 (0.8)
4 (0.8)
5 (0.5)
4 (0.8)
1 (0.2)
24 (2.3)
14 (2.8)
10 (1.9)
53 (5.2)
34 (6.9)
19 (3.6)
935 (91.2) 436 (88.6) 499 (93.6)
0.488
48 (4.7)
27 (5.5)
21 (4.0)
101 (9.9)
48 (9.9)
53 (10.0)
190 (18.7) 83 (17.0) 107 (20.2)
286 (28.1) 134 (27.5) 152 (28.7)
391 (38.5) 195 (40.0) 196 (37.1)
622 (71.7) 300 (72.3) 322 (70.2) 0.740
1,087

Self-reported functional limitations
Any self-reported functional limitation
Functional limitation domains‡
IADLs
ADLs
Leisure and social limitation
General physical limitation
Lower-extremity mobility limitation

P

518

569

522 (48.0) 264 (51.0) 258 (45.3) 0.064
190
176
149
506
218

(36.4) 98 (37.1) 92 (35.7)
(33.7) 86 (32.6) 90 (34.9)
(28.5) 76 (28.8) 73 (28.3)
(96.9) 256 (97.0) 250 (96.9)
(41.8) 116 (43.9) 102 (39.5)

0.234
0.726
0.378
0.070
0.066

Data are n (%) unless otherwise indicated. *P values compare point earned = 4 vs. <4 or unipedal
stand held for 30 s vs. not held. †Percentages shown for unipedal stand are based on 867 participants (415 women, 452 men) with score of 4 on the SPPB balance measures. Unipedal stand
was not performed for participants with SPPB balance score <4. ‡n = 522 of 1,087 EDIC participants reported at least one functional limitation in any domain. Domain-speciﬁc percentages
are based on 522 participants (264 women, 258 men) reporting any functional limitation.

and SPPB score <10 (yes vs. no) and
self-reported functional limitations (present vs. absent). Higher time-weighted
mean DCCT/EDIC HbA1c was most strongly
associated with SPPB score <10 (z value =
5.73, OR 1.69 [95% CI 1.41, 2.02]; P value
<0.001). All historical measures of severe
hypoglycemia ($1 vs. 0 cumulative events,
1–5 events vs. none, and >5 vs. none)
were associated only with SPPB score
<10. Cardiac autonomic neuropathy had
the strongest association with self-reported
functional limitations, (z value = 6.06, OR
2.43 [95% CI 1.82, 3.24]; P value <0.001).
There was no signiﬁcant association between DCCT treatment group and either
outcome. DCCT cohort (secondary intervention vs. primary prevention) was associated with SPPB <10 (OR 1.83 [95% CI
1.34, 2.51]; P value <0.001) but not
with self-reported functional limitations

(OR 1.28 [95% CI 0.98, 1.66]; P value =
0.067).
Table 4 presents multivariable models predicting SPPB score <10 and selfreported functional limitations. Clinical
factors associated with both outcomes
were higher time-weighted mean DCCT/
EDIC HbA1c, higher BMI, psychological
distress (GSI $63), and presence of cardiac autonomic neuropathy. Higher BMI
was most strongly associated with SPPB
score <10 (z value = 4.34), with each
additional kg/m2 unit of BMI associated
with a 7% increased odds of SPPB score
<10 (OR 1.07 [95% CI 1.04, 1.10]; P value
<0.001). Psychological distress (GSI $63)
had the strongest association with any
self-reported functional limitations, with
more than a fourfold increased odds
of self-reported functional limitations
(z value = 5.44, OR 5.57 [95% CI 3.00,

10.34]; P value <0.001). The odds of
SPPB score <10 remained greater for the
DCCT secondary intervention cohort than
the primary prevention cohort in the
multivariable model (OR 1.75 [95% CI
1.21, 2.52]; P value = 0.003).
Sensitivity Analysis

Supplementary Table 1 compares the
characteristics of the 1,094 EDIC participants who completed the outcome assessments with those of the 91 EDIC
participants who did not. Those who did
not complete the assessments were more
likely to have been assigned to DCCT conventional therapy and have higher mean
HbA1c levels during DCCT and EDIC, lower
BMI, a greater prevalence of microvascular
and cardiovascular complications and were
more likely to report being unemployed
due to disability. The prevalence of SPPB
score <10 as imputed for those with missing or incomplete outcome data was proportionately similar to the prevalence
among those who completed both measures, and the prevalence of self-reported
functional limitations as imputed for
those with missing or incomplete outcome data was higher among those
who completed both measures. Incorporating the imputed values for the participants with incomplete or missing
outcome data into the multivariable
model did not affect the results of the
multivariable analysis (data not shown).
CONCLUSIONS

In this cross-sectional study we examined the prevalence of and identiﬁed
demographic and clinical factors associated with functional limitations in >1,000
middle-aged and older adults with longstanding type 1 diabetes. The primary
functional limitation outcome was SPPB
score <10, while any self-reported functional limitation was the secondary outcome. With logistic regression analyses
we evaluated the association of clinical
factors, assessed across 30 years of DCCT
and EDIC evaluations, with SPPB score
<10 and self-reported functional limitations.
SPPB score <10, indicating lower-extremity functional limitations, was present in approximately one-ﬁfth of EDIC
participants, with no difference by sex.
A considerably higher prevalence of SPPB
score <10 (43% of nondisabled 70-yearold men and nearly 60% of nondisabled
70 year old women) was reported in the
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SPPB
SPPB score (median [interquartile range])
SPPB score <10
SPPB balance points earned (0–4)*
0
1
2
3
4
SPPB gait speed points earned (0–4)*
0
1
2
3
4
SPPB repeated chair stand points earned (0–4)*
0
1
2
3
4
Held unipedal stand for 30 s*†

All
1,025
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Table 3—Associations between clinical factors and SPPB score <10 and self-reported functional limitations, in separate
logistic regression models adjusted for sex, age, and education
SPPB score <10
(yes vs. no)
95% CI
z

Self-reported functional limitation
(present vs. absent)
OR
95% CI
z
P

OR
0.84
1.83

0.61, 1.14
1.34, 2.51

–1.14
3.77

0.254
<0.001

1.10
1.28

0.85, 1.43
0.98, 1.66

0.72
1.83

0.472
0.067

Glycemic characteristics
Time-weighted mean DCCT/EDIC HbA1c (per 1%)
Mean EDIC HbA1c (per 1%)
Current HbA1c (per 1%)
Duration of type 1 diabetes (per 1 year)
Any severe hypoglycemia ($1 vs. 0 cumulative events)*
1–5 events vs. none
>5 events vs. none

1.69
1.63
1.27
1.05
1.80
1.57
3.06

1.41,
1.38,
1.11,
1.01,
1.31,
1.12,
1.86,

2.02
1.93
1.44
1.08
2.47
2.20
5.03

5.73
5.69
3.53
2.84
3.65
2.64
4.39

<0.001
<0.001
<0.001
0.005
<0.001
0.0082
<0.001

1.47
1.41
1.14
1.04
1.24
1.23
1.32

1.26,
1.22,
1.02,
1.01,
0.96,
0.93,
0.82,

1.71
1.63
1.28
1.06
1.62
1.62
2.10

4.87
4.63
2.26
2.53
1.62
1.45
1.14

<0.001
<0.001
0.024
0.011
0.105
0.148
0.253

Nonglycemic characteristics
BMI (per 1 kg/m2)
Total MoCA score (per 1 unit)†
Psychological distress (GSI $63, yes vs. no)

1.08
0.89
3.93

1.05, 1.1
0.84, 0.95
2.4, 6.43

5.53
–3.69
5.44

<0.001
<0.001
<0.001

1.05
0.95
6.07

1.03, 1.08
0.90, 1.00
3.36, 10.97

4.34
–1.84
5.97

<0.001
0.065
<0.001

Micro- and macrovascular complications
Any nonfatal CVD (yes vs. no)‡
Any PDR (yes vs. no)
Any reduced eGFR (yes vs. no)
Diabetic peripheral neuropathy (yes vs. no)§
Cardiac autonomic neuropathy (yes vs. no)jj

2.25
2.40
2.86
2.65
2.33

1.54,
1.73,
1.75,
1.89,
1.69,

4.19
5.23
4.20
5.63
5.15

<0.001
<0.001
<0.001
<0.001
<0.001

1.59
1.63
1.75
2.17
2.43

1.10,
1.21,
1.06,
1.59,
1.82,

2.46
3.17
2.18
4.85
6.06

0.014
0.002
0.029
<0.001
<0.001

3.28
3.33
4.66
3.71
3.21

P

2.29
2.21
2.88
2.97
3.24

PDR, proliferative diabetic retinopathy. *Severe hypoglycemia was deﬁned according to the cumulative number of events leading to coma or seizure
documented by self-report for the 3-month period prior to each study visit. †MoCA was assessed in N = 1,049 active participants (n = 495 female,
n = 554 male), and mild cognitive impairment was deﬁned as a MoCA score #21. n = 58 participants scored #21. ‡CVD events were considered
only if the event occurred before the physical function assessment. §Diabetic peripheral neuropathy was assessed in N = 1,031 participants
(n = 487 female and n = 544 male). jjCardiac autonomic neuropathy was assessed in N = 1,055 participants (n = 497 female and n = 558 male).

Established Populations for Epidemiologic
Studies of the Elderly (EPESE) study (16).
More age-appropriate comparison groups
were reported from a population-based
study in Norway, where investigators
found SPPB score <10 in 1% of men
and 2% of women aged 40–59 years,
4% of men and 5% of women aged
60–69 years, and 7% of men and 15%
of women aged 70–74 years. These
rates are considerably lower than those
observed in EDIC. In that study, it was
further noted that while SPPB scores
were generally lower in women than in
men across all age groups, SPPB score
<12 was uncommon in women younger
than 65 years of age and in men younger
than 70 years of age (28). Only 22% of
EDIC participants were >65 years of age
at the time of the study, suggesting the
EDIC cohort is still too young for observation of a sex disparity for SPPB score <10.
Participants who successfully completed the SPPB balance tests attempted
a more challenging 30-s unipedal stand
test. Nearly 30% of participants attempting the unipedal stand test were

unsuccessful. An inability to balance, unaided, on one leg for 30 s has been described as abnormal and shown to be a
powerful predictor of falls in adults in
their mid-60s (20).
The prevalence of self-reported functional limitations in EDIC was 48%. As
with the SPPB, no difference was observed by sex. While this prevalence is
lower than the 50%–77% prevalence reported by others using NHANES physical
function data, those populations were
nearly a decade older than the EDIC cohort (22–24). The prevalence of selfreported functional limitations among
women (51.0%) and men (45.3%) in EDIC
is similar to those reported in slightly
older populations of non-Hispanic White
women (54.2%, mean ± SD age 64.6 ±
0.1 years) and men (42.1%, age 63.0 ±
0.1 years) without diabetes and substantially lower than those reported for
non-Hispanic White women (79.3%, age
67.0 ± 0.2 years) and non-Hispanic White
men (66.9%, age 66.0 ± 0.1 years) with
diabetes (31). The prevalence of domainspeciﬁc functional limitations appears

higher in EDIC as compared with older
adults without diabetes but lower when
compared with older adults in the general population with diabetes (23). The
hierarchy of self-reported functional
limitations in EDIC (highest prevalence
observed in the domain of general physical function, followed by lower-extremity
mobility, IADL, and ADL, and lowest in
the leisure and social activity domain)
mirrors what has been reported by others
(22,23).
Concurrent and longitudinal measures
of HbA1c and diabetes duration were associated with both functional limitation
outcomes in separate logistic regression
models. History of severe hypoglycemia
was associated only with SPPB score <10.
Higher time-weighted mean DCCT/EDIC
HbA1c was associated with SPPB score <10
and self-reported functional limitations,
and longer diabetes duration was associated with self-reported functional limitations only. These ﬁndings support our
hypothesis of an association between longterm poor glycemic control and functional
limitations and are consistent with the
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Table 4—Final multivariable models* for SPPB score <10 and self-reported functional limitations

Clinical factors

OR

SPPB score <10
(yes vs. no)
95% CI
z

P

DCCT cohort (secondary intervention vs. primary prevention)

1.75

1.21, 2.52

2.99

0.003

Time-weighted mean DCCT/EDIC HbA1c (per 1%)

1.41

1.13, 1.77

3.07

0.002

Duration of type 1 diabetes (per 1 year)
Any severe hypoglycemia ($1 vs. 0 cumulative events)†

1.79

1.25, 2.57

3.15

Self-reported functional limitation
(present vs. absent)
OR
95% CI
z
P

1.28

1.07, 1.52

2.77

0.006

1.03

1.00, 1.07

2.20

0.028

0.002

1.07

1.04, 1.10

4.34

<0.001

1.05

1.02, 1.07

3.52

<0.001

Psychological distress (GSI $63, yes vs. no)

3.28

1.88, 5.71

4.19

<0.001

5.57

3.00, 10.34

5.44

<0.001

Total MoCA score (per 1 unit)‡

0.90

0.84, 0.97

–2.86

0.004

Any nonfatal CVD (yes vs. no)§

1.67

1.07, 2.63

2.24

2.13

1.56, 2.91

4.78

<0.001

0.025

Diabetic peripheral neuropathy (yes vs. no)jj

1.63

1.09, 2.45

2.36

0.018

Cardiac autonomic neuropathy (yes vs. no)¶

1.67

1.15, 2.43

2.70

0.007

*Two separate multivariable models were obtained using a backward elimination and further adjusted for age, sex, and education. †Severe
hypoglycemia was deﬁned as the cumulative number of events leading to coma or seizure documented by self-report for the 3-month period
prior to each study visit. ‡MoCA was assessed in N = 1,049 active participants (n = 495 female, n = 554 male), and mild cognitive impairment
was deﬁned as a MoCA score #21. n = 58 participants scored #21. §CVD events were considered only if the event occurred before the physical function assessment. jjDiabetic peripheral neuropathy was assessed in N = 1,031 participants (n = 487 female and n = 544 male). ¶Cardiac
autonomic neuropathy was assessed in N = 1,055 participants (n = 497 female and n = 558 male).

results of others who have noted associations between higher HbA1c levels and/
or longer duration of diabetes with functional limitations (1,4,5,23,32). To our
knowledge, this is the ﬁrst report of an
association of a history of severe hypoglycemia with an objective measure of
physical function.
Higher BMI, psychological distress as
assessed by GSI $63, and lower total
MoCA score were associated with both
outcomes in separate logistic models. In
multivariable analyses, higher BMI and
GSI $63 were signiﬁcantly associated
with both SPPB score <10 and self-reported functional limitations, while
lower MoCA scores were signiﬁcantly
associated with SPPB score <10. Obesity
(BMI >30 kg/m2), which was present
in 38.7% of EDIC participants, is consistently recognized as a risk factor
for functional limitations and has been
shown to partially account for the excess
risk of functional limitations associated
with diabetes (4). Furthermore, obesity
may promote or exacerbate other comorbidities, such as hypertension, heart
disease, kidney disease, and arthritis, all
of which may impact physical function
(1,22,29,33,34). Our ﬁndings align with
those of others who have reported associations of depression, anxiety, and
cognitive impairment with functional
outcomes (1,35–37).

The presence of micro- and macrovascular complications was associated
with both outcomes in separate logistic
regression models. In multivariable models, a history of nonfatal CVD, diabetic
peripheral neuropathy, and cardiac autonomic neuropathy was associated with
SPPB score <10. Cardiac autonomic neuropathy was also associated with self-reported functional limitations. Peripheral
neuropathy has been identiﬁed by others
as a risk factor for reduced physical
performance, especially lower-extremity
function, and for disability (1,38). This
relationship is not surprising as diminished sensation, impaired proprioception,
altered weight bearing, muscle wasting,
and weakness may all adversely affect
lower-extremity strength and balance.
The association of cardiac autonomic
neuropathy with the measured outcomes
may reﬂect aberrant heart rate and blood
pressure responses to postural changes
and exercise. The association of severe
hypoglycemia with SPPB score <10 may
be further evidence of an association
between autonomic dysfunction (hypoglycemia unawareness) and reduced physical
function. The association of measures of
autonomic dysfunction and functional
limitations is a novel ﬁnding requiring
conﬁrmation.
DCCT cohort (secondary intervention
vs. primary prevention) was associated

with SPPB score <10 but not with selfreported functional limitations. The DCCT
secondary intervention cohort was distinguished by their longer diabetes duration
and observable (vs. absent) microvascular
complications at DCCT randomization
(10). DCCT cohort therefore may be a
surrogate, albeit less robust, measure
of diabetes duration. DCCT treatment
group (intensive vs. conventional) was
not associated with either outcome, suggesting that the effect of the 2% separation in HbA1c between the intensive and
conventional treatment groups during
the DCCT has been overshadowed by
essentially equivalent glucose control
during 26 years of EDIC follow-up, consistent with the waning of metabolic
memory over time (12). Indeed, within
a few years of EDIC follow-up, the glycemic separation observed between the
former intensive and conventional groups
had vanished, and nearly equivalent levels of glycemia have been observed since
(39).
The main strengths of this study are
the well-characterized population of
middle-aged and older adults with longstanding type 1 diabetes, the precise
measures of diabetes duration and glucose
control, excellent retention, and careful
characterization of micro- and macrovascular complications over 30 years
of DCCT and EDIC follow-up. The potential
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Conclusion

In this cross-sectional study we leveraged phenotypic data collected over
>30 years of follow-up from the DCCT/
EDIC study to identify factors associated
with functional limitations in >1,000
middle-aged and older adults with longstanding type 1 diabetes. While many
of the clinical factors associated with
functional limitations are consistent
with ﬁndings from other studies, including

glycemia, BMI, psychological and cognitive
function, peripheral neuropathy, and
CVD, novel ﬁndings from this study
include an association of severe hypoglycemia and cardiac autonomic neuropathy with measures of functional
limitations. These ﬁndings suggest that
glucose control, body weight, and mental health could all be targets for risk
reduction strategies.
To our knowledge, this is the ﬁrst
study to examine functional limitations
in an exclusively type 1 diabetes cohort,
providing the necessary foundation for
ongoing and planned longitudinal studies
of risk factors and predictors of incident
disability, frailty, falls, and fractures. This
work should guide future studies in evaluating older subjects in different contexts and with varying life histories to
fully understand how type 1 diabetes
affects physical functioning. The ﬁndings from this and future studies may
inform strategies aimed at reducing the
burden and consequences of functional
limitations in individuals aging with type 1
diabetes.
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