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OBJECTIVE

Data related to diabetic neuropathy in youth with type 2 diabetes are limited.
We examined the relationship of glycemic control, sex, race/ethnicity, BMI, and
other type 2 diabetes-associated factors with the development of diabetic
peripheral neuropathy (DPN) in youth with type 2 diabetes enrolled in the Treat-
ment Options for Type 2 Diabetes in Adolescents and Youth (TODAY) study.

RESEARCH DESIGN AND METHODS

The Michigan Neuropathy Screening Instrument (MNSI) and a 10-g monofilament
exam were performed annually. DPN was defined as a score (>2) on the MNSI-
exam or combined MNSI-exam and MNSI-survey scores (exam >2 and/or survey
‡4), or monofilament exam (<8 of 10 correct responses) at two or more consecu-
tive visits. Multivariable time-to-event models assessed the association of risk
factors evaluated longitudinally with DPN events.

RESULTS

A total of 674 participants (35% male), with a mean age of 14 years and diabetes
duration <2 years at study entry, were evaluated annually over an average of
10.2 years. Male subjects had a significantly higher cumulative incidence of DPN
than female subjects (38.5% vs. 27.2% via MNSI-exam, P = 0.002; 14.0% vs. 5.1%
via monofilament exam, P = 0.01). Rates did not differ by race/ethnicity. Higher
HbA1c and BMI were associated with higher DPN, by both MNSI and the monofil-
ament test. In multivariable models, male sex, older age, and higher BMI were
associated with MNSI-exam DPN risk.

CONCLUSIONS

DPN was evident early in the course of youth-onset type 2 diabetes and increased
over time. It was higher in male subjects and related to glycemic control. These
findings raise concern for long-term development of neuropathy-related morbid-
ity in youth with type 2 diabetes and the need to achieve improved glycemic
control.

The risk of developing retinopathy and nephropathy in youth-onset type 2 diabetes
may be higher than in type 1 diabetes diagnosed at a similar age and may occur
earlier in the course of the disease than in adult-onset type 2 diabetes (1–5). The

Corresponding author: Laure El ghormli,
today@bsc.gwu.edu

Received 18 May 2021 and accepted 17
September 2021

Clinical trial reg. nos. NCT00081328, NCT01364350,
NCT02310724, https://clinicaltrials.gov

This article contains supplementary material online
at https://doi.org/10.2337/figshare.16649851.

*Members of the TODAY Study Group Writing
Committee are listed in the APPENDIX. A complete
list of the TODAY Study Group members can be
found in the supplementary material online.

This article is part of a special article collection
available at diabetesjournals.org/journals/
collection/268/Serious-Later-Risks-Associated.

© 2022 by the American Diabetes Association.
Readers may use this article as long as the
work is properly cited, the use is educational
and not for profit, and the work is not altered.
More information is available at https://www.
diabetesjournals.org/journals/pages/license.

See accompanying articles, pp. 1038,
1046, 1049, 1056, and 1073.

EX
TEN

D
ED

O
B
SER

V
A
TIO

N
S
FR

O
M

TH
E
TO

D
A
Y
STU

D
Y

Diabetes Care Volume 45, May 2022 1065

mailto: today@bsc.gwu.edu
https://clinicaltrials.gov
https://doi.org/10.2337/figshare.16649851
https://diabetesjournals.org/journals/collection/268/Serious-Later-Risks-Associated
https://diabetesjournals.org/journals/collection/268/Serious-Later-Risks-Associated
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/dc21-1074&domain=pdf&date_stamp=2022-05-01


early onset and longer lifelong duration
of these complications could be associ-
ated with increased morbidity and pos-
sible early mortality in these patients.
Data related to diabetic neuropathy risk
in youth-onset type 2 diabetes using
the gold standard of nerve conduction
velocity studies are needed. We previ-
ously reported a 32.4% 15-year cumula-
tive incidence for nerve disease as
determined by the Michigan Neuropa-
thy Screening Instrument (MNSI) exam
and monofilament exam among partici-
pants enrolled in the Treatment Options
for Type 2 Diabetes in Adolescents and
Youth (TODAY) observational follow-up
(TODAY2) study (6). A similar prevalence
(21–25%) has been reported in youth-
onset type 2 diabetes in other studies
(7,8). However, little is known about
risk factors associated with diabetic
peripheral neuropathy (DPN). In the
SEARCH for Diabetes in Youth (SEARCH)
registry, risk factors for DPN (assessed
by MNSI-exam) in youth-onset type 2
diabetes (mean age 22 years) were
older age, male sex, longer diabetes
duration, smoking, and lower HDL cho-
lesterol (8). In this report, we provide
longitudinal in-depth analyses of risk
factors for DPN in the TODAY study par-
ticipants followed for an average of
10.2 years.

The aims of this report are to deter-
mine 1) the association of glycemic con-
trol (as defined by HbA1c) on the risk
of DPN over time, 2) the relationship of
sex and race/ethnicity on the risk of
DPN, and 3) the impact of metabolic
and nonmetabolic risk factors and type
2 diabetes–related complications on the
risk of DPN. We hypothesized that higher
HbA1c during the TODAY trial would be
associated with increased risk of DPN.

RESEARCH DESIGN AND METHODS

Study Design and Risk Factor
Assessment
The design of the TODAY study has been
previously described (www.ClinicalTrials.
gov NCT00081328) (9). In brief, 699 par-
ticipants with type 2 diabetes (American
Diabetes Association 2002 criteria) diag-
nosed before the age of 18, with duration
of diabetes <2 years, BMI >85 percentile
for age and sex, negative islet cell antibod-
ies, and C-peptide >0.6 ng/mL were ran-
domized to receive metformin alone,
metformin plus rosiglitazone, or metformin

plus an intensive lifestyle intervention pro-
gram at 15 participating diabetes centers.
The primary outcome of the TODAY study
(2004–2011) was to evaluate the effects of
the three treatment arms on time to treat-
ment failure, defined as loss of glycemic
control (HbA1c $8% for 6 consecutive
months or failure to wean from temporary
insulin after acute metabolic decompensa-
tion). The primary outcome (10) and sec-
ondary outcomes of the TODAY study have
been published (4–6,11,12). Participants in
TODAY were followed for an average of
3.9 years (range 2–6).

In 2011, 572 TODAY participants (82%)
enrolled in the TODAY2 postintervention
follow-up study. Between 2011 and 2014,
participants no longer received random-
ized treatment but continued to receive
care from the TODAY staff at 3-month
intervals and were treated with metfor-
min and/or insulin as indicated. From
2014 to 2020, 518 TODAY participants
(74% of original cohort) transitioned to
community care and continued to be fol-
lowed by the TODAY study group for
annual observational visits. Characteristics
of the cohort were nearly identical across
all study phases.

During TODAY, participants were seen
every 2 months during the first year after
randomization and quarterly thereafter.
During the TODAY2 study, participants
were seen every 3 months in the first
phase and annually during the second
phase. Demographic, history, medications,
including prescribed insulin and antihyper-
tensive, primarily ACE inhibitors (ACEi) or
angiotensin receptor blockers (ARBs),
physical examination, and fasting labora-
tory data were collected as previously
described (9). Participants self-reported
cigarette smoking categorized as “yes”
(used within the past month) or “no”
(never used/not used within the past
month). Vitamin B12 levels #298 pg/mL
were considered borderline low, whereas
levels >298 pg/mL were considered nor-
mal. Two-hour oral glucose tolerance tests
were performed as previously described
(12). Results were used to assess insulin
sensitivity (1/fasting insulin [1/IF]), C-pep-
tide index, a measure of insulin secretion,
defined as the increment in C-peptide val-
ues over the first 30 min, divided by the
increment in glucose over 30 min (DC30/
DG30), and the oral disposition index
(oDI), a measure of insulin sensitivity rela-
tive to b-cell function (1/IF × DC30/DG30)
(12). All blood and urine samples were

processed centrally at the TODAY Central
Biochemistry Laboratory (Northwest Lipid
Metabolism and Diabetes Research Labo-
ratories, University of Washington, Seattle
WA) (9). Hypertension, dyslipidemia,
and indices of nephropathy (micro-
albuminuria [urine albumin-to-creatinine
ratio $30 mg/g], estimated glomerular
filtration rate [eGFR], and hyperfiltration
[eGFR $135 mL/min/1.73 m2]) were
evaluated longitudinally as previously
described (6,10). Retinopathy was assessed
7 years apart via fundus photography, and
vascular stiffness and heart rate variabil-
ity were measured 5 years apart using
the SphygmoCor device, as previously
described (6,10). History of erectile
dysfunction was assessed annually
(2014–2020) and due to low frequency,
was recorded as present if reported on
any visit.

TODAY and TODAY2 were approved
by the institutional review boards at all
15 centers, and all participants and
guardians provided written informed
assent and/or consent as appropriate
for age and local guidelines.

DPN Outcomes
The MNSI and monofilament evaluations
were administered at the randomization
visit and at each annual visit thereafter.
The MNSI, a validated screening tool for
DPN (13), consists of a 15-item self-admin-
istered questionnaire (MNSI-survey)
(Supplementary Table 1) and a 4-item
examination (MNSI-exam) (Supplementary
Table 2) during which a health profes-
sional examines each foot and looks for
presence of deformities, dry skin/calluses,
fissures, infections, ulcers, and lack of
vibratory sensation and reflexes. Vibratory
sensation was assessed using a 128-Hz
tuning fork applied to the dorsal surface
of the great toe. Scores were derived, and
results from the MNSI-exam and MNSI-
survey were reported separately. The
MNSI-survey result was considered normal
if the score was <4 (14), and the
MNSI-exam result was considered normal
if the score (across both feet) was #2
(13). A combined abnormal MNSI score
was defined as an MNSI-survey score $4
or an MNSI-exam score >2, or both. Sus-
tained abnormal MNSI scores, defined as
abnormal scores at two or more consecu-
tive visits, were used for analyses.

The monofilament examination con-
sisted of applying a Semmes-Weinstein
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5.07 10-g monofilament to the dorsum of
the great toe of each foot 10 times (15).
Correct identification of at least 8 of the
10 applications on each foot was consid-
ered normal. Analyses were based on
sustained abnormal monofilament exam
scores (<8 of 10 correct responses),
defined as abnormal scores at two or
more consecutive visits.

Statistical Methods
Baseline demographic, metabolic, and
nonmetabolic characteristics of the par-
ticipants with and without a sustained
abnormal MNSI-exam or monofilament
exam score during the study were com-
pared using the Student t test for quan-
titative variables and the x2 test for
categorical variables. Variables with a
skewed distribution were log-trans-
formed prior to testing. The Kaplan-
Meier method was used to estimate
the cumulative incidence of the first
occurrence of any sustained DPN event
(abnormal MNSI-exam score, abnormal
combined MNSI-exam and/or MNSI-sur-
vey score, or abnormal monofilament
test score), and the log-rank test was
used to compare event-free survival
between sex, race/ethnicity, and loss of
glycemic control (i.e., reached the pri-
mary outcome during TODAY) groups.
Separate univariable and multivariable
Cox proportional hazards regression
models were used to estimate the
effects of HbA1c, and other covariates
(e.g., blood pressure, BMI, vitamin B12,
hypertension, microalbuminuria, HDL
cholesterol, LDL cholesterol, and smok-
ing) on the risk of incident DPN. Partici-
pants with the event at baseline (n = 7
with an abnormal MNSI-exam score and
n = 0 with an abnormal monofilament
test score) were excluded from all time-
to-event analyses. Covariates were
included in the Cox models as fixed
and/or time varying as appropriate. For
those with a missing covariate value at
a visit, the prior observed value was car-
ried forward. For some variables, the
time-weighted arithmetic mean values
(computed by weighting each value by
the interval between measurements to
account for the varying frequencies of
covariate measurement during the
study) were calculated to assess the
cumulative exposure effect of the cova-
riates on the risk of DPN. Generalized
estimating equations were used to

evaluate the association between HbA1c
and abnormal DPN over repeated time
points. The x2 and t tests were used to
evaluate the cross-sectional association
between DPN and the presence of erec-
tile dysfunction collapsed across all
TODAY2 visits, and with retinopathy,
heart rate variability, and vascular stiff-
ness. Analyses were performed using
SAS 9.4 for Windows (SAS Institute,
Cary, NC) and considered exploratory,
with statistical significance defined as
P < 0.05.

RESULTS

This analysis included 674 of the 699
TODAY participants. Excluded were 22
participants subsequently found to have
monogenic diabetes mutations and 3 par-
ticipants with missing baseline data. Anal-
yses included all available data collected
at study visits during TODAY and TODAY2
for up to 15 years (mean 10.2 ± 4.5) of
follow-up. Participants followed for the
entire follow-up period did not differ
from those who were followed for
shorter periods by sex, race/ethnicity,
maternal history of diabetes, or baseline
factors (age, BMI, blood pressure, and
HbA1c). They did, however, have a slightly
longer duration of diabetes at baseline
compared with those followed for a
shorter period (9.4 months vs. 7.2 months;
P = 0.0001). Supplementary Table 3 shows
baseline demographics and characteristics
stratified according to sustained abnormal
MNSI-exam status (n = 146 [21.7%]) or
sustained abnormal monofilament exam
status (n = 31 [4.6%]) compared with
those without sustained abnormal scores.
Participants with sustained abnormal
scores on the MNSI-exam were more likely
to be male (P = 0.007), have slightly older
age (P = 0.03), and have higher BMI and
BMI-z score (P < 0.0001 for both), at
study entry compared with those partici-
pants without sustained abnormal scores.
Participants with sustained abnormal
monofilament exam scores were more
likely to be male (P = 0.02) compared with
those with normal monofilament exam
scores. No other difference among base-
line demographics or characteristics was
found (Supplementary Table 3). The origi-
nal treatment assignment in TODAY did
not impact DPN.

At study year 14 (mean diabetes
duration 15 years), the most common
abnormality on the MNSI-exam was an

abnormal ankle reflex (44.0%), followed
by dry skin/callus (26.9%), and reduc-
tion/absence of vibration at the great
toe (29.1%). At the same time, the most
common symptom reported on the self-
report MNSI-survey was cramps in the
legs and/or feet (36.0%), followed by
prickling feelings in the legs and/or feet
(26.9%) (Supplementary Table 4).

Prevalence of DPN During the Study
At baseline, 3.1% of participants had an
abnormal score via the MNSI-exam
(>2), 7.3% had an abnormal score via
the MNSI-survey ($4), 9.8% had an
abnormal score via the MNSI-exam
and/or MNSI-survey, and 0.3% had an
abnormal score via the monofilament
exam (Fig. 1). The prevalence of DPN
rose steadily during the study for all of
the DPN assessment methods: 25.4%
via MNSI-exam, 17.7% via MNSI-survey,
34.9% via both, and 10.0% via the
monofilament exam at year 14 (Fig. 1).

Cumulative Incidence of DPN by Sex
and Race/Ethnicity
The cumulative incidence of DPN via the
MNSI-exam and monofilament exam was
higher in male than in female partici-
pants (38.5% vs. 27.2%, P = 0.002 for
MNSI-exam, and 14.0% vs. 5.1%, P =
0.01 for monofilament exam) (Fig. 2A
and B) at end of study. Similar results
were obtained for DPN, defined as a sus-
tained abnormal score on the MNSI-
exam and/or MNSI-survey (48.2% in
males vs. 38.1% in females, P = 0.03)
(Supplementary Fig. 1). No difference by
race/ethnicity in the cumulative incidence
of DPN was found (data not shown).

Impact of HbA1c and Other Risk
Factors for DPN
No difference in baseline HbA1c was
found between participants who did
and did not have DPN during the study
(Supplementary Table 3); however,
there was a 15% increase in the odds of
having an abnormal MNSI-exam score
(odds ratio 1.15, 95% CI 1.08–1.22, P <
0.0001) over time per 1-unit increase in
HbA1c (e.g., 7.0% to 8.0%). Similarly,
there was a 22% increase in the odds of
having an abnormal monofilament test
result (odds ratio 1.22, 95% CI 1.09–
1.35, P = 0.0004) over time per 1-unit
increase in HbA1c. In addition to time-
weighted mean HbA1c, male sex, older
age, and higher BMI, plasminogen

care.diabetesjournals.org TODAY Study Group 1067

https://doi.org/10.2337/figshare.16649851
https://doi.org/10.2337/figshare.16649851
https://doi.org/10.2337/figshare.16649851
https://doi.org/10.2337/figshare.16649851
https://doi.org/10.2337/figshare.16649851


activator inhibitor 1 (PAI-1), hs-CRP,
time-weighted mean systolic blood
pressure (SBP), hypertension, and pre-
scribed insulin and ACEi/ARB use were
associated with the risk of DPN, defined
as sustained abnormal scores on the
MNSI-exam (Table 1). Male sex, higher
time-weighted mean HbA1c, prescribed
insulin and ACEi/ARB use, and lower
b-cell function (assessed by the C-peptide
index and oDI) were associated with
higher risk of DPN defined as sustained
abnormal scores on the monofilament
exam. Maternal diabetes, smoking in the
past month, HDL and LDL cholesterol,
dyslipidemia, urine albumin-to-creatinine
ratio, microalbuminuria, and vitamin B12
levels were not associated with the risk of
DPN. Higher eGFR and presence of hyper-
filtration were associated with a border-
line significant (both P = 0.05) increased
risk of DPN based on the MNSI-exam
(Table 1). Similar results were found when

the univariable risk factors were evaluated
in relation to the risk of DPN, defined as a
sustained combined abnormal MNSI-exam
and/or MNSI-survey result (data not shown).

No association was found between
DPN (abnormal result on the MNSI-exam
or monofilament exam) and the presence
of diabetic retinopathy (Supplementary
Table 5), nor was there a significant asso-
ciation between an abnormal MNSI-exam
score and retinopathy progression. How-
ever, 47.6% of participants who had an
abnormal monofilament exam score dur-
ing the study had a three-step progres-
sion in retinopathy versus 24.8% of those
with a normal monofilament exam score
(P = 0.03). Additionally, participants with
an abnormal MNSI-exam or monofila-
ment exam score during the study had
significantly worse vascular stiffness and
heart rate variability compared with par-
ticipants without any sustained abnormal
scores (Supplementary Table 5).

Those who reached the primary end
point of TODAY (sustained HbA1c $8.0%)
had higher risk of an abnormal MNSI-
exam result (cumulative incidence 37.4%
vs. 25.6%; P = 0.0008) and abnormal
monofilament exam score (cumulative
incidence 13.4% vs. 2.9%; P = 0.0008)
compared with participants who did not
reach the end point during TODAY
(Supplementary Fig. 2A and B). Similar
results were obtained for DPN, defined as
a sustained abnormal score on the
MNSI-exam and/or MNSI-survey (P =
0.0003) (Supplementary Fig. 2C). These dif-
ferences remained significant after adjust-
ment for randomized treatment group.

In a multivariable Cox model (Table
2) controlling for sex, age, randomized
treatment group, BMI, time-weighted
mean HbA1c and SBP, C-peptide oDI,
and hs-CRP, only time-weighted mean
HbA1c (hazard ratio [HR] 1.26 per 1-unit
increase, 95% CI 1.14–1.40, P <
0.0001), male sex (HR 1.81, 95% CI
1.25–2.62, P = 0.002), age (HR 1.11 per
year increase, 95% CI 1.01–1.21, P =
0.03), and higher BMI (HR 1.28 per
5-kg/m2 increase, 95% CI 1.15–1.43,
P < 0.0001) were associated with risk
of DPN via the MNSI-exam. Higher
time-weighted mean HbA1c levels (HR
1.32 per 1-unit increase, 95% CI
1.07–1.63, P = 0.01) remained the only
significant factor associated with the
risk of an abnormal monofilament
exam result in the multivariable Cox
model. There were no interactions
between HbA1c with sex, race/ethnic-
ity, or randomized treatment group
identified in any of the Cox regression
models.

Of the 171 males still enrolled in
the study during TODAY2, 39 (22.8%)

Figure 1—Prevalence of abnormal DPN scores during the study via the MNSI and/or the mono-
filament exam.

Figure 2—Cumulative incidence of abnormal result on the MNSI-exam (A) and monofilament exam (B) by sex during the study.
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reported erectile dysfunction on at
least one visit. Erectile dysfunction
was significantly associated with lower
(i.e., worse) heart rate variability (P =
0.003; data not shown). Males who had
DPN via the MNSI-exam during the study
reported higher proportions of erectile
dysfunction during TODAY2 (32.8%) ver-
sus those who did not have DPN (17.3%,
P = 0.02). Similarly, males who had DPN

via the monofilament exam during the
study reported higher proportions of erec-
tile dysfunction during TODAY2 (52.9%)
versus those who did not have DPN
(19.5%, P = 0.004).

CONCLUSIONS

These findings from the TODAY study
indicate that youth with type 2 diabetes

show evidence of DPN on MNSI screening
early in the course of diabetes and that
this complication increases over time.
Baseline monofilament testing results
were normal in most participants, but
abnormalities in testing also increased
over time. Sex differences were seen,
with males having a higher cumulative
incidence of DPN compared with females
on both MNSI and monofilament exams

Table 1—Univariable Cox proportional hazard models predicting DPN during the study via the MNSI-exam and
monofilament exam

Abnormal MNSI-exam result Abnormal monofilament exam result

Characteristics (reference group or unit change) HR 95% CI P value HR 95% CI P value

Male sex (male vs. female) 1.68 1.21, 2.35 0.002 2.35 1.16, 4.76 0.02

Race/ethnicity (vs. non-Hispanic White)

Non-Hispanic Black 1.15 0.70, 1.88 0.57 2.03 0.67, 6.16 0.21
Hispanic 1.30 0.81, 2.09 0.28 1.43 0.45, 4.49 0.54

Age (per year) 1.14 1.05, 1.24 0.002 1.09 0.91, 1.30 0.36

Type 2 diabetes duration (per month) 0.98 0.95, 1.01 0.15 0.99 0.93, 1.05 0.78

Maternal diabetes (yes vs. no) 1.17 0.83, 1.65 0.37 1.53 0.75, 3.14 0.24

Smoking in past month (yes vs. no) 0.99 0.59, 1.67 0.97 1.02 0.33, 3.17 0.97

Treatment group (vs. metformin only)

Metformin 1 rosiglitazone 0.89 0.60, 1.33 0.57 0.88 0.41, 1.90 0.74
Metformin 1 intensive lifestyle 0.82 0.55, 1.24 0.35 0.39 0.12, 1.00 0.05

BMI (per 5 kg/m2) 1.24 1.13, 1.36 <0.0001 0.91 0.73, 1.14 0.42

Mean HbA1c (per %)† 1.19 1.10, 1.29 <0.0001 1.37 1.15, 1.63 0.0004

Prescribed insulin medication (yes vs. no) 1.60 1.13, 2.27 0.008 5.34 2.03, 14.1 0.0007

Mean SBP (per 10 mmHg)† 1.31 1.10, 1.57 0.003 1.34 0.91, 1.95 0.13

Mean DBP (per 10 mmHg)† 1.25 0.98, 1.59 0.07 1.21 0.72, 2.02 0.47

Antihypertensive medication use (yes vs. no) 1.49 1.06, 2.10 0.02 2.25 1.11, 4.56 0.02

Hypertension (yes vs. no) 1.51 1.07, 2.14 0.02 1.16 0.56, 2.38 0.69

Mean LDL cholesterol (per mg/dL)† 1.00 0.99, 1.01 0.81 1.00 0.99, 1.02 0.63

Mean HDL cholesterol (per mg/dL)† 1.01 0.99, 1.03 0.35 0.99 0.96, 1.04 0.88

Dyslipidemia (yes vs. no) 1.08 0.70, 1.65 0.73 0.80 0.30, 2.10 0.65

Log UACR (per SD) 1.14 0.96, 1.35 0.14 1.12 0.79, 1.59 0.52

Microalbuminuria (yes vs. no) 1.38 0.97, 1.97 0.07 1.65 0.79, 3.42 0.18

eGFR (per 10 mL/min/1.73 m2) 1.07 0.99, 1.14 0.05 1.06 0.92, 1.22 0.40

Hyperfiltration (yes vs. no) 1.41 0.99, 1.99 0.05 1.28 0.63, 2.63 0.49

Vitamin B12 level (normal [>298 pg/mL] vs.
borderline low/low [#298 pg/mL]) 1.69 0.38, 7.52 0.49 0.40 0.04, 4.39 0.45

Log insulin sensitivity (per SD) 0.96 0.82, 1.12 0.61 0.90 0.65, 1.25 0.53

Log C-peptide index (per SD) 0.90 0.77, 1.05 0.19 0.63 0.48, 0.82 0.0007

Log C-peptide oDI (per SD) 0.88 0.76, 1.03 0.10 0.66 0.49, 0.88 0.005

Log PAI-1 (per SD) 1.26 1.07, 1.49 0.005 1.12 0.79, 1.57 0.53

Log hs-CRP (per SD) 1.34 1.12, 1.62 0.002 0.92 0.64, 1.34 0.67

HR, 95% CIs, and P values per reference group or unit change (as indicated) from separate univariable Cox proportional hazards model pre-
dicting the risk of abnormal MNSI-exam result or monofilament exam result during the study. Factors are entered as fixed (sex, race/ethnicity,
maternal diabetes, randomized treatment group), baseline (age, diabetes duration), or as time-dependent (all other factors, assessed or mea-
sured at or at the most recent visit up to the particular time of the event or right censoring time) covariates in each of the models. DBP, dia-
stolic blood pressure; UACR, urine albumin-to-creatinine ratio. †Time-weighted mean.
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after up to 15 years of follow-up. Glyce-
mic control, as defined by HbA1c, was a
significant risk factor for DPN on both
MNSI and monofilament exams. In addi-
tion, older age, higher BMI, PAI-1, hs-CRP,
time-weighted mean SBP, hypertension,
and prescribed insulin and ACEi/ARB use
were associated with a sustained abnor-
mal score on the MNSI-exam, and pre-
scribed insulin and ACEi/ARB use and
lower b-cell function were associated
with a sustained abnormal score on
the monofilament exam. Rates of DPN
were not significantly different by race/
ethnicity.

The 25.4% overall prevalence of DPN
in TODAY is similar to the prevalence of
DPN reported by other studies in youth
with type 2 diabetes. In an Australian
cohort of youth with median age of
15.3 years and recent-onset type 2 dia-
betes, peripheral neuropathy (via ther-
mal and vibration threshold) was found
in 21% of participants (7). A preliminary
cross-sectional report from the SEARCH
study reported a DPN prevalence by
MNSI-exam of 25.7% (16).

Findings from the current study add
to the understanding associated with
morbidity associated with type 2 versus
type 1 diabetes. Although one study in
a Canadian cohort found that youth
with type 2 diabetes showed an earlier
diagnosis of neuropathy than youth
with type 1 diabetes (17), reports of
prevalence of DPN in pediatric popula-
tions with type 1 diabetes have varied

widely. A report from the Pittsburgh
Epidemiology of Diabetes Complications
Study indicated that DPN was very
uncommon in participants <18 years of
age (18). In contrast, prevalence of sub-
clinical peripheral neuropathy in type 1
diabetes assessed by nerve conduction
studies was 68.4% in a small population
of Chinese children and 57% in a larger
population of Swedish youth (19,20). A
Finish study indicated that peroneal
motor conduction velocity was abnor-
mal in 30% of youth with type 1 diabe-
tes compared with control subjects
(21). In a later report from SEARCH,
DPN prevalence evaluated by MNSI was
22% in youth with type 2 diabetes with
a mean diabetes duration of 7.9 years,
a higher prevalence than reported in
youth-onset type 1 diabetes (8).

Poor glycemic control is an estab-
lished risk factor for diabetic neuropa-
thy in longitudinal studies in adults
(22,23), but reports in pediatric studies
are more limited. In the TODAY cohort,
higher risk of DPN was related to glyce-
mic control, as defined by HbA1c. We
found that during an average of 10.2 ±
4.5 years of follow-up, a 1-unit increase
in HbA1c (e.g., from 7.0 to 8.0%) resulted
in a 15% increase in the odds of having
an abnormal MNSI-exam score and a
22% increase in the odds of having an
abnormal monofilament exam result. In
SEARCH, glycemic control over time was
a risk factor for DPN in pediatric type 1
diabetes but not in youth with type 2
diabetes; this may be attributed in part

to a lack of power (i.e., small sample
size), because the association was in the
same direction as that of the group with
type 1 diabetes but did not reach statisti-
cal significance (8). In the Australian
youth cohort, type 2 diabetes prevalence
of peripheral and autonomic neuropathy
was similar to that of the cohort with
type 1 diabetes despite shorter diabetes
duration (1.3 years vs. 6.8 years) and
lower HbA1c (7.3% vs. 8.5%) (7).

Indeed, previous reports in type 1
diabetes have shown an association of
neuropathy with glycemic control. In
youth, duration of diabetes, age, and
diabetes control each had significant
and independent effects on the preva-
lence of delayed nerve conduction (24).
The Diabetes Control and Complications
Trial (DCCT)/Epidemiology of Diabetes
Interventions and Complications (EDIC)
Study Group reported that in 1,184
adults with type 1 diabetes and diabe-
tes duration of 26 years (14), in whom
clinical neuropathy was confirmed via
nerve conduction studies and neurologi-
cal exam, 33% had an MNSI-exam score
>2. Bao et al. (19) reported that higher
HbA1c was a risk factor for the develop-
ment of subclinical peripheral neuropa-
thy in their pediatric population with
type 1 diabetes. There is evidence from
the Look Action for Health in Diabetes
(AHEAD) study that weight loss among
adult participants with type 2 diabetes
in an intensive lifestyle intervention
resulted in a significant decrease in
HbA1c and MNSI-survey scores (25).

Table 2—Multivariable Cox proportional hazard models predicting DPN via the MNSI-exam and via the monofilament exam

Abnormal MNSI-exam result Abnormal monofilament exam result

Characteristics (reference group or unit change) HR 95% CI P value HR 95% CI P value

Male (male vs. female) 1.81 1.25, 2.62 0.002 2.06 0.94, 4.53 0.07

Age (per year) 1.11 1.01, 1.21 0.03 1.08 0.89, 1.30 0.44

Treatment group (vs. metformin only)

Metformin 1 rosiglitazone 0.88 0.59, 1.32 0.54 0.94 0.43, 2.05 0.87
Metformin 1 intensive lifestyle 0.97 0.64, 1.46 0.88 0.40 0.14, 1.14 0.09

BMI (per 5 kg/m2) 1.28 1.15, 1.43 <0.0001 0.96 0.74, 1.23 0.73

Mean HbA1c (per %)† 1.26 1.14, 1.40 <0.0001 1.32 1.07, 1.63 0.01

Mean SBP (per 10 mmHg)† 0.90 0.72, 1.11 0.32 0.99 0.64, 1.54 0.97

Log C-peptide oDI (per SD) 1.09 0.89, 1.33 0.42 0.86 0.59, 1.25 0.42

Log hs-CRP (per SD) 1.13 0.91, 1.40 0.28 0.92 0.59, 1.44 0.72

HRs, 95% CIs, and P values per reference group or unit change (as indicated) from a multivariable Cox proportional hazards model predicting
the risk of abnormal MNSI-exam result or monofilament exam result during the study. Factors are entered as fixed (sex, randomized treat-
ment group), baseline (age), or as time-dependent (all other factors, assessed or measured at or at the most recent visit up to the particular
time of the event or right censoring time) covariates in the models. †Time-weighted mean.
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However, a recent report on the
observational long-term follow-up of
the TODAY participants observed that
median BMI remained in the narrow
range of 35.0–37.5 kg/m2, irrespective
of original treatment group assignment
(6). In this current report, although
higher BMI was associated with an
increased risk of DPN, we cannot con-
clude that weight loss would reduce the
risk of neuropathy.
The present investigation also exam-

ined associations between DPN and
numerous other variables of interest.
Studies in adults with type 1 diabetes
have evaluated the relationship of DPN
with other diabetes complications and
have demonstrated that elevated urine
albumin was a common comorbidity of
diabetic neuropathy (26,27). Although
Bao et al. (19) previously reported that
serum creatinine, urea, urine microalbu-
min-to-creatinine ratio, and urinary
microalbumin excretion rate were signif-
icantly associated with the development
of subclinical peripheral neuropathy in
specific nerves in pediatric type 1 diabe-
tes, these associations were not seen in
our study of youth-onset type 2 diabe-
tes. However, retinopathy progression
was associated with an abnormal mono-
filament exam result, and a worsening
in heart rate variability (a measure of
cardiac autonomic neuropathy) and
pulse wave velocity (a marker of vascu-
lar disease) were associated with an
abnormal MNSI and abnormal monofila-
ment exam result. However, in contrast
with studies of adults with type 2 diabe-
tes (28), there was no relation between
inflammatory markers, such as PAI-1,
tumor necrosis factor-a, and hs-CRP,
and DPN. Further, there was no associa-
tion between vitamin B12 level and
DPN, despite the use of metformin,
which may lower vitamin B12. We could
not ascertain whether lower vitamin B12
levels or low levels for a longer duration
could be associated with neuropathy.
Among adults with youth-onset type 2
diabetes in the SEARCH study, older
age, male sex, longer diabetes duration,
smoking, and lower HDL cholesterol
were risk factors for DPN (8). However,
in addition to HbA1c and BMI, only older
age and male sex were found to relate to
the risk of DPN in our cohort. Finally, only
a small number of males in the current
cohort reported erectile dysfunction, but
associations between DPN both via

abnormal MNSI and monofilament
screening and erectile dysfunction were
observed.We also found an association of
abnormal MNSI and monofilament exam
results with cardiac autonomic neuropa-
thy, as measured by heart rate variability.
Data from adults in the DCCT suggest that
cardiovascular autonomic neuropathy pre-
dicts the development of urological com-
plications in men with type 1 diabetes
(29). Although abnormal MNSI and mono-
filament examination results were com-
mon and associated with another potential
manifestation of neuropathy (erectile dys-
function), we did not find an association of
DPN with microalbuminuria.

Our results are limited by the meth-
odologies used to evaluate neuropathy.
Motor and sensory nerve conduction
studies to assess peripheral nerve func-
tion are required for the definitive diag-
nosis of DPN and have previously been
used in pediatrics (19,30). However,
nerve conduction velocity studies are
infrequently done because they are
expensive, uncomfortable for partici-
pants, and difficult to standardize in a
multicenter study. The MNSI and mono-
filament exam are widely used screening
examinations for diabetic neuropathy.
Although they do not provide a conclu-
sive diagnosis of DPN, the MNSI and
monofilament exam are frequently used
in conjunction, especially in epidemio-
logical studies. In SEARCH, the MNSI-
exam was used to define DPN (8). The
sensitivity of the MNSI has been
reported to be 79%, with a specificity of
65% for symptomatic adult participants
(31). However, the Semmes-Weinstein
monofilament exam is often recom-
mended for screening due to ease of
administration (32). The monofilament
exam is not meant to be a sensitive indi-
cator of early neuropathy but has been
reported as a good predictor of ulcer for-
mation (33). Other studies have advocated
for symptom questionnaires, particularly
reports of paresthesias (30,34). Overall,
there is not current consensus about the
best screening method for DPN.

While the use of newer neuropathy-
measuring methods may identify a higher
number of participants with DPN com-
pared with established measures, there is
difficulty in objectively identifying DPN
and the need for better standardization
of screening tools. There remains a role
for nerve conduction studies in providing
confirmation of DPN in future pediatric

research studies. Despite the lack of a
definitive diagnosis using nerve conduc-
tion studies, the annual evaluations of
DPN and other risk factors over more
than a decade from the time of diagnosis
is a distinct strength of our study. Finally,
although we were able to ascertain a his-
tory of recent (over the past month)
smoking, we were not able to document
overall smoking exposure over the course
of the study period.

In summary, youth with type 2 diabe-
tes demonstrate evidence of DPN on
MNSI screening early in the course of dia-
betes, with increasing prevalence over
time. The prevalence of DPN in TODAY is
similar to the prevalence of DPN in pedi-
atric type 2 diabetes reported by SEARCH
and other studies with comparable diabe-
tes duration. Sex differences were seen in
DPN over time, but there were no race/
ethnicity differences. Incident DPN was
related to glycemic control and BMI.
These findings raise concern for long-
term development of neuropathy-related
morbidity in youth with type 2 diabetes.
Screening for diabetic neuropathy in
young adults with type 2 diabetes may
be beneficial to detect and prevent nerve
damages at early stages.
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