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OBJECTIVE

We assessed the prevalence of and risk factors for diabetic peripheral neuropathy
(DPN) in youth with type 1 diabetes (T1D) and type 2 diabetes (T2D) enrolled in the
SEARCH for Diabetes in Youth (SEARCH) study.

RESEARCH DESIGN AND METHODS

The Michigan Neuropathy Screening Instrument (MNSI) was used to assess DPN in
1,734 youth with T1D (mean6 SD age 186 4 years, T1D duration 7.26 1.2 years,
and HbA1c 9.1 6 1.9%) and 258 youth with T2D (age 22 6 3.5 years, T2D duration
7.9 6 2 years, and HbA1c 9.4 6 2.3%) who were enrolled in the SEARCH study and
had ‡5 years of diabetes duration. DPN was defined as an MNSI exam score of >2.
Glycemic control over time was estimated as area under the curve for HbA1c.

RESULTS

The prevalence of DPN was 7% in youth with T1D and 22% in youth with T2D. Risk
factors for DPN in youthwith T1Dwere older age, longer diabetes duration, smoking,
increased diastolic blood pressure, obesity, increased LDL cholesterol and triglycer-
ides, and lower HDL cholesterol (HDL-c). In youth with T2D, risk factors were older
age, male sex, longer diabetes duration, smoking, and lower HDL-c. Glycemic control
over time was worse among those with DPN compared with those without for
youth with T1D (odds ratio 1.53 [95% CI 1.24; 1.88]) but not for youth with T2D
(1.05 [0.7; 1.56]).

CONCLUSIONS

The high rates of DPN among youth with diabetes are a cause of concern and
suggest a need for early screening and better risk factor management. Interventions
in youth that address poor glycemic control and dyslipidemia may prevent or delay
debilitating neuropathic complications.

The increasing prevalence of type 1 (T1D) and type 2 diabetes (T2D) in children and
adolescents in the U.S. (1) is likely to result in increased numbers of individuals with
diabetes-related complications in their early adulthood. Diabetic peripheral neuropa-
thy (DPN) is a debilitating complication that has beenwell characterized in adults, with
prevalence rates ranging from10–26% in newly diagnosed adultswith diabetes (2). The
prevalence and predictors of DPN in youthwith diabetes in the U.S., however, have not
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been systematically examined. Several
small cross-sectional clinic-based studies
using various definitions of DPN have
reported a wide range of prevalence rates
from 5 to 62% (3–6). Population-based
longitudinal studies in Australia and Den-
mark have extensively analyzed the prev-
alence and predictors of microvascular
complications, including DPN, in children
and adolescents with diabetes (7,8). In
the Australian cohort of 1,433 adolescents
with T1Dand68with T2Daged,18 years,
the prevalence of DPN was 21% and 27%,
respectively (8), while in the Danish co-
hort of 339 adolescents with T1D, the
prevalence of DPN was 62% (7).
We previously reported results from a

small pilot study comparing the prevalence
of DPN in a subset of youth enrolled in the
SEARCH for Diabetes in Youth (SEARCH)
study and found that 8.5% of 329 youth
with T1D (mean6 SD age 15.76 4.3 years
and diabetes duration 6.2 6 0.9 years)
and 25.7% of 70 youth with T2D (age
21.6 6 4.1 years and diabetes duration
7.6 6 1.8 years) had evidence of DPN
(9). Recently, we also reported the prev-
alence of microvascular and macrovascu-
lar complications in youth with T1D and
T2D in the entire SEARCH cohort (10).
In the current study, we examined the

cross-sectional and longitudinal risk factors
for DPN. The aims were 1) to estimate
prevalence of DPN in youth with T1D and
T2D, overall and by age and diabetes dura-
tion, and 2) to identify risk factors (cross-
sectional and longitudinal) associated
with the presence of DPN in amultiethnic
cohort of youth with diabetes enrolled in
the SEARCH study.

RESEARCH DESIGN AND METHODS

SEARCH Study
SEARCH is a population-derived prospec-
tive cohort study following children and
adolescents of diverse racial and ethnic
backgrounds diagnosed with diabetes at
,20 years of age in the U.S. The SEARCH
participants are subjects with incident di-
abetes diagnoses identified at four geo-
graphically defined populations in Ohio,
Washington, South Carolina, and Colorado;
from health plan enrollees in California;
and from Indian Health Service benefi-
ciaries from American Indian populations
in Arizona and New Mexico.

Study Population
Youth with diabetes diagnosed at ,20
years of age were identified from a

population-derived incident registry net-
work at five U.S. sites by the SEARCH for
Diabetes in Youth Registry Study (11).
Case subjects with newly diagnosed T1D
or T2D in 2002–2006 or 2008, who com-
pleted a SEARCHbaseline examination for
risk factors (on average 9.36 6.4 months
fromdiagnosis) and had at least 5 years of
diabetes duration between 2011 and
2015, were recruited into the SEARCH
Cohort Study to measure standardized
outcomes and complete repeat risk factor
assessments at the cohort visit (on aver-
age at 7.9 6 1.9 years from diagnosis).
The SEARCH Cohort Study enrolled 2,777
individuals. For this analysis, we excluded
participants aged ,10 years (n = 134),
those with no antibody measures for eti-
ological definition of diabetes (n = 440),
and those with incomplete neuropathy
assessment (Michigan Neuropathy
Screening Instrument [MNSI] and cardiac
autonomic neuropathy examination) (n =
213), which reduced the analysis sample
size to 1,992 (Supplementary Fig. 1).

Prior to protocol implementation, local
institutional review board approval was
obtained for each center. Written in-
formed consent was obtained from par-
ticipants age$18 years, while assentwith
parental written informed consent was
obtained for participants,18 years old.

Baseline and Cohort Visits
The SEARCH baseline and cohort visits
included a participant survey; measure-
ment of height, weight, waist circumfer-
ence, blood pressure, and DPN (cohort
visit only); and blood and urine collection.
Race and ethnicitywere self-reported and
categorized as non-Hispanic white, non-
Hispanic black, Hispanic, Asian or Pacific
Islander, and other. Current cigarette
smoking was defined as having smoked
cigarettes on one or more of the 30 days
preceding the study visit. Individuals who
had tried smoking or smoked regularly (at
least one cigarette every day for 30 days)
but were not current smokers were con-
sidered former smokers. Youth who had
never smoked a whole cigarette were
considered nonsmokers.

BMIwas defined asweight in kilograms
divided by the square of height in meters.
Waist circumference was measured using
the natural waist location (11). For partic-
ipants ,20 years of age, the Centers for
Disease Control and Prevention (CDC)-
derived BMI z20 scores were used; for
those $20 years of age the observed

mean and SD were used to standardize
their BMI z20 values.

Resting systolic blood pressure (SBP)
and diastolic blood pressure (DBP) were
measured three times using an aneroid
sphygmomanometer while the partici-
pants were seated for at least 5 min, and
the average of the three measurements
was taken. Hypertension was defined as
an SBP z score or DBP z score.95th per-
centile after accounting for age, sex, and
height for youth #18 years of age; an
SBP $140 mmHg or a DBP $90 mmHg
for youth age.18 years; or use of blood
pressure–lowering medication, regard-
less of age.

A blood draw occurred after an 8-h
overnight fast, and medications, includ-
ing short-acting insulin, were withheld
the morning of the visit. Blood samples
were obtained under conditions of meta-
bolic stability, asdefinedbynoepisodesof
diabetic ketoacidosis in the prior month.
Specimens were processed locally at the
sites and shipped within 24 h to the cen-
tral laboratory (Northwest Lipid Metabo-
lism and Diabetes Research Laboratories,
University of Washington, Seattle, Wash-
ington), where they were analyzed for
measurement of HDL cholesterol (HDL-c),
LDL cholesterol (LDL-c), triglycerides, and
HbA1c as previously described (11). Uri-
nary albumin and creatinine levels were
assessed on a random spot urine sample
to evaluate renal function using the albu-
min-to-creatinine ratio (ACR).

In addition to SEARCH baseline and co-
hort visits, 57% (n = 1,113) of participants
had one or more intermediate visits (1-,
2-, and 5-year follow-up visits after base-
line visit) at which risk factors were mea-
sured. These measurements included
HbA1c, lipids, and BMI. The assay of the
biological samples has remained consistent
over time. The accuracy of HbA1c data was
monitored by participation in the National
Glycohemoglobin Standardization Pro-
gram (NGSP), and accuracy and the consis-
tency of the laboratory assay for lipids
were monitored regularly by comparing
results obtainedby theenzymaticmethods
with those obtained by the CDC reference
methods (CDC Reference Laboratory) (12).

Diabetes Type
Diabetes type was defined using an etio-
logical classification developed by SEARCH
(10) based on one ormore positive diabe-
tes autoantibodies (GAD-65, insulinoma-
associated-2 antibodies, and Zinc-T8
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autoantibody) and estimated insulin sensi-
tivity score (validated equation including
waist circumference, HbA1c, and triglycer-
ide levels) at the baseline visit (11). T1D
was defined as at least one positive anti-
body, regardless of insulin sensitivity, or
no positive antibodies and insulin sensi-
tivity (score $8.15). T2D was defined as
negative antibodies and insulin resistance
(score ,8.15) (13).

Assessment of DPN
DPN was assessed during the cohort visit
using the MNSI, a validated screening tool
for DPN (14,15). SEARCH staff from each
center were centrally trained and certi-
fied to perform the MNSI. The MNSI is a
15-item self-administered questionnaire
and structured examination of the feet
(MNSIE)which is scored for abnormalities
of appearance (deformities, infection,
and dry skin/callus), presence of ulcers,
vibration perception at the distal great
toe, and ankle reflexes. Scores assigned
during the MNSIE procedure include ap-
pearance of feet (normal = 0, abnormal =
1), ulceration (absent = 0, present = 1),
ankle reflexes (absent = 1, present with
reinforcement = 0.5, present = 0), and
vibration perception (absent = 1, re-
duced = 0.5, present = 0) and are graded
separately for each foot, for a range of
score from 0 (normal examination) to 8.
The threshold for DPN, established by
prior validation studies performed among
adults, is a score of.2 on the MNSIE out
of a total score of 8 (15).

Statistical Analyses

Cross-sectional Data

Anthropometric, demographic, and meta-
bolic data collected at the cohort visit as
described above were used to compare
the characteristics distinguishing youth
with and without DPN stratified by diabe-
tes type. Wilcoxon two-sample tests were
used to compare the distribution of con-
tinuous variables, and thex2 testwasused
for categorical variables separately for
T1D and T2D participants. Fisher exact
test was used whenever a cell count for
a particular test was ,5. The prevalence
of DPN was estimated overall and based
on the age at diagnosis ($10 years and
,10 years) and duration of diabetes (5–
10 years and .10 years) separately for
subjects with T1D and T2D.

Longitudinal Data

In addition to the data collected at base-
line and at the cohort visit, the area under

the curve (AUC) was computed to sum-
marize the longitudinal trajectory of
HbA1c and other continuous variables,
such as lipids, height, blood pressure,
and BMI, collected over time (at the base-
line and 1-, 2-, and 5-year follow-up and
cohort visits), with adjustment for the in-
terval between the first and lastmeasure-
ment. For assessment of the effect of
long-term glycemic control on DPN, logis-
tic regressionmodels treatingpresence of
DPN as the outcome were fitted sepa-
rately for participants with T1D and T2D.
These models were adjusted for age and
sex (model 2), height z score (model 2a),
BMI (model 3), blood pressure (model 4),
triglycerides (model 5), and ACR (model
6). A fully adjustedmodel that included all
of these variables as covariates was also
fitted (model 7). Models were stratified
by diabetes type to limit confounding
effects of age and adiposity. Diagnostic
tests were performed to ensure that
modeling assumptions were satisfied.
The data were analyzed using SAS 9.4
(SAS Institute, Cary, NC).

RESULTS

There were 1,734 youth with T1D and
258 youth with T2D who participated in
the SEARCH study and had complete data
for the variables of interest. The clinical
and metabolic characteristics of the par-
ticipants with T1D and T2D at the cohort
visit (2011–2015), stratified by DPN sta-
tus, are presented in Table 1. Seven per-
cent of the participants with T1D and 22%
of those with T2D had evidence of DPN.

Among youth with T1D, those with
DPN were older (21 vs. 18 years, P ,
0.0001), had a longer durationof diabetes
(8.7 vs. 7.8 years, P , 0.0001), and had
higher DBP (71 vs. 69 mmHg, P = 0.02),
BMI (26 vs. 24 kg/m2, P , 0.001), and
LDL-c levels (101 vs. 96 mg/dL, P = 0.01);
higher triglycerides (85 vs. 74 mg/dL, P =
0.005); and lower HDL-c levels (51 vs.
55 mg/dL, P = 0.01) compared to those
without DPN. The prevalence of DPN was
5%among nonsmokers vs. 10%among the
current and former smokers (P = 0.001).

Among youth with T2D, those with
DPN were older (23 vs. 22 years, P =
0.01), had longer duration of diabetes
(8.6 vs. 7.6 years; P = 0.002), and had
lower HDL-c (40 vs. 43 mg/dL, P = 0.04)
compared with those without DPN. The
prevalence of DPN was higher among
males than among females: 30% of males
had DPN compared with 18% of females

(P = 0.02). The prevalence of DPN was
twofold higher in current smokers (33%)
compared with nonsmokers (15%) and
former smokers (17%) (P = 0.01).

The AUC for various metabolic and
clinical parameters collected over time is
shown in Table 2. The AUCs for HbA1c,
LDL-c, triglycerides, SBP, and DBP were
higher and the AUC for HDL-c was lower
among youth with T1D with DPN com-
pared with those without DPN (all P ,
0.002). These variables, however, were
not significantly different in youth with
T2D with or without DPN, which could
be due to the comparatively small sample
size.

Logistic regression models for associa-
tion between DPN and long-term glyce-
mic control (HbA1c AUC) adjusted for age
and sex, BMI, blood pressure, triglycer-
ides, ACR, and all variables combined
were also examined (Table 3). HbA1c

AUC was significantly associated with
risk of DPN in youth with T1D (indepen-
dent of cardiovascular risk factors). These
associations were not statistically signifi-
cant in the T2D subgroup; however, asso-
ciation parameters were generally in
the same direction as those observed in
T1D. The association between DPN and
HbA1c AUC for individuals with only two
measures (at baseline and cohort visit;
n = 879) versus those with three to five
measures remained the same for both
youth with T1D and youth with T2D
(n = 1,113) (data not shown).

Finally, the prevalence of DPN was
further assessed by 5-year increment of
diabetes duration in individuals with T1D
or T2D (Fig. 1). There was an approxi-
mately twofold increase in the prevalence
of DPN with an increase in duration of di-
abetes from 5–10 years to.10 years for
both the T1D group (5–13%) (P, 0.0001)
and the T2D group (19–36%) (P = 0.02).

Individuals age $10 years who were
excluded from the study owing tomissing
data (n = 653) were more likely to belong
to a minority racial/ethnic group (non-
Hispanic Black 20 vs. 14%, Hispanic
15 vs. 13%, and Asian Pacific Islander
2 vs. 1.5%, P , 0.001), had a longer
duration of diabetes (8.3 vs. 7.8 years,
P , 0.001), were younger at the time
of diabetes diagnosis (9.2 vs. 10.5 years,
P , 0.001), and were more likely to
have hypertension (5.5 vs. 2.8%, P =
0.003) compared with those included
in the analysis cohort (n = 1,992) (Sup-
plementary Table 1).
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Finally, in an unadjusted logistic regres-
sionmodel, youthwithT2Dwere four times
more likely to develop DPN compared with
thosewith T1D, and though this association
was attenuated, it remained significant in-
dependent of age, sex, height, and glycemic
control (OR 2.99 [1.91; 4.67], P , 0.001)
(Supplementary Table 2).

CONCLUSIONS

The prevalence of DPN in this multiethnic
cohort of youth with T1D and T2D was
7 and 22%, respectively. The risk factors
for DPN among youth with T1D included
older age, smoking, longer duration of di-
abetes, long-term poor glycemic control,
and cardiovascular risk factors, while

those among youth with T2D included
older age, smoking, and longer diabetes
duration. Long-term poor glycemic con-
trol and dyslipidemia emerged as the
modifiable risk factors for both groups.

The prevalence estimates for DPN
found in our study for youth with T2D
are similar to those in the Australian co-
hort (8) but lower for youthwith T1D than
those reported in the Danish (7) and Aus-
tralian (8) cohorts. The nationwideDanish
Study Group for Diabetes in Childhood
reported a prevalence of 62% among
339 adolescents and youth with T1D
(age 12–27 years, duration 9–25 years,
andHbA1c 9.76 1.7%) using the vibration
perception threshold to assess DPN (7).

The higher prevalence in this cohort com-
pared with ours (62 vs. 7%) could be due
to the longer duration of diabetes (9–25
vs. 5–13 years) and reliance on a single
measure of neuropathy (vibration per-
ception threshold) as opposed to our
use of the MNSI, which includes vibration
as well as other indicators of neuropathy.
In the Australian study, Eppens et al. (8)
reported abnormalities in peripheral
nerve function in 27% of the 1,433 adoles-
cents with T1D (median age 15.7 years, me-
dian diabetes duration 6.8 years, and mean
HbA1c 8.5%) and 21% of the 68 adoles-
cents with T2D (median age 15.3 years,
median diabetes duration 1.3 years, and
mean HbA1c 7.3%) based on thermal and

Table 1—Characteristics of the youth with T1D and T2D from the SEARCH Cohort Study stratified by DPN status (cross-sectional
data collected at cohort visit between 2011 and 2015)

T1D (N = 1,734) T2D (N = 258)

No DPN DPN P No DPN DPN P

N (%) 1,620 (93) 114 (7) N/A 202 (78) 56 (22) N/A

Age, years 18 6 4 21 6 4 ,0.0001 22 6 3 23 6 4 0.01

Age at dx$10 years 806 (90) 88 (10) ,0.0001 191 (78) 55 (22) 0.25

Age at dx,10 years 814 (97) 26 (3) 11 (92) 1 (8)

Female sex 807 (94) 55 (6) 0.746 144 (82) 31 (18) 0.02

Male sex 813 (93) 59 (7) 58 (70) 25 (30)

Diabetes duration, years 7.8 6 1.8 8.7 6 2 ,0.0001 7.6 6 1.9 8.6 6 2 0.002
5–10 1,395 (95) 81 (5) ,0.0001 175 (81) 41 (19) 0.02
.10 225 (87) 33 (13) 27 (64) 15 (36)

Race/ethnicity
Non-Hispanic white 1,237 (94) 85 (6) 0.65 55 (80) 14 (20) 0.77
Non-Hispanic black 150 (92) 14 (8) 94 (80) 23 (20)
Hispanic 197 (95) 11 (5) 37 (71) 15 (29)
Asian or Pacific Islander 24 (89) 3 (11) 2 (67) 1 (33)
Other 5 (100) 0 (0) 1 (100) 0 (0)
Native American 7 (88) 1 (12) 13 (81) 3 (19)

Smoking
Nonsmoker 1,099 (95) 56 (5) 0.001 82 (85) 15 (15) 0.01
Former 281 (90) 33 (10) 62 (83) 13 (17)
Current 207 (90) 23 (10) 53 (67) 26 (33)

Hypertension, yes 26 (1.6) 5 (1.7) 0.25 23 (11.4) 2 (8.9) 0.25

SBP, mmHg 106.3 6 10.9 107 6 11 0.68 117.6 6 13.3 119.8 6 14.1 0.80

SBP z score 20.36 1.6 0.1 6 1.9 0.08 1.9 6 2.5 2.9 6 4 0.27

DBP, mmHg 68.6 6 8.7 70.8 6 9.1 0.02 75.8 6 10.3 76.3 6 10.3 0.71

DBP z score 20.16 2 0.2 20.26 3.3 0.74 1.4 6 3.8 1.1 6 5.6 0.54

Waist circumference, cm 77.6 6 12.1 83.4 6 13.2 ,0.001 104.9 6 20.4 106.1 6 17.3 0.36

Waist-to-height ratio 0.47 6 0.06 0.49 6 0.07 0.0022 0.62 6 0.12 0.62 6 0.1 0.63

BMI, kg/m2 24 6 5 26 6 5.8 ,0.001 35.6 6 9.1 35.1 6 8.8 0.81

BMI z20 score 0.6 6 0.7 0.7 6 0.9 0.16 1.8 6 2 1.7 6 1.9 0.73

HbA1c, % 9.1 6 1.8 9.5 6 2.3 0.07 9.2 6 3 9.1 6 3 0.71

HbA1c, mmol/mol 75 6 7 80 6 8 0.07 77 6 9 76 6 9 0.71

LDL-c, mg/dL 96 6 28 101 6 25 0.01 106 6 37 100 6 43 0.27

Triglycerides, mg/dL 74 (55, 105) 85 (61, 126) 0.0052 115 (79, 188) 121 (85, 195) 0.61

HDL-c, mg/dL 55.3 6 13.8 51.2 6 11.8 0.01 42.7 6 12.4 39.6 6 11.2 0.04

ACR, mg/mg 6.1 (4.2, 10.8) 6.1 (3.8, 12.4) 0.93 8.5 (4.3, 30.5) 12.4 (4.9, 69.2) 0.46

Data are mean6 SD, median (interquartile range), or n (%). dx, diagnosis; N/A, not applicable.
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vibration perception threshold. These data
are thus reminiscent of the persistent in-
consistencies in the definition of DPN,
which are reflected in the wide range of
prevalence estimates being reported.
Our findings indicate that glycemic

control over time (summarized as the
AUC for HbA1c adjusted for the time in-
terval between the research visits) was
significantly worse in those with DPN
compared with those without DPN. The
Diabetes Control and Complications Trial
(DCCT) and UK Prospective Diabetes
Study (UKPDS) have both reported that
good glycemic control could potentially
delay the development and progression
of DPN and other microvascular compli-
cations in individuals with T1D and T2D
(16,17). There are a number of patholog-
ical events that lead to functional and
structural abnormalities of the peripheral
nerves seen in DPN. These include the
nonenzymatic glycosylation of the cyto-
skeletal proteins (tubulin, neurofilament,
and actin), formation of advanced glyca-
tion end products, ischemic injury due to

inflammation, and dysfunction of endo-
neurial, perineurial, and epineurial blood
vessels. These pathological events lead to
axonal atrophy, degeneration, and im-
paired axonal transport and contribute
to the functional and structural abnormal-
ities (18). Thus, achieving andmaintaining
good glycemic control (HbA1c #7.5%)
could go a long way in preventing or de-
laying the development of DPN and other
microvascular complication of diabetes in
this young population.

Themore than three timeshigher prev-
alence of DPN among youth with T2D
(22%) compared with those with T1D
(7%), despite the two groups having sim-
ilar poor glycemic control and diabetes
duration, is intriguing and could be attrib-
uted to their older age, although meta-
bolic syndrome and a longer prediabetes
phase among youth with T2D could also
have played a significant role in the de-
velopment of DPN (18). In recently pub-
lished data from the SEARCH cohort, the
rates of complications, including DPN, are
nearly two to three times higher in youth

with T2D compared with T1D (10). The
difference in the rate of DPN in youth
with T1D and T2D suggests that some of
the pathophysiological pathways driving
the neural damage in these two groups
could be divergent (19,20). Glycotoxicity
and its downstream pathways could be a
key player in T1D, while lipotoxicity and
insulin resistance could be the major
drivers among thosewith T2D (20).More-
over, youth with T1D and T2D are known
to have different cardiovascular risk pro-
files, which could in part explain the
difference in rates of DPN in this popula-
tion at such a young age (21–23). Associ-
ations between diabetic dyslipidemia
(higher triglycerides and lower HDL-c)
and neuropathy have been reported in
several landmark studies, such as the Eu-
ropean Diabetes (EURODIAB) Prospective
Complications Study (24) and the Pitts-
burgh Epidemiology of Diabetes Compli-
cations study (25). Interestingly, the
lower HDL-c found in our cohort could
be one of the key players in the path-
ogenesis of DPN. HDL-c has protective

Table 3—Logistic regression models for association between DPN and long-term glycemic control

Logistic regression model

T1D T2D

OR (95% CI) P OR (95% CI) P

Model 1: HbA1c AUC 1.48 (1.24; 1.77) ,0.0001 1.13 (0.83; 1.52) 0.44

Model 2: model 1 + age and sex 1.44 (1.21; 1.71) ,0.0001 1.12 (0.83; 1.53) 0.45

Model 2a: model 1 + age, sex, and height z scores 1.50 (1.25; 1.79) ,0.0001 1.13 (0.83; 1.54) 0.44

Model 3: model 1 + BMI 1.49 (1.25; 1.78) ,0.0001 1.12 (0.82; 1.53) 0.48

Model 4: model 1 + SBP and DBP 1.45 (1.21; 1.73) ,0.0001 1.15 (0.84; 1.57) 0.37

Model 5: model 1 + TG 1.5 (1.24; 1.81) ,0.0001 1.1 (0.8; 1.5) 0.56

Model 6: model 1 + ACR 1.55 (1.28; 1.89) ,0.0001 1.07 (0.74; 1.54) 0.73

Model 7: model 1 + age, sex, BMI, SBP, DBP, TG, and ACR 1.53 (1.24; 1.88) ,0.0001 1.05 (0.7; 1.56) 0.82

Outcome variable: DPN. Independent variable: HbA1c AUC. TG, triglycerides.

Table 2—AUC for cumulative risk for various continuous variables in youth with T1D and T2D enrolled in the SEARCH study,
stratified by DPN status (longitudinal data)

AUC

T1D T2D

No DPN DPN P No DPN DPN P

BMI z score 20.6 6 0.9 20.6 6 1 0.37 21.9 6 0.7 21.9 6 0.7 0.93

Height, m 1.6 6 0.2 1.7 6 0.1 ,0.001 1.7 6 0.1 1.7 6 0.1 0.02

Height z score 0.3 6 1 0.5 6 1.1 ,0.001 0.4 6 1 0.5 6 1 0.32

SBP 103.5 6 9.2 106.6 6 8.4 ,0.001 116.5 6 9.7 117.8 6 10.2 0.53

DBP 65.8 6 7.3 68.2 6 6.8 ,0.001 72.9 6 7.2 74.3 6 8.3 0.25

HbA1c, % 8.5 6 1.3 9.1 6 1.8 ,0.001 8.4 6 2.3 8.7 6 2.3 0.48

HbA1c, mmol/mol 69.1 6 14.3 76 6 19.8 ,0.001 68 6 25.5 71.1 6 27.6 0.48

HDL-c 56.2 6 11.8 51.9 6 10.4 ,0.001 42.8 6 11.4 39.8 6 7.8 0.09

LDL-c 93.1 6 22.4 100.1 6 22.8 0.002 102.8 6 30.3 101.1 6 30.7 0.67

Triglycerides 68.5 (53.5, 90.2) 78 (62.9, 106.2) ,0.001 117.7 (85.4, 181.6) 128.5 (90.5, 209) 0.45

Data are mean6 SD or median (interquartile range).
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effects, including inhibition of inflamma-
tion, oxidation, and thrombosis, as well as
vasodilatation via endothelial release of
nitric oxide (26,27). HDL-c also removes
lipids from peripheral cells via its effects
on reverse cholesterol transport, which
potentially ameliorates inflammation.
Thus, targeting the lower HDL-c levels
with interventions such as aerobic exer-
cise, smoking cessation, weight loss, and
dietary manipulation, which have been
known to increase HDL-c levels by up to
20% and are generally associated with
improved glycemic control (28), could
be an additional therapeutic approach
beyond optimal glycemic control in this
young population.
Ours is the first population-derived

study to assess the burden of DPN in an
ethnically diverse cohort of youth with
diabetes in the U.S. The alarming rise in
rates of DPN for every 5-year increase in
duration, coupled with poor glycemic
control and dyslipidemia, in this cohort
reinforces the need for clinicians render-
ing care to youth with diabetes to be vig-
ilant in screening for DPN and identifying
any risk factors that could potentially be
modified to alter the course of the dis-
ease (28–30). The modifiable risk factors
that could be targeted in this young pop-
ulation include better glycemic control,
treatment of dyslipidemia, and smoking
cessation (29,30)dapproaches that are

also part of the Standards of Care recom-
mendation by the American Diabetes As-
sociation (31). The sharp increase in rates
ofDPNover time is a reminder thatDPN is
one of the complications of diabetes that
must be a part of the routine annual
screening for youth with diabetes.

The population-based study design;
large sample size; multiethnic composi-
tion of the cohort; use of a noninvasive,
simple, and validated instrument to as-
sess DPN; and evaluation of the longitu-
dinal and cross-sectional risk factors are
among the strengths of our study. The
limited power to examine the association
between long-term glycemic control and
DPN among persons with T2D (despite
similar levels of HbA1c) was the result
of a comparatively small sample size (al-
though the association was in the same
direction as that of the T1D group) and is
one of the limitations of our study. The
lack of longitudinal measures of DPN is
also a limitation of our study, although a
subset of this cohort (2002–2012 inci-
dence case subjects $10 years of age
with least 5 years of duration of diabetes)
will be re-evaluated for DPN as a part of
the next phase of SEARCH (2016–2020).
Although the SEARCH Cohort Study is
drawn from population-based registries
of youth with diabetes, those excluded
from the analytic sampleweremore likely
to belong to a racial/ethnicminority, have

a longer duration of diabetes, and have
hypertension. Each of these variables is
associated with increased prevalence of
DPN and may influence our estimates
of prevalence of DPN among youth with
diabetes.

Overall, the results of our study suggest
that poor glycemic control over time and
traditional cardiovascular risk factors are
important risk factors associated with
DPN and need to be targeted for the pre-
vention of debilitating consequences of
DPN in this young cohort.
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