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OBJECTIVE

To evaluate whether diabetic polyneuropathy (DPN) follows the hypothesis for the
course of nerve fiber damage reflected by symptoms progressing from pure small
through mixed to large nerve fiber symptoms with or without symptoms of loss of
function of small nerve fibers.

RESEARCH DESIGN AND METHODS

Repeated assessments of nerve fiber–specific symptoms were obtained in
518 participants of the ADDITION-Denmark study from the time of a screening-
based diagnosis of type 2 diabetes using specific items of theMichigan Neuropathy
Screening Instrument questionnaire. DPN was clinically assessed 13 years after
inclusion. The course of symptoms reflecting dysfunction of specific nerve fibers
was evaluated, and the association between symptoms and DPN was estimated
using logistic regression models.

RESULTS

An overall stable, yet heterogeneous course of symptoms was seen. According to
the hypothesis of symptom progression, 205 (40%) participants remained free of
symptoms and 56 (11%) had stable, 114 (23%) progressing, and 132 (26%) improving
symptoms. Cross-sectional estimates showed a higher risk of DPN (odds ratios
between 2.1 and 4.1) for participants with mixed or large nerve fiber symptoms with
or without symptoms of loss of function of small nerve fibers compared with
participants without symptoms.

CONCLUSIONS

There was no evidence for a progressive development of nerve fiber damage in DPN
reflected by symptoms going from pure small through mixed to large nerve fiber
symptoms with or without symptoms of loss of function of small nerve fibers. Yet
overall, neuropathic symptoms were prospectively associated with a higher risk
of DPN.

Diabetic polyneuropathy (DPN) is one of the most common complications of type 2
diabetes, with 10–15% of patients having signs of neuropathy already at the time of
diabetes diagnosis (1–3). DPN has pivotal consequences because it is associated with a
higher morbidity of affected people (1,2). Although previous studies have mainly
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focused on studying the prevalence and
incidence of DPN and the risk factors
associated with this condition (3,4), little
is known about the natural history of
DPN, including development of both
painful and painless symptoms (5,6).
Symptoms in painful DPN have been
more extensively studied (7), and a large
disparity between painful symptoms and
clinical signs of DPN has been reported
(5,7,8). Nevertheless, it is widely argued
that the heterogeneous nerve fiber dam-
age underlying DPN usually begins with
damage of small unmyelinated nerve
fibers followed by injury to small mye-
linated nerve fibers that ultimately leads
to damage of large myelinated nerve
fibers (6,9–16). This progressive one-
way-street hypothesis of the course of
nerve fiber damage in DPN is proposed to
be reflected initially by symptoms in-
dicative of small nerve fiber damage
with subsequent additional symptoms
of large nerve fiber damage and, even-
tually, loss of small nerve fiber–derived
symptoms (i.e., pain, prickling feeling)
as a result of loss of function of small
nerve fibers (5,15). One conceivable ex-
planation for this hypothesized course
of nerve fiber damage is a higher vul-
nerability of small nerve fibers possibly
explained by their lack of a myelin
sheath (12,16). Moreover, small nerve
fibers possess the ability to regenerate
(12,13). All in all, these features of small
nervefibersmight be in accordancewith
these nerve fibers representing early-
stage DPN in contrast to the irreversible
nerve fiber damage seen in large nerve
fibers (12,13).
The current model for the course of

DPN is mainly pieced together from
cross-sectional studies of various groups
of people at different stages of the
trajectory of metabolic dysfunctions that
lead to diabetes (e.g., peoplewith impaired
glucose tolerance, people with overt and
often long-standing diabetes) (4,6,11,13).
No prospective neuropathophysiological
studies in larger groups of people with
type 2 diabetes exist to support the hy-
pothesis for the course of nerve fiber
damage in DPN. Taken together, there
is a need to clarify the course of nerve
fiber damage in DPN.
In the Danish arm of the Anglo-

Danish-Dutch Study of Intensive Treatment
in PeopleWith ScreenDetected Diabetes
in Primary Care (ADDITION-Denmark),
information on symptoms indicative of

damage to specific nerve fiber types was
obtained repeatedly from the time of
diabetes diagnosis by screening and dur-
ing 13 years of follow-up using theMich-
igan Neuropathy Screening Instrument
questionnaire (MNSIq) (17). DPN was
clinically diagnosed after 13 years of
diabetes using the Toronto criteria for a
confirmed diagnosis of DPN, which re-
quire abnormal nerve conduction and
the presence of clinical signs and/or
symptoms of neuropathy (18). The pri-
mary aim of this prospective study was to
evaluate the course of symptoms indic-
ative of small and large nerve fiber
damage from the time of a diagnosis
of type 2 diabetes by screening and
during 13 years of follow-up. The second
aim was to estimate the association
between symptoms indicative of specific
nerve fiber damage and a clinical diag-
nosis of DPN 13 years later.

RESEARCH DESIGN AND METHODS

This nested case-control analysis is based
on data from the subgroup of the 585 par-
ticipants of the ADDITION-Denmark co-
hort who attended the clinical 13-year
follow-up examination (19). The overall
aim of ADDITION-Denmark was to eval-
uate the effect of intensive treatment
versus routine care of diabetes on car-
diovascular end points in people with
screen-detected type 2 diabetes. Study
inclusion took place between 2001 and
2006. A clinical 6-year follow-up exam-
ination was conducted at trial closure in
2009. Since then, participants have been
followed observationally, and a clinical
examination for neuropathy was con-
ducted between 2015 and 2016 (i.e.,
13 years after baseline). ADDITION and
its outcomes have been previously de-
scribed in detail (19–22).

Baseline characteristics, including
height, BMI, systolic and diastolic blood
pressure, and metabolic measures
(HbA1c; total, HDL, and LDL cholesterol;
and triglycerides), were assessed ac-
cording to standardized study protocols
(19). Records of alcohol consumption,
smoking habits, cohabiting status, and ed-
ucational level were obtained from self-
administered questionnaires. Cohabiting
status was dichotomized into living
alone or cohabiting, and the level of edu-
cationwas dichotomized into high educa-
tional level(degreecourse,highereducation)
or low educational level (short educa-
tion, short technical education, technical

education). Comorbiditywas assessed by
calculating a cumulative Charlson Comor-
bidity Index (CCI) score using Danish na-
tional registers (23). The CCI score was
calculated without adjusting for age, and
diabetes was excluded from the score. CCI
scores were dichotomized into normal (0)
or abnormal (.0), reflecting the absence
or presence of comorbidity, respectively.

Symptoms indicative of specific nerve
fiber damage were derived using six
items from the MNSIq (17). According
to present knowledge, we considered
four specific symptoms assessed by
theMNSIq indicative of small nerve fiber
damage (i.e., burning pain in legs/feet,
prickling feelings in legs/feet, inability to
discriminate between hotwater and cold
water, pain when bed covers touch skin)
(1,10,24–26). Three of these symptoms
were considered indicative of dysfunc-
tion of small nerve fibers (i.e., the
so-called positive symptoms of burning
pain, prickling feelings, allodynia), and
one was considered indicative of total
loss of function of small nerve fibers
(i.e., a so-called negative symptom of
an inability to discriminate between hot
and cold water) (25). Two other specific
symptoms from the MNSIq were consid-
ered indicative of large nerve fiber dam-
age (i.e., numbness in legs/feet, inability
to sense feet when walking) (1,24). The
full MNSIq and selected items for the
categorization of symptoms into small,
mixed, and large nerve fiber symptoms
are shown in Supplementary Table 1.

On the basis of the outlined hypothesis
for the course of nerve fiber damage in
DPN, we considered an interrelated
course of nerve fiber–specific symptoms
from no symptoms to small-fiber symp-
toms only and mixed-fiber symptoms to
large-fiber symptoms with or without
symptoms of loss of function of small
nerve fibers to reflect the likely course of
DPN. Accordingly, participants were cat-
egorized into four symptom status cat-
egories on the basis of their answers to
the six MNSIq items mentioned above
at the three time points of symptom as-
sessment (baseline and 6- and 13-year
follow-up): no symptoms, small-fiber
symptoms only (symptoms indicating
small nerve fiber damage only), mixed-
fiber symptoms (acombinationofpositive
small-fiber symptoms and symptoms of
large nerve fiber damage), and large-fiber
symptoms with or without symptoms of
loss of function of small nerve fibers
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(symptoms indicating large nerve fiber
damage with or without the one negative
small fiber symptom). Additionally, we
evaluated the change in symptom status
categories of participants from baseline to
the 13-year follow-up that compliedwith
the hypothesis for the course of symp-
toms in DPN: stable without symptoms
(no symptoms at baseline and 13-year
follow-up), stable with symptoms (symp-
toms of the same symptom status
category at baseline and 13-year follow-
up), progressing symptoms (symptoms of
a more progressed symptom status cate-
goryat 13-year follow-up thanatbaseline),
and improving symptoms (symptoms of
a lessprogressedsymptomstatus category
at 13-year follow-up than at baseline).
In line with a previous study of DPN in

this cohort, participants had DPN clini-
cally diagnosed at 13-year follow-up ac-
cording to the Toronto criteria for a
confirmed diagnosis of DPN (i.e., abnor-
mal nerve conduction together with the
presence of clinical signs and/or symp-
toms of neuropathy) (18,22). Clinical
signs of neuropathy were evaluated bi-
laterally in the feet as outlined in the
physical assessment part of the MNSIq
(17) and consisted of 1) activity of ankle
reflexes, with reinforcement applied if
the reflex did not appear; 2) vibration
sensation at the dorsal aspect of the great
toes using a 125-Hz tuning fork and the
on-off method; and 3) light-touch sen-
sation by a 10-g monofilament on the
dorsal aspect of the great toes. Signs of
DPN were defined as present if at least
one of these signs was decreased or
absent bilaterally. Participants were in-
terviewed about symptoms indicative of
DPN in the feet and/or legs using the
MNSIq (17) and the Douleur Neuropa-
thique 4 Questions questionnaire (27).
Symptoms were considered present if
any of the following symptoms were
reported: numbness, burning pain, prick-
ling feeling, tingling feeling, allodynia,
abnormal temperature sensation, pain-
ful cold, electric shocks, or itching. Sural
nerve conductionwas assessed using the
automated and hand-held DPNCheck
device (28). An internal validation of
the DPNCheck device against conven-
tional nerve conduction studies has
been performed previously in a subset
of this study population (29). The results
of DPNCheck assessments were consid-
ered abnormal by bilateral values below
the cutoff levels provided for the device

(amplitude #4 mV and/or conduction
velocity #40 m/s). Results of DPNCheck
assessments were dichotomized into ab-
normal or normal. In accordancewith the
Toronto criteria for confirmed DPN, par-
ticipants were defined as having DPN in
the presence of abnormal DPNCheck
assessments in combination with symp-
toms and/or symmetrical signs of DPN.

Ethics
The study was approved by the Commit-
tee on Health Research Ethics in the
Central Denmark Region (file nos.
20000183 and 1-10-72-63-15) and the
Danish Data Protection Agency (file no.
2005-57-0002, ID185) and was con-
ducted in accordance with the principles
of the Declaration of Helsinki version
1996. All study participants gave written
informed consent.

Statistical Analysis
We performed a nested case-control
analysis, comparing symptom status cat-
egories and the course of symptoms
during 13 years between participants
whodevelopedDPNat 13-year follow-up
(case subjects) and those who did not
develop DPN (control subjects). Partici-
pant characteristics at baseline were
reported by DPN status at 13-year follow-
up. In addition, we reported partici-
pant characteristics at baseline for the
initial cohort by status of participation in
the clinical 13-year follow-up examina-
tion (deceased, nonassessed for DPN,
and assessed for DPN). Data are repre-
sented as medians and interquartile
ranges (IQRs) for continuous variables
and as frequencies and proportions for
categorical variables. Covariates were com-
pared using Kruskal-Wallis and x2 tests.

The course of DPN, as reflected by
change in symptom status categories,
was evaluated and illustrated for the
participants who completed the relevant
items of the MNSIq at all three assess-
ments(baselineand6-and13-yearfollow-
up) and were examined for DPN at the
13-year follow-up. Missing responses to
the selected MNSIq items at 6-year (n5
25) and 13-year (n 5 6) follow-up were
imputed by the method of last informa-
tion carried forward. The course of
symptomswas evaluated by the change
in symptom status categories between
baseline and 13-year follow-up com-
plying with the hypothesis for the
course of symptoms in DPN and

categorized into the following groups:
stable without symptoms, stable with
symptoms, progressing symptoms, and
improving symptoms. Two separate sen-
sitivity analyses were performed to illus-
trate the change in symptom status
categories of case and control subjects
alone.

The risk of DPN at 13-year follow-up
examination by symptom status cate-
gories at baseline and 6- and 13-year
follow-up was estimated using multivari-
able logistic regression models. A test for
trend with symptom status category as
a continuous variable was performed at
baseline and 6- and 13-year follow-up.
Risk of DPN by course of symptoms was
estimated using multivariable logistic
regression models. Multivariable logis-
tic regression models were adjusted in
steps for sex, age, diabetes duration,
trial randomization group, presence
of comorbidities, baseline educational
level, and baseline cohabiting status. A
sensitivity analysis was performed to
estimate the risk of DPN, excluding
the participants who had DPN diag-
nosed on the basis of symptoms and
abnormal DPNCheck without clinical
signs of DPN. Effect modification by
sex and other covariates under study
was investigated using a Wald test.

RESULTS

Of the initial 1,533 trial participants in
ADDITION-Denmark, 585 (52%) of 1,119
eligible participants attended the clinical
13-year follow-up examination. In this
explorative analysis, we excluded 67 par-
ticipants who did not complete assess-
ment by the DPNCheck device (n5 60) or
had no assessment of signs or symptoms
of neuropathy (n57),which left 518par-
ticipants for analysis (Supplementary Fig.
1). In this study sample, median age at
baseline was 60.7 years (IQR 55.5; 65.5
years), 873 (57%) participants weremen,
median follow-up time was 12.8 years
(11.8; 13.4 years), and 150 (29%) partic-
ipants were classified as having DPN
(Table 1). Of the 150 cases of DPN,
20 were diagnosed on the basis of symp-
toms and abnormal DPNCheck, 65 from
signs and symptoms together with an
abnormal DPNCheck, and 65 from signs
and an abnormal DPNCheck. Partici-
pants with DPN were significantly older
and taller, had a higher BMI and HbA1c,
and showed a different pattern of symp-
tom status categories, with symptoms
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overall being more prevalent compared
with control participants. Baseline char-
acteristics for the initial cohort (n 5
1,533) by status of participation in
the clinical 13-year follow-up examina-
tion (deceased, nonassessed for DPN,
and assessed for DPN) are shown in
Supplementary Table 2. Overall, non-
assessed and deceased participants
were older, shorter, had more comor-
bidities and a lower educational level,
lived more often alone, and comprised
fewer nonsmokers and more current
smokers compared with the assessed
participants of this study sample.
Figure 1 illustrates the flow of par-

ticipants between symptom status
categories from baseline to 6- and
13-year follow-up. Although the prev-
alence of the symptom status catego-
ries was overall stable over time, the
individual symptom trajectories were

heterogeneous during the 13 years of
follow-up. During 13 years, 205 (40%)
participants remained negative in symp-
toms, 56 (11%) showed a stable course of
symptoms, 114 (23%) showed a progress-
ing course of symptoms, and 132 (26%)
showed an improving course of symptoms
when evaluated against the proposed
hypothesis for the course of symptoms
in DPN. Sensitivity analyses illustrating
the flow of participants between symp-
tom status categories of case and control
subjects alone showed overall a similar
course of symptoms (Supplementary Figs.
2 and 3, respectively).

The risk of clinically confirmed DPN
expressed by odds ratios (ORs) by symp-
tom status categories at baseline and 6-
and 13-year follow-up is summarized in
Table 2. Older age was associated with a
higher risk of DPN after 13 years (OR 1.06
[95% CI 1.0; 1.1] per 1 year), whereas

none of the other included confounders
showed a statistically significant effect
on the risk of DPN. When comparing
against the symptom status category of
no symptoms, a higher risk of DPN was
seen for mixed-fiber symptoms (3.0 [1.5;
5.9]) and large-fiber symptoms with or
without symptoms of loss of function
of small fibers (2.1 [1.2; 3.8]) at baseline.
At 13-year follow-up, all three symptom
status categories were associated with
a higher risk of DPN (2.1 [1.3; 3.5], 4.1
[2.1; 8.3], and 2.5 [1.2; 5.4] for small-,
mixed-, and large-fiber symptomswithor
without symptoms of loss of function of
small fibers, respectively) in models ad-
justed for sex, age, diabetes duration,
and trial randomization group (model
2). Similarly, an overall higher risk of
DPN was seen for other symptom sta-
tus categories at other time points,
yet these estimates did not reach

Table 1—Characteristics of participants at baseline by DPN status at 13-year follow-up: ADDITION-Denmark

Characteristic DPN negative DPN positive Number of observations

Participants 368 (71.0) 150 (29.0) 518

Male sex 226 (61.4) 106 (70.7) 518

Age (years) 57.9 (53.6; 61.9) 60.8 (56.1; 64.2)* 518

Randomization group (intensive) 215 (58.4) 93 (62.0) 518

Diabetes duration (years) 12.7 (11.5; 13.4) 12.9 (12.1; 13.5) 518

Symptoms * 507
None 217 (60.6) 74 (49.7)
Small fiber only 77 (21.5) 27 (18.1)
Mixed fiber 28 (7.8) 22 (14.8)
Large fiber 36 (10.1) 26 (17.4)

Comorbidity† 35 (9.5) 17 (11.3) 518

Educational level (high)‡ 273 (77.3) 114 (80.3) 495

Cohabiting status (cohabiting) 293 (82.0) 122 (81.3) 512

Height (cm) 170.9 (164.3; 177.0) 174.0 (167.9; 179.5)* 505

BMI (kg/m2) 29.0 (27.0; 33.0) 31.0 (28.5; 34.5)* 505

Systolic blood pressure (mmHg) 145.7 (134.0; 159.3) 146.3 (134.7; 158.2) 505

Diastolic blood pressure (mmHg) 88.3 (81.0; 95.3) 86.3 (79.3; 93.5) 505

HbA1c (%) 6.3 (6.0; 6.8) 6.6 (6.1; 7.4)* 499

HbA1c (mmol/mol) 45 (42; 51) 49 (43; 57)* 499

Total cholesterol (mmol/L) 5.5 (4.9; 6.4) 5.6 (4.9; 6.4) 481

HDL cholesterol (mmol/L) 1.4 (1.2; 1.6) 1.3 (1.1; 1.6) 465

LDL cholesterol (mmol/L) 3.4 (2.7; 4.0) 3.4 (2.8; 4.0) 449

Triglycerides (mmol/L) 1.6 (1.1; 2.2) 1.6 (1.2; 2.3) 470

Alcohol (units/week) 6.0 (2.0; 14.0) 7.0 (1.5; 14.5) 484

Smoking status 515
Nonsmoker 140 (38.3) 48 (32.2)
Former smoker 126 (34.4) 63 (42.3)
Current smoker 100 (27.3) 38 (25.5)

Treatment with lipid-lowering drugs 54 (15.0) 18 (12.1) 508

Treatment with aspirin 41 (11.4) 21 (14.1) 508

Treatment with b-blockers 59 (16.4) 25 (16.8) 508

Treatment with ACE inhibitors 62 (17.3) 31 (20.8) 508

Data are n (%) ormedian (IQR) unless otherwise indicated. *P, 0.05. †CCI score.0. ‡High educational level corresponds to a degree course or higher
education.
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statistical significance. Testing for
trend with symptom status category
as a continuous variable showed an
elevated risk of DPN per higher level
of symptom status category at base-
line (1.4 [1.1; 1.6]) and 13-year follow-up
(1.6 [1.2; 2.0]) (e.g., when going from
no symptoms to small-fiber symptoms
only). Supplementary Table 3 shows
the risk of DPN excluding the

participants who had DPN diagnosed
on the basis of symptoms and abnormal
DPNCheck without clinical signs of
DPN. Similar associations between
symptoms and DPN were seen com-
pared with the results of the main
analyses.

The risk of clinically confirmed DPN
expressed by ORs by course of symptoms
from baseline to 13-year follow-up is

summarized in Table 3. A higher risk
ofDPNwas seen for participants showing
a progressing course of symptoms (OR
2.9 [95% CI 1.6; 5.0]) or an improving
course of symptoms (1.8 [1.1; 3.0]) in
models adjusted for sex, age, diabetes
duration, and trial randomization group
(model 2) compared with participants
without any symptomsbetweenbaseline
and 13-year follow-up. No effect modi-
fication by sex was found.

CONCLUSIONS

To our knowledge, this prospective co-
hort study in people with type 2 diabetes
is the first to evaluate the course of
symptoms indicative of specific nerve
fiber damage during the course of
DPN from the onset of diabetes diag-
nosed by screening. The findings from
this study do not provide clear support
for the hypothesis of the course of
symptoms in DPN. However, the study
showed a higher risk of clinically con-
firmed DPN among participants with
neuropathic symptoms, with a stepwise
higher risk of DPN by progressing symp-
tom status according to the hypothesis
for the course of symptoms in DPN.

The novel nature of this study prevents
a direct comparison of our findings with
previous reports. Our finding of an overall
stable, yet heterogeneous phenotype for

Figure 1—The flow of participants between symptom status categories from baseline to 6- and 13-year follow-up: ADDITION-Denmark. The chart
shows themagnitude of subgroups of the total study sample (n5 507) and changes in symptom status categories: no symptoms, small-fiber symptoms
only, mixed-fiber symptoms, and large-fiber symptoms with or without symptoms of loss of function of small fibers. The scale bar corresponds to
the width of 100 participants.

Table 2—Risk of clinically confirmed DPN by symptom status category at baseline
and 6- and 13-year follow-up: ADDITION-Denmark

Model 1 Model 2 Model 3

OR 95% CI OR 95% CI OR 95% CI

Baseline
Small-fiber symptoms only 1.1 0.7; 1.9 1.1 0.7; 1.9 1.2 0.7; 2.1
Mixed-fiber symptoms 3.0* 1.5; 5.8 3.0* 1.5; 5.9 2.9* 1.4; 5.8
Large-fiber symptoms 2.1* 1.2; 3.8 2.1* 1.2; 3.8 2.3* 1.3; 4.3

6-year follow-up
Small-fiber symptoms only 1.3 0.8; 2.0 1.3 0.8; 2.1 1.3 0.8; 2.1
Mixed-fiber symptoms 1.7 0.8; 3.7 1.7 0.8; 3.5 1.7 0.8; 3.9
Large-fiber symptoms 1.3 0.6; 2.5 1.2 0.6; 2.6 1.1 0.5; 2.5

13-year follow-up
Small-fiber symptoms only 2.1* 1.3; 3.5 2.1* 1.3; 3.5 2.0* 1.2; 3.4
Mixed-fiber symptoms 4.2* 2.3; 7.8 4.1* 2.1; 8.3 3.8* 1.9; 7.9
Large-fiber symptoms 2.5* 1.3; 5.1 2.5* 1.2; 5.4 2.6* 1.2; 5.4

The risk of DPN is expressed by multivariable logistic regression modeling per symptom status
category against the symptom status category of no symptoms.Model 1: adjusted for sex and age.
Model2: adjusted for sex, age,diabetesduration, and trial randomizationgroup.Model3: adjusted
for sex, age, diabetes duration, trial randomization group, comorbidity, educational level, and
cohabiting status. *P , 0.05.
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the course of neuropathic symptoms
during 13 years, with similar findings in
sensitivity analyses of DPN case and
control subjects alone, might speak
against the proposed progressive one-
way street for the hypothesis of the course
of nerve fiber damage in DPN. There are a
number of possible explanations for our
findings. First, there is a risk of misclas-
sification of participants because the
selected symptoms as assessed by the
MNSIq are not validated to reflect the
specific nerve fiber involvements pro-
posed in this study (17,30). In general,
the classification of neuropathic symp-
toms as either small or large fiber derived
is challenging. For example, the sensation
of touch has been suggested to involve
both large and small nerve fiber function
(31). In this study, we considered allodynia
to indicate small-fiber dysfunction, but
other studies have proposed allodynia to
be large fiber derived and possibly ex-
plained by abnormal activity in regener-
ating large nerve fibers (i.e., Ab fibers)
(25). However, post hoc analyses catego-
rizing allodynia to indicate large-fiber
dysfunction instead of small-fiber dys-
function revealed a course of symptoms
and associations between symptoms and
DPN similar to those in the main analyses
(data not shown). In addition, a study
showed that 56% of people with idio-
pathic small-fiber neuropathy report
numbnessdconventionally regarded as
a large nerve fiber symptom (32). More-
over, people might interpret the vari-
ous symptoms assessed by the MNSIq
ambiguously (e.g., numbness might be
interpreted either as a spontaneous un-
pleasant sensation of numbness, such
as asleep numbness, or as a deficit of
sensation) (8,33,34). This might lead
to underreporting of numbness as a def-
icit of sensation and overall to an un-
derestimation of the true presence of

symptoms by the MNSIq. On the basis
of present knowledge, we consider the
proposed categorization of nerve fiber–
specific symptoms the most optimal
(1,10,24–26). In addition, the relatively
long time intervals between assessments
of symptoms could hinder observation
of the true course of symptoms in DPN.
However, DPN is regarded as a slowly
progressing disease, and thus, we con-
sider the time intervals reasonable to
detect the expected course of nerve
fiber–specific symptoms. Finally, the mul-
tifactorial treatment of diabetes pro-
vided in this study might have had both
a protective and an improving effect on
nerve fiber damage, which might explain
the overall stable course of symptoms
seen during 13 years (19,35). However,
we did not show a different course of
symptoms for DPN case subjects versus con-
trol subjects, which speaks against such
a possible masking effect of treatment on
the true course of symptoms in our study.

Of note, a relatively large proportion
of participants had mixed- or large-fiber
symptoms with or without symptoms of
loss of function of small fibers present
already at the screening-based diagnosis
of diabetes. This may question the hy-
pothesis for the course of nerve fiber
damage. However, participants with
mixed- or large-fiber symptoms may
have had small-fiber symptoms before
baseline not assessed in this study. In
line with our findings, other studies have
shown large nerve fiber involvement in
early stages of DPN, such as in people
with impaired glucose tolerance (13,36)
and in people with diabetes but without
clinically confirmed DPN (37,38). How-
ever, most of these studies demon-
strated subclinical large nerve fiber
damage by abnormal nerve conduction
study, which is likely present at an ear-
lier time point than clinical signs or

symptoms of small or large nerve fiber
damage assessed in this study. In con-
clusion, our findings on the course of
symptoms in DPN can neither confirm
nor refute the hypothesis for the pro-
gressive course of nerve fiber damage in
DPN starting with small nerve fiber dam-
age and ending with large nerve fiber
damage.

This study demonstrates that the pres-
ence of neuropathic symptoms of any
category is associated with a higher risk
of DPN after 13 years compared with the
risk of DPN in participants without symp-
toms. There was a trend for an elevated
risk of DPN per higher level of symptom
status category according to the hypoth-
esis for the course of symptoms, which
could be in accordance with the pro-
posed hypothesis for the course of
nerve fiber damage in DPN. However,
the higher risk of DPN seen by mixed-
fiber symptoms might be explained by a
higher specificity of DPN simply by the
requirement of more than one symptom
indicative of DPN (39). Moreover, par-
ticipants who showed any course of
symptoms (i.e., stable with symptoms,
progressing symptoms, improving symp-
toms) during 13 years had a higher risk
of DPN than those who stayed free of
symptoms (stable without symptoms),
yet the finding for the course stable with
symptoms did not reach statistical sig-
nificance. This is in line with previous,
mainly cross-sectional studies (39) that
showed an association between neuro-
pathic symptoms and clinically confirmed
DPN, although symptoms alone have
been shown to be of poor diagnostic
accuracy in a cross-sectional setting. In
conclusion, the results of this study might
indicate a potential predictive value of
symptoms for later development of DPN.
Future larger prospective studies are
needed to address such potential pre-
dictive value of neuropathic symptoms,
which could assist in the early detection
of DPN in a clinical setting.

Themain strengths of our study are its
relatively large size and prospective de-
sign with a relatively long follow-up of
13 years from the time of a screening-
based diagnosis of type 2 diabetes.
We used a robust definition of DPN
(18) and studied a cohort of people at
an age range around the peak for the
prevalence of type 2 diabetes. Addition-
ally, participants were followed in a real-
world setting of general practice, which is

Table 3—Risk of clinically confirmed DPN by course of symptoms between baseline
and 13-year follow-up: ADDITION-Denmark

Model 1 Model 2 Model 3

Course of symptoms n OR 95% CI OR 95% CI OR 95% CI

Stable with symptoms 56 1.8* 0.9; 3.5 1.7 0.8; 3.4 1.7 0.8; 3.4

Progressing symptoms 114 2.9* 1.7; 4.9 2.9* 1.6; 5.0 2.9* 1.6, 5.0

Improving symptoms 132 1.9* 1.2; 3.2 1.8* 1.1; 3.0 1.9* 1.1; 3.2

The risk of DPN is expressed by multivariable logistic regression modeling. ORs expressed per
course of symptoms against a course of stablewithout symptoms (n5 205).Model 1: adjusted for
sex and age. Model 2: adjusted for sex, age, diabetes duration, and trial randomization group.
Model 3: adjusted for sex, age, diabetes duration, trial randomization group, comorbidity,
educational level, and cohabiting status. *P , 0.05.
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well applicable to the largest groups of
people with type 2 diabetes (2).
Our study also has limitations. First,

thehypothesis of symptomdevelopment
may be simplistic considering previous
reports of disparity between painful
symptoms and clinical signs of DPN
(5,7,8). The hypothesis is based on the
idea that persistence of positive symp-
toms requires somedegree of functionof
the involved nerve fibers (15). However,
we acknowledge that the explanation for
development and maintenance of pain-
ful symptoms is likely more complex and
not necessarily explained by damage of
specific peripheral nerve fibers (5,7,25),
yet this hypothesis has been proposed
in a number of recent studies, including
large reviews (1,11,16). Second, as dis-
cussed above, the selected symptoms as
assessed by the MNSIq have not been
validated against the proposed nerve
fiber damages. In addition, the assessed
symptoms are not specific for DPN and
could thus reflect other diseases (4,40).
The reporting of symptoms also might
be affected by different characteristics of
the participants.We addressed this issue
by further adjusting our analyses for the
presence of comorbidity, educational
level, and cohabiting status without find-
ingmaterial changes in the results. Third,
we do not know the exact time of onset of
DPN because no longitudinal measures of
nerve fiber function are available in this
study and participants were only as-
sessed for DPN at the 13-year follow-up
examination. Therefore, we cannot state
to have studied symptoms preceding
DPN. However, because DPN is a slowly
progressing disease and because we
studied people from an early stage of
type 2 diabetes on the basis of detection
by screening, a relatively small propor-
tion of this cohort is expected to have had
DPN at an earlier time point. Finally, our
definition of DPN requires abnormal
function of large nerve fibers. This might
result in overlooking cases of small-fiber
neuropathy (i.e., early-stageDPNaccord-
ing to the proposed hypothesis for the
course of nerve fiber damage in DPN) or
cases where large-fiber damage is pres-
ent distally from the site of sural nerve
assessment. This might cause underes-
timation of the true prevalence of DPN
and the strength of associations between
symptoms and clinically confirmed DPN.
The generalizability of our results to

the total ADDITION-Denmark cohort is

likely to be influenced by selection be-
cause of nonattendance at the clinical
13-year follow-up examination. The par-
ticipants lost to follow-up were older and
had more comorbidities than attenders
(Supplementary Table 2). Overall, no
difference in attendance was seen by
the status of neuropathy symptoms at
baseline, but selection bias might cause
an underestimation of both the true
prevalence of DPN and the estimates
of association between neuropathic
symptoms and DPN.

In conclusion, this study can neither
confirm nor refute the hypothesis for
the course of nerve fiber damage in
DPN. Our results show an overall sta-
ble, yet heterogeneous phenotype for
the course of neuropathic symptoms
from the time of a screening-based
diagnosis of type 2 diabetes to clini-
cally confirmed DPN after 13 years.
With the prospective design of this
study, we provide stronger evidence
for an association between neuro-
pathic symptoms and clinically confirmed
DPN. Prospective studies investigating
concurrent dysfunction of small and
large nerve fibers and neuropathic
symptoms are needed to clarify the
course of DPN.

Funding. Research reported in this publication
is part of the International Diabetic Neuropathy
Consortium, which is supported by a Novo
Nordisk Foundation Challenge Programme
(grant number NNF14OC0011633). ADDITION-
Denmark is funded by the National Health Ser-
vices in the former counties of Copenhagen,
Aarhus, Ringkøbing, and Ribe and the county
of Southern Jutland in Denmark; the Danish
Council for Strategic Research; the Danish Re-
search Foundation for General Practice; the Novo
Nordisk Foundation; the Danish Center for Eval-
uation and Health Technology Assessment; the
Danish Foundation of the National Board of
Health; the Danish Medical Research Council;
and the Aarhus University Research Foundation.
Duality of Interest. Funding for ADDITION-
Denmark was provided in part by Novo Nordisk
Scandinavia AB, Novo Nordisk UK, ASTRA Den-
mark, Pfizer Denmark, GlaxoSmithKline Pharma
Denmark, Servier Denmark A/S, and HemoCue
Denmark A/S. No other potential conflicts of
interest relevant to this article were reported.
AuthorContributions. L.L.M. drafted theman-
uscript. L.L.M., M.C., D.R.W., L.B., M.E.J., T.S.J.,
and S.T.A. reviewed/edited the manuscript and
approved the final version for publication. L.L.M.
and S.T.A. designed the study. M.C., D.R.W.,
M.E.J., and T.S.J. contributed to the design of
the study and the discussion of the manuscript.
D.R.W. provided input on statistical analysis. L.B.
contributed to the collection of data and the

graphics of the manuscript. T.S.J. pointed out
the idea of the study. S.T.A. contributed to the
collection of data and drafting of the manuscript
and performed all statistical analyses. S.T.A. is
the guarantor of this work and, as such, had full
access to all the data in the study and takes
responsibility for the integrity of the data and
the accuracy of the data analysis.
Prior Presentation. Parts of this study were
presented in poster form at the Annual Meet-
ing of the European Diabetes Epidemiology
Group, Mondorf-les-Bains, Luxembourg, 11–
14 May 2019, and the Annual Meeting of the
Peripheral Nerve Society, Genoa, Italy, 22–26
June 2019.

References
1. Pop-Busui R, Boulton AJ, Feldman EL, et al.
Diabetic neuropathy: a position statementby the
American Diabetes Association. Diabetes Care
2017;40:136–154
2. van Dieren S, Beulens JW, van der Schouw YT,
Grobbee DE, Neal B. The global burden of di-
abetes and its complications: an emerging pan-
demic. Eur J Cardiovasc Prev Rehabil 2010;
17(Suppl. 1):S3–S8
3. Andersen ST, Witte DR, Dalsgaard EM, et al.
Risk factors for incident diabetic polyneuropathy
in a cohort with screen-detected type 2 diabetes
followed for 13 years: ADDITION-Denmark. Di-
abetes Care 2018;41:1068–1075
4. Dyck PJ, Kratz KM, Karnes JL, et al. The
prevalence by staged severity of various types
of diabetic neuropathy, retinopathy, and ne-
phropathy in a population-based cohort: the
Rochester Diabetic Neuropathy Study. Neurol-
ogy 1993;43:817–824
5. Spallone V, Greco C. Painful and painless
diabetic neuropathy: one disease or two? Curr
Diab Rep 2013;13:533–549
6. Sumner CJ, Sheth S, Griffin JW, Cornblath DR,
Polydefkis M. The spectrum of neuropathy in
diabetes and impaired glucose tolerance. Neu-
rology 2003;60:108–111
7. KarlssonP,HinckerAM, JensenTS, FreemanR,
Haroutounian S. Structural, functional, and
symptom relations in painful distal symmetric
polyneuropathies: a systematic review. Pain
2019;160:286–297
8. Abbott CA, Malik RA, van Ross ER, Kulkarni J,
Boulton AJ. Prevalence and characteristics of
painful diabetic neuropathy in a large commu-
nity-based diabetic population in the U.K. Di-
abetes Care 2011;34:2220–2224
9. Singleton JR, Bixby B, Russell JW, et al. The
Utah Early Neuropathy Scale: a sensitive clin-
ical scale for early sensory predominant
neuropathy. J Peripher Nerv Syst 2008;13:
218–227
10. Malik RA, Veves A, Tesfaye S, et al.; Tor-
onto Consensus Panel on Diabetic Neuropa-
thy. Small fibre neuropathy: role in the
diagnosis of diabetic sensorimotor polyneur-
opathy. Diabetes Metab Res Rev 2011;27:
678–684
11. Breiner A, Lovblom LE, Perkins BA, Bril V.
Does the prevailing hypothesis that small-fiber
dysfunction precedes large-fiber dysfunction ap-
ply to type 1 diabetic patients? Diabetes Care
2014;37:1418–1424
12. Malik RA, Tesfaye S, Newrick PG, et al. Sural
nerve pathology in diabetic patients with

2288 Symptoms Preceding Diabetic Polyneuropathy Diabetes Care Volume 42, December 2019

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/42/12/2282/528483/dc190869.pdf by guest on 09 April 2024

http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc19-0869/-/DC1


minimal but progressive neuropathy. Diabeto-
logia 2005;48:578–585
13. Smith AG, Russell J, Feldman EL, et al. Life-
style intervention for pre-diabetic neuropathy.
Diabetes Care 2006;29:1294–1299
14. Quattrini C, Tavakoli M, Jeziorska M, et al.
Surrogate markers of small fiber damage in
human diabetic neuropathy. Diabetes 2007;
56:2148–2154
15. Yagihashi S, Yamagishi S, Wada R. Pathology
and pathogenetic mechanisms of diabetic neu-
ropathy: correlationwith clinical signs and symp-
toms. Diabetes Res Clin Pract 2007;77(Suppl. 1):
S184–S189
16. Feldman EL, Nave KA, Jensen TS, Bennett
DLH. New horizons in diabetic neuropathy:
mechanisms, bioenergetics, and pain. Neuron
2017;93:1296–1313
17. Feldman EL, StevensMJ, Thomas PK, Brown
MB, Canal N, Greene DA. A practical two-step
quantitative clinical and electrophysiological
assessment for the diagnosis and staging of
diabetic neuropathy. Diabetes Care 1994;17:
1281–1289
18. Tesfaye S, Boulton AJM, Dyck PJ, et al.;
Toronto Diabetic Neuropathy Expert Group. Di-
abetic neuropathies: update on definitions, di-
agnostic criteria, estimation of severity, and
treatments. Diabetes Care 2010;33:2285–2293
19. Lauritzen T, Griffin S, Borch-Johnsen K,
Wareham NJ, Wolffenbuttel BH, Rutten G; An-
glo-Danish-Dutch Study of Intensive Treatment
in People with Screen Detected Diabetes in
Primary Care. The ADDITION study: proposed
trial of the cost-effectiveness of an intensive
multifactorial intervention on morbidity and
mortality among people with type 2 diabetes
detected by screening. Int J Obes Relat Metab
Disord 2000;24(Suppl. 3):S6–S11
20. Griffin SJ, Borch-Johnsen K, Davies MJ, et al.
Effect of early intensive multifactorial therapy
on 5-year cardiovascular outcomes in individuals
with type 2 diabetes detected by screening
(ADDITION-Europe): a cluster-randomised trial.
Lancet 2011;378:156–167
21. SandbækA,GriffinSJ, SharpSJ, et al. Effectof
early multifactorial therapy compared with rou-
tine care onmicrovascular outcomes at 5 years in

people with screen-detected diabetes: a ran-
domized controlled trial: the ADDITION-Europe
Study. Diabetes Care 2014;37:2015–2023
22. Andersen ST, Witte DR, Andersen H, et al.
Risk-factor trajectories preceding diabetic poly-
neuropathy: ADDITION-Denmark. Diabetes Care
2018;41:1955–1962
23. Charlson ME, Pompei P, Ales KL, MacKenzie
CR. A new method of classifying prognostic co-
morbidity in longitudinal studies: development
and validation. J Chronic Dis 1987;40:373–383
24. Mackenzie RA, Burke D, Skuse NF, Lethlean
AK. Fibre function and perception during cuta-
neous nerve block. J Neurol Neurosurg Psychi-
atry 1975;38:865–873
25. Sandkühler J. Models and mechanisms of
hyperalgesia and allodynia. Physiol Rev 2009;89:
707–758
26. Gottrup H, Nielsen J, Arendt-Nielsen L,
Jensen TS. The relationship between sensory
thresholds andmechanical hyperalgesia in nerve
injury. Pain 1998;75:321–329
27. Spallone V, Morganti R, D’Amato C, Greco C,
Cacciotti L, Marfia GA. Validation of DN4 as a
screening tool for neuropathic pain in painful
diabetic polyneuropathy. Diabet Med 2012;29:
578–585
28. Perkins BA, Grewal J, Ng E, Ngo M, Bril V.
Validation of a novel point-of-care nerve conduc-
tion device for the detection of diabetic senso-
rimotor polyneuropathy. Diabetes Care 2006;29:
2023–2027
29. Kural MA, Andersen ST, Andersen NT, et al.
The utility of a point-of-care sural nerve con-
duction device for detection of diabetic poly-
neuropathy: a cross-sectional study. Muscle
Nerve 2019;59:187–193
30. HermanWH, Pop-Busui R, Braffett BH, et al.;
DCCT/EDIC Research Group. Use of theMichigan
Neuropathy Screening Instrument as a measure
of distal symmetrical peripheral neuropathy
in type 1 diabetes: results from the Diabetes
Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications.
Diabet Med 2012;29:937–944
31. McGlone F, Reilly D. The cutaneous sensory
system. Neurosci Biobehav Rev 2010;34:
148–159

32. Holland NR, Crawford TO, Hauer P, Cornblath
DR, Griffin JW, McArthur JC. Small-fiber sensory
neuropathies: clinical course and neuropathology
of idiopathic cases. Ann Neurol 1998;44:47–59
33. Apfel SC, Asbury AK, Bril V, et al.; Ad Hoc
Panel on Endpoints for Diabetic Neuropathy
Trials. Positive neuropathic sensory symptoms
as endpoints in diabetic neuropathy trials. J
Neurol Sci 2001;189:3–5
34. BongaertsBWC,RathmannW,HeierM,et al.
Older subjectswith diabetes and prediabetes are
frequently unaware of having distal sensorimo-
tor polyneuropathy: theKORAF4 study.Diabetes
Care 2013;36:1141–1146
35. Callaghan BC, Little AA, Feldman EL, Hughes
RA. Enhanced glucose control for preventing and
treating diabetic neuropathy. Cochrane Data-
base Syst Rev 2012;(6):CD007543
36. Nebuchennykh M, Løseth S, Jorde R,
Mellgren SI. Idiopathic polyneuropathy and im-
paired glucose metabolism in a Norwegian
patient series. Eur J Neurol 2008;15:810–816
37. Coppini DV, Wellmer A, Weng C, Young PJ,
Anand P, Sönksen PH. The natural history of
diabetic peripheral neuropathy determined by a
12 year prospective study using vibration per-
ception thresholds. J Clin Neurosci 2001;8:520–
524
38. Ziegler D, Behler M, Schroers-Teuber M,
Roden M. Near-normoglycaemia and develop-
ment of neuropathy: a 24-year prospective study
from diagnosis of type 1 diabetes. BMJ Open
2015;5:e006559
39. England JD, Gronseth GS, Franklin G, et al.;
American Academy of Neurology; American
Association of Electrodiagnostic Medicine;
American Academy of Physical Medicine and
Rehabilitation. Distal symmetric polyneurop-
athy: a definition for clinical research: report
of the American Academy of Neurology,
the American Association of Electrodiagnostic
Medicine, and the American Academy of Phys-
ical Medicine and Rehabilitation. Neurology
2005;64:199–207
40. Johannsen L, Smith T, Havsager AM, et al.
Evaluationof patientswith symptoms suggestive
of chronic polyneuropathy. J Clin Neuromuscul
Dis 2001;3:47–52

care.diabetesjournals.org Määttä and Associates 2289
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