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Diabetic neuropathy – 
a common and fatal 
complication

Peripheral neuropathies, specifically 
distal sensorimotor polyneuropathy 
(DSPN) and cardiovascular autonom-
ic neuropathy (CAN), are amongst the 
most common complications of both 
type 1 and type 2 diabetes mellitus 
(T1DM and T2DM, respectively). Risk 
factors for both DSPN and CAN include 
diabetes duration, poor glycaemic con-
trol, and cardiovascular risk factors 
such as hypertension, obesity, smoking, 
and hypertriglyceridaemia [Andersen 
2018, Moţăţăianu 2018, Tesfaye 1996, 
Tesfaye 2005]. Prevalence estimates for 
DSPN in the literature vary depend-
ing on the definitions and methodolo-
gy used, but are assumed to be around 
30 % in people with T1DM and T2DM 
and up to 50 % in elderly people with 
T2DM [Boulton 2004, Ziegler 2014, 
Ziegler 2018]. Similarly, estimates of 
CAN prevalence show a wide range in 
both T1DM and T2DM [Dimitropoulos 
2014, Fisher 2017, Karayannis 2012, 
Spallone 2011, Tesfaye 2010, Verrotti 
2009, Vinik 2013 (a), Vinik 2013 (b)].

1)	� Institute for Clinical Diabetology, German Diabetes 
Centre, Leibniz Centre for Diabetes Research at 
Heinrich Heine University; Division of Endocrinology 
and Diabetology, Medical Faculty, Heinrich Heine 
University, Düsseldorf, Germany

2)	� WÖRWAG Pharma GmbH & Co. KG, Böblingen, 
Germany

3)	� Department of Endocrinology, Russian Medical 
Academy of Continuous Professional Education, 
Moscow, Russia

4)	� Semmelweis University, 1st Dept. of Medicine, 
Budapest, Hungary

5)	� Carol Davila University of Medicine and Pharmacy, 
Bucharest, Romania

6)	� Sciarc GmbH, Baierbrunn, Germany
7)	� Forschergruppe Diabetes e. V., München-Neuherberg, 

Germany
8)	� Endocrinology, Department of Systems Medicine, 

University of Rome Tor Vergata, Rome, Italy
9)	� Internistische Fachklinik Dr. Steger, Nürnberg, 

Germany
10)	�Diabetes Research Unit, Sheffield Teaching Hospitals 

and University of Sheffield, Sheffield, UK

Summary

Diabetic neuropathies are prevalent in 
people with type 1 or type 2 diabetes and 
are characterised by long-term progressive 
dysfunction and loss of sensory, motor, and 
autonomic nerve fibres. Evidence has ac-
cumulated suggesting an increased preva-
lence of peripheral neuropathies as early 
as in prediabetes and newly diagnosed 
diabetes, so that the term frequently used 
for neuropathy as a ‘late’ diabetic com-
plication is misleading. This review will 
elaborate on the existence of prediabetic 
neuropathies and discuss the risk factors 
for their development. Our aim is to raise 
awareness of prediabetic neuropathy 
in clinical practice and encourage early 
screening for peripheral neuropathies to 
enable management opportunities.
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Prädiabetische Neuropathie – aktuelle Perspektiven

Zusammenfassung

Diabetische Neuropathien sind häufige 
Komplikationen des Diabetes mellitus und 
weisen eine hohe Prävalenz sowohl bei 
Menschen mit Typ-1- als auch bei Men-
schen mit Typ-2-Diabetes auf. Sie sind 
charakterisiert durch eine langfristig fort-
schreitende Dysfunktion und den Verlust 
von sensorischen, motorischen und autono-
men Nervenfasern. Es mehren sich Hin-
weise darauf, dass periphere Neuropathien 
bereits bei Menschen mit Prädiabetes und 
neu diagnostiziertem Diabetes auftreten. 
Daher ist die Annahme, dass Neuropathien 
„späte“ Komplikationen im Diabetesverlauf 
sind, irreführend. In diesem Übersichtsar-
tikel stellen wir die Evidenz zur Existenz 
prädiabetischer Neuropathien vor und 
diskutieren mögliche Risikofaktoren für ihr 
Entstehen. Wir möchten das Bewusstsein 
für die prädiabetische Neuropathie in der 

klinischen Praxis schärfen und somit auf 
die Bedeutung eines frühen Screenings auf 
periphere Neuropathien sowie deren Be-
handlung hinweisen.

Schlüsselwörter
prädiabetische Neuropathie, 
distal-sensomotorische Polyneuropathie, 
kardiovaskuläre autonome Neuropathie, 
Diabetes mellitus
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Diabetic neuropathies are character-
ised by a dysfunction and loss of nerve fi-
bres of the somatic and autonomic nerv-
ous systems [Pop-Busui 2017, Spallone 
2011, Tesfaye 2010]. DSPN may mani-
fest in a multitude of symptoms including 
pain, dysaesthesiae, numbness, tingling, 
and impaired balance with increased risk 
of falls. Patients with painful DSPN are 
often limited in their daily activities and 
frequently have mood disorders, includ-
ing depression and anxiety, leading to 
chronic insomnia and impaired quality 

of life [Pop-Busui 2017]. Foot ulcers are 
also a common complication in people 
with DSPN [Boulton 2014] associated 
with increased risk of not only amputa-
tion but also death [Vadiveloo 2018]. In 
patients with CAN, the damaged auto-
nomic fibres innervating the heart may 
have an adverse impact on the regulation 
of heart rate, cardiac output, myocardi-
al contractility, cardiac electrophysiolo-
gy, and coronary blood flow [Balcıoğlu 
2015], which may culminate in serious 
clinical sequelae such as arrhythmias, 

silent myocardial ischaemia or sudden 
death [Verrotti 2014].

Both DSPN and CAN are associat-
ed with an increased risk of all-cause 
mortality and cardiovascular mortality 
in diabetes patients [Brownrigg 2014, 
Forsblom 1998, Hsu 2012]. The Mich-
igan Neuropathy Screening Instrument 
(MNSI) questionnaire for neuropathic 
symptoms has been shown to predict 
all-cause and cardiovascular mortality 
in individuals with T2DM. In a post-hoc 
analysis of the ALTITUDE (Aliskiren 
Trial in Type 2 Diabetes Using Cardio-
Renal Endpoints) trial, Seferovic and 
colleagues identified three core ques-
tions from the MNSI – “Are your legs 
numb?”, “Have you ever had an open 
sore on your foot?” and “Do your legs 
hurt when you walk?” – to which a pos-
itive answer was associated with major 
adverse cardiovascular events. These 
questions may therefore be suitable to 
identify high-risk individuals in clinical 
practice, but further studies are needed 
to confirm this [Seferovic 2018].

The exact mechanisms underlying 
the increased risk of mortality in indi-

Abbreviations

ACE	 angiotensin-converting-enzyme
ADRA2B	 alpha2b adrenergic receptor
ADA	 American Diabetes Association
AGEs	� advanced glycation end 

products
ALTITUDE	� Aliskiren Trial in Type 2 

Diabetes Using Cardio-Renal 
Endpoints

BRS	 baroreflex sensitivity
CAN	� cardiovascular autonomic 

neuropathy
CNBD	 corneal nerve branch density
CNFD	 corneal nerve fibre density
CNFL	 corneal nerve fibre length
DCCT/EDIC	� Diabetes Control and Com-

plications Trial/Epidemiology 
of Diabetes Interventions 
and Complications

DM	 diabetes mellitus
DPPOS	� Diabetes Prevention Program 

Outcomes Study
DSPN	� distal sensorimotor polyneuro

pathy
Glo1	 glyoxalase 1
GST	 glutathione S-transferase
HbA1c	 glycosylated haemoglobin A1c

HCHS/SOL	� Hispanic Community Health 
Study/Study of Latinos

HF	� high frequency power in the 
R-R interval spectrum between 
0.12 and 0.40 Hz

HRV	 heart rate variability
IDF	� International Diabetes Federation
IENFD	� intra-epidermal nerve fibre 

density
IFG-1	 fasting glucose 5.6 – 6.0 mmol/l
IFG-2	 fasting glucose 6.1 – 6.9 mmol/l
(i-)IFG	 �(isolated) impaired fasting glucose
(i-)IGT	� (isolated) impaired glucose 

tolerance
IL-4	 interleukin-4
k-DM	 known diabetes mellitus
KORA	� Cooperative Health Research in 

the Augsburg Region
LF	� low frequency power in the R-R 

interval spectrum between 0.04 
and 0.12 Hz

Look AHEAD	� Look Action for Health in 
Diabetes

MetS	 metabolic syndrome
MNSI	� Michigan Neuropathy Screening 

Instrument
MTHFR	�methylenetetrahydrofolate 

reductase
NAFLD	 non-alcoholic fatty liver disease
NC	 nerve conduction
n-DM	� newly diagnosed/detected 

diabetes mellitus

NDS	 Neuropathy Deficit Score
NGT	 normal glucose tolerance
NSS	 Neuropathy Symptom Score
n-T2DM	�newly diagnosed/detected 

type 2 diabetes mellitus
OSA	 obstructive sleep apnoea
PKC	 protein kinase C
PNSS	� positive neuropathic sensory 

symptoms
PS	 pressure sensation
RMSSD	�square root of the mean of 

the squares of successive 
differences in normal-to-normal 
intervals

30:15 R-R	� ratio between 30th and 15th 
R-R interval after standing 
from supine position

SDANN	� standard deviation of 5-min 
averaged normal-to-normal 
intervals

SDNN	� standard deviation of normal-to-
normal intervals

T1DM	 type 1 diabetes mellitus
T2DM	 type 2 diabetes mellitus
TCF7L2	transcription factor 7-like2
VEGF	� vascular endothelial growth 

factor
VP	 vibration perception
WHO	 World Health Organization

Impaired glucose tolerance 
(IGT)

Impaired fasting glucose 
(IFG)

World Health Organization, International Diabetes Federation [World Health Organization 2006]

Fasting plasma glucose < 7.0 mmol/l  
(< 126 mg/dl)

6.1 – 6.9 mmol/l  
(110 – 125 mg/dl)

Two-hour plasma 
glucose

≥ 7.8 and < 11.1 mmol/l  
(≥ 140 and < 200 mg/dl)

< 7.8 mmol/l  
(< 140 mg/dl)

American Diabetes Association [Genuth 2003]

Fasting plasma glucose - 5.6 – 6.9 mmol/l  
(100 – 125 mg/dl)

Two-hour plasma 
glucose

7.8 – 11.0 mmol/l  
(140 – 199 mg/dl)

-

Tab. 1: Diagnostic thresholds for impaired glucose regulation.
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viduals with DSPN and CAN remain 
largely unknown. It has been suggested 
that the progression of microvascular 
and macrovascular complications may 
play a role in increased mortality rates 
amongst individuals with DSPN [Diet­
rich 2017]. A number of cardiovascular 

alterations associated with CAN may 
contribute to the increased risk of mor­
tality; these alterations include resting 
tachycardia, QT interval prolongation, 
orthostatic hypotension, reverse dip­
ping, and silent myocardial ischaemia 
[Spallone 2019].

Prediabetes

Prediabetes or intermediate hyperglyc­
aemia [Beulens 2019] are terms used 
for individuals with impaired glucose 
tolerance (IGT) and/or impaired fast­
ing glucose (IFG) [International Dia­

Study and publication Measure Population Number (n) Prevalence (%) Statistics

[Fujimoto 1987] DSPN (abnormal NC) NGT
IGT
DM

79
72
78

5.1
2.9
46.2 a

a �p < 0.05 for DM vs. NGT 
and DM vs. IGT

Hoorn study  
[de Neeling 1996]

DSPN (absent
VP/ankle reflex)

NGT
IGT
n-DM
k-DM

267
167
90
73

10.5 a, 6.0 b
16.2 a, 15.6 b
43.3 a, 32.2 b
68.5 a, 67.1 b

a �p < 0.01 for k-DM vs. NGT
b �p < 0.05 for IGT vs. NGT  
and n-DM vs. NGT; 
p < 0.001 for k-DM vs. NGT

MONICA/KORA Augsburg 
Surveys S2 and S3  
[Ziegler 2008]

DSPN (MNSI > 2) NGT 
i-IFG 
IGT 
k-DM 

81
71
46
195

7.4
11.3
13.0
28.0

p ≤ 0.05 for k-DM vs. NGT, 
k-DM vs. IFG, and k-DM 
vs. IGT

MONICA/KORA Augsburg 
Surveys S2 and S3)  
[Ziegler 2009 (a)]

Painful DSPN (MNSI > 2) NGT
i-IFG
IGT
k-DM

81
71
46
195

1.2
4.2
8.7
13.3

Overall p = 0.003

KORA Myocardial 
Infarction Registry  
[Ziegler 2009 (b)]

Painful DSPN (MNSI > 2) NGT
i-IFG
IGT
k-DM

81
70
61
214

3.7
5.7
14.8
21.0

Overall p < 0.001

OC IG Trial 
[Dyck 2012]

DSPN (abnormal NC 
plus neuropathic signs 
and symptoms)

NGT
IFG and/or IGT
n-DM

150
174
218

2.0
1.7
7.8 a

a �p = 0.02 for n-DM vs. NGT 
and p < 0.01 for n-DM vs. 
IFG and/or IGT

SH-DREAMS study  
[Lu 2013]

DSPN (NDS ≥ 6 or 
NDS ≥ 3 + NSS ≥ 5)

NGT 
IFG and/or IGT
DM

458
1043
534

1.5
2.8
8.4 a

a �p < 0.05 for DM vs. NGT 
and for DM vs. IFG and/
or IGT

KORA S4 study 
[Bongaerts 2013]

DSPN (bilaterally 
impaired VP and/or PS)

NGT 
i-IFG 
i-IGT 
IFG + IGT 
n-DM 
k-DM 

577
55
183
46
62
177

11.1
5.5
14.8
23.9
16.1
22.0

Not determined

PROMISE cohort 
[Lee 2015] *

DSPN (MNSI > 2) NGT
IFG and/or IGT 
n-DM 

344
101
22

29.0
49.0
50.0

p < 0.001 for trend

OC IG Trial 
[Kassardjian 2015]

Symptomatic small fibre 
DSPN (PNSS score >1/ 
HP-5 ≥ 95th/HP-5 ≤ 5th)

NGT
IFG and/or IGT
n-DM

138
165
195

5.1/13.4/7.5
5.5/20.5/9.3
6.2/22.8/9.8

Not significant

Health ABC study 
[Callaghan 2016 (a)]

Symptomatic DSPN 
(symptoms plus ≥ 1 of 
3 tests abnormal)

NGT
IFG and/or IGT 
DM

1145
699
490

8.6/11.4 **
5.6/10.6 **
16.7/17.1 **

Not determined 
p < 0.05 for effect of 
diabetes

[Callaghan 2018] DSPN (MNSI ≥ 2.5) NGT
IFG and/or IGT
DM

1487
1758
757

3.25
6.29
15.12

Overall p < 0.0001

[Kurisu 2019] DSPN (Toronto criteria: 
possible/probable/con-
firmed)

NGT
IFG
n-DM
k-DM

430
120
13
62

17.4 / 2.1 / 2.1
19.2 / 0.8 / 1.7
7.7 / 0 / 0
41.9 a /9.7 a/16.1 a

Overall 
p < 0.001/= 0.002/< 0.001 
a �p < 0.01 for k-DM vs. all 
other groups

* Study including individuals at high risk for T2DM, three-year follow-up examination; ** Prevalance rates for subjects with no/4 additional MetS components are depicted

Tab. 2: Population-based DSPN prevalence in individuals with prediabetes in comparison to normoglycaemic controls and patients with 
diabetes; DM: diabetes mellitus, DSPN: distal sensorimotor polyneuropathy, HP-5 ≥ 95th: hypoalgesia (HP-5 ≥ 95th percentile), HP-5 ≤ 5th: hyper-
algesia (HP-5 ≤ 5th percentile), (i-)IFG: (isolated) impaired fasting glucose, IFG + IGT: combined impaired fasting glucose and impaired glucose 
tolerance, (i-)IGT: (isolated) impaired glucose tolerance, k-DM: known diabetes mellitus, MetS: metabolic syndrome, MNSI: Michigan Neuropa-
thy Screening Instrument, NC: nerve conduction, n-DM, newly diagnosed/detected diabetes mellitus, NDS: Neuropathy Deficit Score, NGT: 
normal glucose tolerance, NSS: Neuropathy Symptom Score, PNSS: positive neuropathic sensory symptoms, PS: pressure sensation, VP: 
vibration perception.fo
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betes Federation 2019]. The American 
Diabetes Association (ADA) and World 
Health Organization (WHO) have pro-
vided frequently used cut-off values for 
IGT and IFG; these are summarised in 
Table 1. The most recent International 
Diabetes Federation (IDF) Atlas esti-
mated a global IGT prevalence of 7.5 % 
in adults (20 – 79 years) [International 
Diabetes Federation 2019]. The popula-
tion-based Hoorn study cohort showed 
an IFG prevalence of 33.2 % accord-
ing to ADA criteria and 10.1 % based 
on WHO/IDF criteria [Rijkelijkhuizen 
2007]. In the Euro Heart Survey, oral 
glucose tolerance tests in patients with 
acute or stable coronary heart disease 
referred to a cardiologist revealed that 
5 % of the participants had IFG and 
32 % had IGT [Bartnik 2007]. Similarly, 
a German study found that 1 % of pa-
tients with coronary artery disease had 
IFG and 34 % had IGT [Doerr 2011].

Prediabetes is associated with a marked 
increase in risk of developing T2DM [In-
ternational Diabetes Federation 2019]. A 
review of 103 prospective cohort studies 
estimated the rate of progression from IGT 
or IFG towards manifestation of T2DM 
between 26 % and 50 % (follow-up pe-
riod ranging from 1 to 24 years) [Rich-
ter 2018], with some studies showing 
around 70 % to develop T2DM within 
10 years [DeJesus 2017]. On average, it 
took 8.5 years to develop manifest T2DM 
in men compared to 10.3 years in women 
[Bertram 2010]. Thus, not everyone with 
intermediate hyperglycaemia necessarily 
progresses to T2DM, and regression to 
normoglycaemia has also been observed 
[Richter 2018, Vistisen 2019].

Prediabetes appears to be associated 
with an increased risk of cardiovascu-
lar disease [Huang 2016, International 
Diabetes Federation 2019] comparable 
to T2DM [DeFronzo 2011], although 
not all studies have ultimately validated 
such a relationship for IFG per se [Ye-
boah 2011]. However, reversion from 
increased two-hour glucose values to 
normoglycaemia has been associated 
with reduced risk of developing cardio
vascular disease [Vistisen 2019].

The concept of metabolic memory 
suggests that early glycaemic normal-
isation may be relatively beneficial to 
postpone hyperglycaemia-induced vas-
cular processes in the longer term [Otto-

Buczkowska 2010, Reddy 2015]. With 
regard to diabetic neuropathies, the Dia
betes Control and Complications Trial/
Epidemiology of Diabetes Interventions 
and Complications (DCCT/EDIC) study 
showed that in contrast  to conventional 
therapy, early intensive therapy in pa-
tients with T1DM resulted in long-term 
lower prevalence and incidence of DSPN 
and CAN even after the prior glycaemic 
separation vanished [Martin 2014, Pop-
Busui 2010]. Early preventive measures 
in individuals with prediabetes appear 
desirable in view of the proposed con-
cept of metabolic memory and its impact 
on outcomes [Roman 2009, Testa 2010].

Does prediabetic 
neuropathy exist?

Several studies identified varying rela-
tionships between peripheral neuropa-
thies and IFG and/or IGT. Table 2 sum-
marises the results from larger popu-
lation-based studies including at least 
200 participants with various degrees of 
glucose tolerance reporting prevalence 
rates of DSPN. Several studies have re-
ported increased prevalence rates of 
DSPN in people with prediabetes com-
pared to those with normal glucose tol-
erance (NGT), which were comparable 
to the prevalence rates observed in new-
ly diagnosed T2DM [Bongaerts 2013, de 
Neeling 1996, Lee 2015, Ziegler 2008, 
Ziegler 2009 (a), Ziegler 2009 (b)]. Var-
iable neuropathy testing and the dia
gnostic thresholds used may explain the 
high variability of prevalence rates in 
different studies [Ziegler 2014]. Espe-
cially the presence of IGT seems to be a 
major determinant in the development 
of nerve damage in people with predia
betes [Bongaerts 2013, Ziegler 2008, 
Ziegler 2009  (a), Ziegler 2009  (b)]. 
DSPN prevalence was assessed in six 
groups with different degrees of glucose 
tolerance in the KORA S4 (Cooperative 
Health Research in the Augsburg Re-
gion) study. The prevalence of clinical 
DSPN was particularly high in people 
with combined IFG and IGT, reaching 
23.9 % compared to 5.5 % in people 
with isolated IFG and 14.8 % in those 
with isolated IGT [Bongaerts 2013]. 
However, some studies found no differ-
ence in DSPN prevalence between indi-

viduals with prediabetes and NGT [Cal-
laghan 2016 (a), Callaghan 2018, Dyck 
2012, Fujimoto 1987, Kassardjian 2015, 
Kurisu 2019, Lu 2013]. The reasons for 
these discrepancies have been discussed 
previously [Papanas 2011] and may in-
clude the following: focus on large fibre 
impairment only [Dyck 2012, Fujimoto 
1987], very low DSPN prevalence in the 
population examined [Dyck 2012, Kas-
sardjian 2015, Lu 2013], problems of 
generalisability [Callaghan 2018, Kurisu 
2019, Lu 2013], and variable definitions 
of symptomatic DSPN [Dyck 2011].

The high proportion of individuals 
with painless or asymptomatic DSPN 
entities complicates the situation in clin-
ical practice [Bongaerts 2013, Kasznicki 
2014]. The PROTECT study showed that 
the condition was previously undia
gnosed in 75 % of the participants with-
out any history of diabetes despite signs 
of DSPN. Among participants without 
a history of diabetes, 39.2 % had glyco-
sylated haemoglobin A1c (HbA1c) levels 
in the prediabetic or even diabetic ranges 
[Ziegler 2018], while 77 % of individuals 
with diabetes and 91 % of those with pre-
diabetes were unaware of having DSPN 
in the KORA F4 study [Bongaerts 2013].

Table 3 summarises the results from 
larger population-based studies including 
data on various measures of CAN from 
at least 200 participants with prediabe-
tes, diabetes and healthy controls. The 
only study reporting prevalence rates of 
CAN is the KORA S4 study. This cohort 
showed a prevalence of 8.1 % and 5.9 % 
for CAN in subjects with isolated IFG 
and isolated IGT, respectively, compared 
to 4.5 % in NGT and 11.7 % in new-
ly diagnosed diabetes. Similar to DSPN, 
CAN prevalence was particularly high 
in people with combined IFG and IGT, 
reaching 11.4 % [Dyck 2011]. Other 
studies comparing mean levels of meas-
ures of heart rate variability (HRV) and 
baroreflex sensitivity (BRS) consistently 
confirmed reduced cardiac autonom-
ic function in people with prediabetes 
and an association with worsening glyc
aemic control [Coopmans 2020, Gerrit-
sen 2000, Schroeder 2005, Singh 2000, 
Stein 2007, Wu 2007, Wu 2014, Ziegler 
2015 (c)]. Impaired BRS was detected 
in IGT but not isolated IFG [Wu 2014]. 
Meyer and colleagues reported data from 
11 994 non-diabetic US Hispanics from fo
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Study and publication Measure Population Number (n) Median (range)/
geometric 
mean ± SD

Statistics

Hoorn study 
[Gerritsen 2000]

SDNN (ms) NGT
IGT
n-DM
k-DM

288
169
95
79

34.8 (33.0 – 36.7) 
31.3 (29.1 – 33.5)
28.2 (25.0 – 31.8)
25.0 (22.2 – 28.0)

SDNN: p < 0.01 for trend
p < 0.05 for NGT vs. all

LF (ms2) NGT
IGT
n-DM
k-DM

288
169
95
79

251 (220 – 286)
224 (190 – 264)
163 (123 – 215)
148 (109 – 202)

LF, HF, and BRS:
p < 0.01 for trend
p < 0.05 for n-DM vs. NGT 
and vs. k-DM NGT

HF (ms2) NGT
IGT
n-DM
k-DM

288
169
95
79

202 (174 – 234)
172 (142 – 208)
135 (102 – 180)
113 (83 – 155)

BRS (ms/mmHg) NGT
IGT
n-DM
k-DM

288
169
95
79

8.0 (7.5 – 8.6)
7.2 (6.5 – 8.0)
6.1 (5.3 – 7.0)
6.3 (5.4 – 7.5)

Framingham Heart study 
[Singh 2000]

SDNN (ms) NGT
IFG
DM

1,779
56
84

4.51 ± 0.01
4.37 ± 0.04
4.28 ± 0.03

SDNN, LF, and HF:
p < 0.05 for DM vs. NGT 
and IFG vs. NGT

LF (ms2) NGT
IFG
DM

1,779
56
84

6.77 ± 0.02
6.26 ± 0.10
6.03 ± 0.08

HF (ms2) NGT
IFG
DM

1,779
56
84

5.55 ± 0.02
5.06 ± 0.11
4.95 ± 0.09

ARIC study 
[Schroeder 2005]

SDNN (ms) NGT
IFG
DM

5410
3561
969

31.46 (31.00 – 31.92)
31.42 (30.85 – 32.00)
27.95 (26.67 – 29.23)

SDNN: p < 0.05 for DM vs. 
NGT

R-R interval (mm) NGT
IFG
DM

5410
3561
969

976 (971 – 980)
955 (949 – 960)
908 (895 – 921)

R-R interval: p < 0.05 for 
DM vs. NGT and IFG vs. 
NGT

RMSSD (ms) NGT
IFG
DM

5410
3561
969

24.98 (24.45 – 25.50)
24.83 (24.16 – 25.49)
21.09 (19.62 – 22.57)

RMSSD: p < 0.05 for DM 
vs. NGT

[Wu 2007] SDNN (ms) NGT
i-IFG
IGT
DM

983
163
188
106

39.5 ± 24.3
33.1 ± 18.8
29.6 ± 17.2
23.5 ± 15.6

SDNN: p < 0.001 (ANOVA); 
p < 0.001 for DM vs. NGT
p < 0.01 for DM vs. i-IFG
p < 0.001 for IGT vs. NGT
p < 0.01 for i-IFG vs. NGT

30:15 R-R NGT
i-IFG
IGT
DM

983
163
188
106

1.10 ± 0.13
1.07 ± 0.10
1.06 ± 0.11
1.04 ± 0.09

30:15 R-R: p < 0.001 (ANOVA)
p < 0.001 for DM vs. NGT 
and IGT vs. NGT

Cardiovascular Health 
study 
[Stein 2007]

SDNN (ms) NGT
IFG-1
IFG-2
DM

536
363
182
178

123±2
121±2
112±3
110±3

SDNN: p < 0.001 for DM vs. 
NGT, p = 0.001 for IFG-2 vs. 
NGT, p = 0.024 for IFG-2 vs. 
IFG-1

SDANN (ms) NGT
IFG-1
IFG-2
DM

536
363
182
178

110±2
109±2
101±3
99 ± 3

SDANN: p = 0.001 for DM 
vs. NGT, p = 0.005 for IFG-2 
vs. NGT, p = 0.042 for IFG-2 
vs. IFG-1

Study and publication Measure Population Number (n) Prevalence (%) Statistics

KORA S4 study 
[Ziegler 2015 (c)]

CAN (≥2 of 4 HRV 
indices abnormal)

NGT 
i-IFG 
i-IGT 
IFG + IGT 
n-DM 
k-DM

565
336
72
151
78
130

4.5
8.1
5.9
11.4
11.7
17.5

p < 0.05 for i-IFG vs. NGT, 
IFG + IGT vs. NGT, n-DM vs. 
NGT, and k-DM vs. NGT
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Study and publication Measure Population Number (n) Median (range)/
geometric 
mean ± SD

Statistics

[Wu 2014] BRS (ms/mmHg) NGT
i-IFG 
IGT 
n-DM

498
61
126
83

11.71 ± 6.09  
11.50 ± 5.44 
9.49 ± 5.27
8.53 ± 5.03

BRS and Valsalva ratio:
p < 0.001 (ANOVA)
p < 0.001 for trend 
p < 0.001 for n-DM vs. NGT, 
p < 0.01 for IGT vs. NGT, 
p < 0.05 for n-DM vs. i-IFGValsalva ratio NGT

i-IFG 
IGT 
n-DM

498
61
126
83

1.54 ± 0.24
1.50 ± 0.24
1.45 ± 0.23
1.40 ± 0.21

Maastricht study 
[Coopmans 2020]

HRV (time domain, 
composite score SD)

NGT
IFG and/or IGT 
DM

1,226
331
550

0.15 ± 0.93
−0.10 ± 0.84 
−0.33 ± 0.95

p < 0.001 for trend in HRV 
(time domain and frequen-
cy domain)

HRV (frequency 
domain, composite 
score, SD)

NGT
IFG and/or IGT
DM

1,226
331
550

0.16 ± 0.99
−0.10 ± 0.80
−0.32 ± 0.91

Tab. 3: Population-based prevalence of CAN (KORA S4 study) and averaged levels of HRV indices in individuals with prediabetes in compari-
son to normoglycaemic controls and patients with diabetes; BRS: baroreflex sensitivity (ms/mmHg), CAN: cardiac autonomic neuropathy, 
DM: diabetes mellitus, HF: high frequency power spectrum, HRV: heart rate variability, (i-)IFG: (isolated) impaired fasting glucose, IFG-1: 
fasting glucose 5.6 – 6.0 mmol/l, IFG-2: fasting glucose 6.1 – 6.9 mmol/l, IFG + IGT: combined impaired fasting glucose and impaired glucose 
tolerance, (i-)IGT: (isolated) impaired glucose tolerance, k-DM: known diabetes mellitus, LF: low frequency power spectrum, n-DM: newly dia
gnosed/detected diabetes mellitus, NGT: normal glucose tolerance, RMSSD: square root of the mean of the squares of successive differences 
in normal-to-normal intervals, SDANN, standard deviation of 5 min averaged normal-to-normal intervals, SDNN: standard deviation of normal-
to-normal intervals, 30:15 R-R: ratio between 30th and the 15th R-R interval after standing from supine position.

the US (HCHS/SOL [Hispanic Commu-
nity Health Study/Study of Latinos] co-
hort). This study showed an association 
between impairment in glucose homeo-
stasis such as IFG and lower HRV, sug-
gesting that reduced cardiac autonomic 
function may be present even before the 
onset of overt diabetes [Meyer 2016].

In addition to population-based data, 
a large hospital-based study by Dimo-
va and colleagues showed DSPN prev-
alence, defined as abnormal nerve con-
duction (NC), of 0 % in NGT, 5.7 % in 
IFG and/or IGT and 28.6 % in newly 
diagnosed T2DM. Prevalence of CAN, 
defined as reduced HRV (ANX-3.0 
method), was 19.8 % in individuals with 
IFG and/or IGT compared to 12.3 % in 
NGT and 32.2 % in n-T2DM [Dimo-
va 2017]. In line with observations in 
the KORA S4 survey and the study by 
Coopmans et al., Dimova and colleagues 
showed that CAN prevalence was par-
ticularly high in people with isolated IGT 
reaching 20.6 % compared to 13.2 % in 
subjects with IFG [Dimova 2017].

Overall, associations have been ob-
served between increased glucose intol-
erance and both DSPN and CAN. Even 
though the prevalence may vary in differ-
ent populations, evidence points towards 
the occurrence of prediabetic neuropa-
thies. A recent review summarising data 
from the surveys of the KORA cohort con-

cluded that prevalence rates in both DSPN 
and CAN in individuals with combined 
IFG and IGT reach levels comparable to 
those found in newly diagnosed T2DM 
[Herder 2019]. This emerging evidence 
prompted the ADA to recognise the rele-
vance of peripheral neuropathies in peo-
ple with prediabetes in 2017. The ADA 
position statement on diabetic neuropa-
thy included a recommendation to screen 
patients with prediabetes who have neu-
ropathic symptoms. This recommendation 
has been further fostered by the related 
comorbidities of DSPN such as cardiovas-
cular risk, foot ulceration and amputation 
as mentioned above, alongside of falls and 
fractures [Pop-Busui 2017]. Thus, DSPN 
and CAN can no longer be considered 
“late” complications of diabetes.

Which factors determine 
the development of 
prediabetic neuropathy?

The detailed mechanisms responsible for 
the development of peripheral neuropa-
thies in prediabetes remain to be elu-
cidated. Several factors are considered 
in the ongoing studies aimed at further 
understanding the impact of metabol-
ic imbalance on the vascular system. A 
number of non-modifiable risk factors 
such as age and height, but also modifi-

able risk factors such as glycaemic con-
trol are associated not only with dia
betic neuropathy but also prediabetic 
neuropathy [Lee 2015, Németh 2017]. 
Other traditional cardiovascular risk 
factors such as hypertriglyceridaemia 
may also play a role in the development 
of peripheral neuropathies in individuals 
with prediabetes [Stino 2017].

Postprandial glucose levels and 
other risk factors

The KORA F4 study demonstrated a rela-
tionship between elevated two-hour post-
prandial glucose levels and increased risk 
of DSPN in people with IFG, IGT and 
known diabetes [Bongaerts 2012]. Di-
mova and colleagues found a relationship 
between two-hour postprandial glucose 
and increased CAN prevalence [Dimo-
va 2017]. A similar relationship was ob-
served for two-hour postprandial glucose 
and cardiovascular disease, specifically 
coronary artery disease, even in the ab-
sence of a diabetes diagnosis [Fu 2018].

Obesity

Obesity has been identified as a risk fac-
tor for DSPN in individuals with T1DM 
and T2DM, and also in people with fo
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prediabetes and normoglycaemia [Cal­
laghan 2016 (b), Grisold 2017, Papa­
nas 2015]. Obese but normoglycaemic 
individuals showed a DSPN prevalence 
of up to 11 % compared to 3.8 % in 
lean controls [Callaghan 2016 (b)]. The 
increased risk of peripheral neuropathy 
appears to correlate with small fibre in­
tegrity [Smith 2013]. Recent studies sug­
gest that the relationship between obe­
sity and DSPN in individuals with and 
without diabetes might be mediated by 
subclinical inflammation [Schlesinger 
2019]. Higher levels of pro-inflammato­
ry biomarkers as a consequence of obesi­
ty may directly affect neuronal cells and 
increase the risk of DSPN [Schlesinger 
2019]. However, a direct correlation of 
obesity with the development of periph­
eral neuropathies is difficult to decipher 
as obesity is strongly associated with 
glycaemic imbalance and other cardio­
vascular risk factors.

Inflammation

Inflammation has been frequently ad­
dressed as a factor in the development 
of diabetic neuropathy. Prooxidant and 
antioxidant markers have both been im­
plicated in the development of DSPN at 
early stages of diabetes [Herder 2018, 
Herder 2019]. One prospective study 
showed that oxidative stress, character­
ised by increased superoxide anion gen­
eration, preceded the decline in sensory 
and cardiac autonomic nerve function 
[Ziegler 2015 (a)]. Intracellular hyper­
glycaemia may result in tissue damage 
via alteration of several molecular path­
ways. The increased activation of the 
polyol pathway depletes the cellular 
antioxidant capacity and thus exposes 
the cell to oxidative stress; the forma­
tion of advanced glycation end prod­
ucts (AGEs) triggers the expression of 
cytokines and growth factors; the pro­
tein kinase C (PKC) pathway alters the 
expression of inflammation markers as 
well as reactive oxygen species. Other 
pathways such as the hexosamine path­
way may additionally modify proteins 
and alter gene expression to target tissue 
damage (reviewed in [Brannick 2016]). 
Data on inflammation and CAN are lim­
ited in individuals with either prediabe­
tes or diabetes [Herder 2019].

Genetic predisposition

Aside from modifiable risk factors, ge­
netic predisposition appears to be an 
important factor in the development 
of diabetic neuropathy [Politi 2016]. 
Genes found to be associated with dia­
betic neuropathy include angiotensin-
converting-enzyme (ACE), a potent va­
soconstrictor; methylenetetrahydrofolate 
reductase (MTHFR); glutathione S-trans­
ferase (GST), which is involved in protec­
tion against oxidative stress; and glyoxa­
lase 1 (Glo1), which is associated with the 
formation of AGEs [Politi 2016]. Apart 
from that, transcription factor 7-like2 
(TCF7L2), a mediator of the Wnt sig­
nalling pathway; vascular endothelial 
growth factor (VEGF), which promotes 
vascular endothelial cell proliferation; 
interleukin-4 (IL-4), which is involved 
in anti-inflammation inter alia; and glu­
tathione peroxidase-1 and alpha2b adre­
nergic receptor (ADRA2B) are associated 
with diabetic neuropathy (reviewed in 
[Politi 2016]). The respective products of 
these genes are mainly involved in inflam­
mation, oxidative stress, and neuronal 
function and development [Politi 2016]. 
Other studies have indicated that poly­
morphisms in enzymes such as transketo­
lase involved in metabolic pathways are 
associated with neuropathic symptoms in 
recent-onset diabetes [Ziegler 2017]. Tak­
ing genetic predisposition into account 
might explain why some individuals with 
diabetes are more prone to develop pe­
ripheral neuropathies than others.

What are the characteristics 
of prediabetic neuropathy?

Generally, peripheral neuropathies as­
sociated with prediabetes are clinical­
ly similar to early diabetic neuropathies 
[Smith 2008]. Metabolic alterations trig­
ger pathogenic mechanisms, which in 
turn lead to neuronal damage [Yagihashi  
2011]. Prediabetic neuropathy is associ­
ated with reduced endothelium-depend­
ent vasodilation and axon-reflex elicited 
flare areas [Caballero 1999, Green 2010]. 
The capillary luminal area appears lower 
in subjects with NGT progressing to IGT 
or those with IGT progressing to diabetes 
compared to persons with constant NGT 
or constant IGT [Thrainsdottir 2003]. 

Early neuropathic features in people with 
prediabetes may include impaired warm/
cold perception [Putz 2009] and neuro­
pathic pain [Papanas 2011]. Less pro­
nounced impairments in sural nerve am­
plitudes, conduction velocities and distal 
leg intra-epidermal nerve fibre density 
(IENFD) have been reported in predia­
betes compared to diabetic polyneuro­
pathy [Papanas 2011, Singleton 2001, 
Sumner 2003].

Improvements in corneal nerve fibre 
density (CNFD), corneal nerve branch 
density (CNBD), and corneal nerve 
fibre length (CNFL) compared to base­
line have been observed in individuals 
with IGT who converted to NGT within 
36 months. Neuropathy assessments in 
people remaining with IGT and those 
developing T2DM over 36 months were 
comparable or deteriorated, respectively 
[Azmi 2015], between baseline and study 
end, suggesting that an improvement in 
glucose tolerance coincides with improv­
ing nerve pathology [Azmi 2015].

A progressive course of nerve fibre 
damage has been suggested in diabetic 
neuropathy reflected by symptoms pro­
gressing from pure small to large nerve 
fibre symptoms. Some studies indicate 
that small fibres may be affected more 
than large fibres in prediabetic neuro­
pathy compared to diabetic neuropa­
thy [Groener 2020, Papanas 2011, Putz 
2009, Singleton 2001, Sumner 2003]. 
Small nerve fibres lack a myelin sheath, 
and may therefore be more susceptible to 
damage [Papanas 2011, Papanas 2012, 
Singleton 2001, Sumner 2003]. Informa­
tion varies on the course of nerve fibre 
damage in prediabetic and diabetic neu­
ropathies; a clear phenotype has not been 
determined and should be focus of further 
investigation. The potentially less severe 
clinical manifestation of prediabetic neu­
ropathy compared to diabetic neuropathy 
may induce less pronounced neuropathic 
symptoms and deficits; this may result in 
reduced awareness of prediabetic neu­
ropathy [Groener 2020, Ziegler 2018].

Implications for clinical 
practice

Nerve function may deteriorate progres­
sively without any intervention, so that 
timely peripheral neuropathy diagno­fo
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sis is crucial in slowing down and halt-
ing progression or even restoring nerve 
function as early as possible [Pfeifer 
1995]. The potential link of prediabetic 
neuropathy to the damage of small nerve 
fibres might be advantageous when con-
sidering that these may also be more 
amenable to regeneration, even if these 
nerve fibres may also be more prone to 
injury [Singleton 2015].

Treatment of prediabetic neuropa-
thy has not been frequently addressed. 
The long-term follow-up of the Dia-
betes Prevention Program Outcomes 
Study (DPPOS) indicated that lifestyle 
modification may reduce diabetes in-
cidence in a population at high risk 
of developing diabetes. Participants 
who did not develop diabetes showed 
a 28 % lower prevalence of microvas-
cular complications, including neuro
pathy [Diabetes Prevention Program 
Research Group 2015]. One small un-
controlled one-year study demonstrat-
ed that lifestyle interventions consist-
ing of individualised diet and exercise 
counselling was associated with im-
provements in innervation and neu-
ropathic pain in individuals with pre-
diabetes and DSPN [Smith 2006]. A 
number of studies on obese individuals 
have shown that weight loss, achieved 
either by lifestyle changes, diet, or bar-
iatric surgery may reverse reductions 
in HRV, indicating improvement in 
cardiac autonomic dysfunction [Alam 
2009, Casellini 2016, de Jonge 2010, 
Kokkinos 2013, Lips 2013, Rissanen 
2001, Sjoberg 2011, Straznicky  2016, 
Wasmund 2011, Ziegler 2015 (b)]. It 
was suggested that the improvements 
in autonomic function may have a pos-
itive impact on diabetes outcomes, spe-
cifically on cardiovascular mortality. 
Of note, the positive impact of weight 
loss on CAN appears to be independ-
ent of glycaemic status [Casellini 2016, 
Lips 2013, Sjoberg 2011, Straznicki 
2016, Ziegler 2015 (b)]. Aside from 
weight loss, exercise was observed to 
positively influence autonomic func-
tion in individuals with T2DM [Bhati 
2018, Villafaina 2017]. A meta-analy-
sis concluded that long-term and reg-
ular exercise improves cardiac auto-
nomic function, especially in individ-
uals with T2DM. The Look AHEAD 
(Look Action for Health in Diabetes) 

study showed that intensive lifestyle 
intervention resulted in a modest im-
provement in neuropathic symptoms 
assessed by the MNSI questionnaire 
after 12 years in overweight or obese 
people with T2DM [Look AHEAD 
Research Group 2017]. Some studies 
have shown a reversal of neuropathic 
damage in individuals with prediabetes 
[Singleton 2015, Smith 2006], but the 
overall evidence for an effect of phys-
ical exercise on CAN is less robust in 
people with T1DM or prediabetes than 
in those with T2DM [Röhling 2017].

It should be kept in mind that some 
studies investigating lifestyle interven-
tion in individuals with metabolic syn-
drome and CAN did not show any im-
provement in autonomic function, even 
though markers of oxidative stress and 
components of the metabolic syndrome 
were positively influenced [Pennathur 
2017]. Moreover, analysing CAN in re-
lation to prediabetes, diagnosis of CAN 
in most of these studies relied on HRV 
indices rather than the more commonly 
used cardiovascular autonomic reflex 
tests. It should be further noted that 
most improvements mediated by weight 
loss were observed for small fibre func-
tion, but not large fibre function. Nev-
ertheless, a positive effect of weight loss 
on large fibres is also conceivable as 
improvement of neuropathic signs may 
take several years, and might therefore 
not be observed in clinical trials with 
shorter time periods [Casellini 2016, 
Ziegler 2011, Ziegler 2016].

Intensive glycaemic control is the 
most effective way of preventing or 
slowing the progression of diabetic 
neuropathy in individuals with T1DM 
[Ang 2014, Callaghan 2012 (c), Dimi
tropoulos 2014, Ismail-Beigi 2010, 
Pambianco 2006, Pop-Busui 2010], so 
that optimising glycaemic control is 
considered the basis in the management 
of diabetic neuropathy. Disease-mod-
ifying treatments for DSPN are lim-
ited. Treatment with the antioxidant 
α-lipoic acid for four years has been 
shown to improve neuropathic deficits 
in patients with DSPN. Benfotiamine 
may interfere with pathogenetic glu-
cose-metabolising pathways, such as 
the formation of AGEs, and short-term 
clinical trials with this vitamin B1 de-
rivative have shown improvements in 

neuropathic symptoms [Bönhof 2019, 
Haupt 2005, Stracke 2008, Ziegler 
2004, Ziegler 2006, Ziegler 2011]. 
Symptomatic treatment options for 
painful DSPN include mainly seroto-
nin-noradrenaline reuptake inhibitors, 
anticonvulsants and opioids [Alam 
2020]. A study specifically focusing on 
individuals with prediabetes and neu-
ropathic pain showed treatment with 
the α2δ ligand pregabalin to result in 
pain relief. However, increasing severi-
ty of nerve damage reduced patient re-
sponsiveness to pregabalin [González-
Duarte 2016]. The similarities between 
prediabetic and diabetic neuropathy 
point to therapeutic approaches com-
parable to those suggested in the man-
agement of cardiovascular risk factors 
in prediabetes, but evidence to support 
this notion is lacking [DeFronzo 2011].

Considerations for the 
future

Although the clinical manifestations 
of diabetic neuropathy in T1DM and 
T2DM are similar, they appear to be 
based on partly divergent concepts [Cal-
laghan 2012 (a), Callaghan 2012 (b)]. 
One of the major differences could be the 
positive impact of improved glycaemic 
control on the incidence of DSPN in in-
dividuals with T1DM which was not 
observed in T2DM [Amthor 1994, Cal-
laghan 2012 (c), Diabetes Control and 
Complications (DCCT) Research Group 
1995, Holman 1983, Ismail-Beigi 2010, 
Jakobsen 1988, Linn 1996]. This should 
be kept in mind when addressing DSPN 
in clinical practice. The multifactorial 
impact of risk factors such as hyperglyc
aemia, obesity, age, gender, height, and 
genetics are important to consider, es-
pecially in view of currently established 
therapies for diabetic neuropathy. These 
mostly address neuropathic pain or tar-
get hyperglycaemia [Grisold 2017].

Metabolic syndrome, prediabetes 
and diabetes are all risk factors for 
and associated with a number of co-
morbidities such as obstructive sleep 
apnoea (OSA), non-alcoholic fatty liv-
er disease (NAFLD) and others, and 
may have a direct impact on micro-
vascular or macrovascular complica-
tions. Lifestyle intervention does not fo
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only address the underlying metabolic 
disorders such as hyperglycaemia and 
inflammation, but also have a positive 
impact on many of the comorbidities. 
Understanding the interplay of met-
abolic factors with diabetic compli-
cations may support prevention and 
treatment optimisation [Greco 2015].

Overall, data gathered from patients 
with prediabetes and peripheral neu-
ropathies is limited. Randomised con-
trolled trials would play a pivotal role in 
understanding the impact of approaches 
such as lifestyle management and thera-
peutic interventions towards developing 
recommendations for clinical practice. 
Additional prospective data should im-
prove the current understanding of as-
sociations between prediabetes, its risk 
factors and the development of periph-
eral neuropathies. The available studies 
provide some preliminary insights but 
vary considerably in participant selec-
tion as well as definitions and diagnos-
tic procedures for both prediabetes and 
neuropathy.

Conclusions

Peripheral neuropathy has been reported 
to be prevalent in the prediabetic state. 
Individuals with prediabetes should be 
screened for peripheral neuropathies 
such as DSPN and autonomic dysfunc-
tion to detect nerve damage as early as 
possible. A timely diagnosis might pro-
vide the opportunity to address both 
prediabetes and peripheral neuropathy 
to allow for a pathophysiological rever-
sal. Apart from lifestyle modification 
and despite the lack of evidence, both 
symptomatic and pathogenesis-oriented 
treatment merit consideration to main-
tain the patients’ quality of life rather 
than await the transition to clinically 
manifest diabetes.
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