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A B S T R A C T   

Aims: To estimate the prevalence of neuropathy in adolescents with type 1 diabetes. 
Methods: Systematic collection of published studies exploring the prevalence of large fibre neuropathy (LFN), 
small fibre neuropathy (SFN), and autonomic neuropathy in adolescents with type 1 diabetes. Following pro-
spective registration (Prospero CRD42020206093), PubMed, EMBASE, and Cochrane Library were searched for 
studies from 2000 to 2020. PICO framework was used in the selection process (Population: adolescents aged 
10–19 years with type 1 diabetes; Intervention: diagnostic methods for neuropathy; Comparison: reference data; 
Outcome: data on prevalence or comparison). Data were extracted concerning study quality based on available 
data and established methods for determining and diagnosing various neuropathy types. 
Results: From 2,017 initial citations, 27 studies (7589 participants) fulfilled eligibility criteria. The study pop-
ulation (47% males) had a diabetes duration between 4.0 and 10.6 years, and HbA1c level between 7.3 and 
10.8%, 56–95 mmol/mol. The prevalence of LFN, based on nerve conduction studies, was 10–57%. Based on 
other tests for neuropathy, the prevalence of LFN and SFN was 12–62%, and that of cardiac autonomic neu-
ropathy was 12–75%. 
Conclusion: The described prevalence of neuropathy in adolescents with type 1 diabetes varied, which can be 
methodological due to different screening methods and classifications of neuropathy.   

1. Introduction 

In 2019, 463 million people were globally estimated to have dia-
betes, and approximately 1.1 million children and adolescents younger 

than 20 years suffered from type 1 diabetes.1 Neuropathy is a common 
complication to diabetes and assumed to occur primarily late in the 
disease course with a prevalence of 50%.2 However, neuropathy may 
occur early in type 1 diabetes,3 and previous studies in children and 
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adolescents have shown a large variation in the reported frequencies of 
neuropathy ranging up to about 60%.4,5 The large variation in reported 
frequency for neuropathy is probably linked to different classification 
and screening methods with different sensitivity and specificity. 

Based on structure and function, the nerve damage can be classified 
into large fibre (LFN), small fibre (SFN), mixed fibre and autonomic 
neuropathies. In diabetes a commonly used classification in adults dis-
tinguishes between chronic symmetrical length dependent sensory- 
motor polyneuropathy also known as diabetic polyneuropathy, dia-
betic radiculo-plexopathy, mononeuropathies and treatment induced 
neuropathy in diabetes.2,6,7 Diabetic polyneuropathy is by far the most 
common form of neuropathy accounting for approximately 80-90% of 
neuropathies, and may comprise disturbance of somatosensory or 
autonomic functions.8 Autonomic abnormalities in diabetes are complex 
and have different clinical presentations, involving the cardiovascular 
system, thermoregulation, respiration, gastrointestinal, urogenital, and 
pupillomotor systems.9 

The International Society for Pediatric and Adolescent Diabetes 
(ISPAD) recommends that screening for peripheral neuropathy should 
start from age 11 years with 2 to 5 years diabetes duration and repeated 
annually. The test should include clinical bedside assessment of small 
fibre function (temperature or pinprick sensation), large fibre function 
(vibration, soft touch sensation and evaluation of ankle and knee re-
flexes), and autonomic nervous system function (orthostatic blood 
pressure test and heart rate variability).10 

A search for systematic reviews looking at prevalence in PubMed 
using search terms neuropath* AND adolescent* AND type 1 diabet* 
revealed only 3 citations among adolescents with type 1 diabetes,11–13 

whereas two studies focused on prevalence. The first study described 
prevalence of autonomic neuropathy (3943 participants, 19 studies from 
1985 to 2012),12 but did not distinguish between probable and 
confirmed diagnostic criteria for neuropathy. The other systemic review 
looked at the prevalence of diabetic peripheral neuropathy among type 
1 diabetes adolescents in Iran (485 participants, 5 studies from 2001 to 
2018), but without description of diagnostic methods for diabetic pe-
ripheral neuropathy and global data collection.13 Thus, to our knowl-
edge, no systematic review, focusing on confirmed LFN, SFN and 
autonomic neuropathy with clear description of used diagnostic 
methods and definition of neuropathy in adolescents with type 1 dia-
betes, exists. 

Our aim was to systematically review the literature collecting data 
on the diagnostic methods and the magnitude of LFN, SFN, and auto-
nomic neuropathy in adolescents with type 1 diabetes. 

2. Methods 

This systematic review was conducted with prospective registration 
(Prospero CRD42020206093), and reported in compliance with 
PRISMA.14 

2.1. Data sources and searches 

EMBASE, PubMED and the Cochrane Library were searched for ar-
ticles and reviews published from 2000 to 2020. Language settings were 
English, Danish, Norwegian, and Swedish. The search strategy included 
text terms in the titles, abstracts, and keywords and medical subject 
headings (MeSH) in the three categories “adolescents”, “type 1 dia-
betes”, and “neuropathy” or “diagnostic methods of neuropathy” (see 
used search terms and MeSH in appendix A). The online software pro-
gram Covidence processed the articles to facilitate the process of 

creating the systemic reviews. Initially, Covidence moved duplicates of 
imported references and then references went through title and abstract 
screening and full text screening. 

The primary outcome for this review was to estimate the prevalence 
of LFN, SFN and autonomic neuropathy in adolescents with type 1 
diabetes. The secondary outcome was comparisons of results of diag-
nostic tests between adolescents with type 1 diabetes and healthy con-
trol subjects. 

2.2. Study selection 

The inclusion criteria for eligible studies were defined by respecting 
the population, intervention, comparison and outcome (PICO) 
parameters. 

2.2.1. Population 
Studies were included if the population had type 1 diabetes and were 

adolescents. Based on the WHO definition of adolescents (individuals in 
the 10–19 years age group), articles were included if  

(i) the age range was between 10 and 19 years  
(ii) the age range was undefined and the median and interquartile 

range were between 10 and 19 years  
(iii) the age range was undefined and mean age was between 10 and 

19 years and mean ± 2SD was between 8 and 21 years  
(iv) the mean ± SD was between 10 and 19 years and the age range 

was between 8 and 21 years 

2.2.2. Intervention 
Studies were included, if the diagnostic techniques assessed large, 

small and/or autonomic nerve fibre structures, and/or functions. The 
techniques8,15–17 included 

Large fibre monofilament, proprioception, vibration, touch 
perception 

Small fibre warmth and cold detection, pinprick, quantitative 
sensory testing (QST), skin biopsy for determining intraepidermal nerve 
fibre density (IENFD), corneal confocal microscopy (CCM) 

Autonomic cardiac autonomic reflex tests (CARTs), baroreflex 
sensitivity (BRS), heart rate variability (HRV), quantitative sudomotor 
axon reflex test (QSART, peripheral autonomic small nerve fibre) and 
other tests, indicating gastrointestinal neuropathy (gastroparesis, en-
teropathy and colonic hypomotility), urogenital neuropathy (cystop-
athy, erectile dysfunction and female sexual dysfunction), sudomotor 
dysfunction (anhidrosis and gustatory sweating), and pupillary 
dysfunction 

The Toronto expert panel convened in 2009 definitions of diabetic 
neuropathy and divided diabetic distal sensorimotor polyneuropathy 
into possible, probable, confirmed, and subclinical depending on 
symptoms, signs, and paraclinical findings.18 Based on this, the 
following definitions were used 

Possible History with sensory disturbances with length-dependent 
neuropathy distribution. 

Probable Symptoms and/or signs of small or large fibre dysfunction 
in a length-dependent area. 

Confirmed Symptoms and/or signs of small or large fibre 
dysfunction in a length-dependent area AND abnormal gold standard 
test. 

Subclinical No symptoms and signs of small or large fibre 
dysfunction, but abnormal gold standard test 

Gold standard diagnostic tests8,15 were defined as 
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Large fibre Nerve conduction studies 
Small Fibre An abnormal QST or QSART or quantitative direct and 

direct testing of sudomotor function (QDIRT) and/or reduced (IENFD) 
Autonomic Two or more positive CARTs. The tests include heart 

rate (HR) response to deep breathing, HR response to standing from a 
lying position, and HR response to Valsalva maneuver, which mainly 
reflected parasympathetic/cardiovagal dysfunction. In addition, CARTs 
included blood pressure (BP) response to standing from a lying position 
and to sustained handgrip, mainly reflecting sympathetic/adrenergic 
dysfunction. 

2.2.3. Comparison 
Studies were included, if  

(i) results were compared to normative reference data inclusive 
definition of abnormal test results (e.g., percentile for 
abnormality).  

(ii) the results were compared to control subjects. 

2.2.4. Outcome 
Studies were included, if  

(i) data on prevalence of neuropathy were available (primary 
outcome)  

(ii) tests results from adolescents with type 1 diabetes were compared 
to control subjects (secondary outcome). 

The exclusion criteria for the studies were  

(i) study population other than type 1 diabetes  
(ii) sample size <10 participants  

(iii) control group with secondary defined characteristics (not 
healthy). 

2.3. Data extraction and quality assessment 

Prevalence was extracted from studies, if available, or calculated as 
number of cases with the abnormality divided by the study population. 
Compared results between adolescents with type 1 diabetes and control 
subjects were extracted from the text, tables or figures, if p-values were 
<0.05. 

In addition to the pre-specified primary and secondary outcomes the 
following data from the studies were extracted; geographical origin of 
the studies, number of participants and control subjects, demographics 
of the study population (age, glycaemic control (HbA1c) and diabetes 
duration), diagnostic tests of neuropathy, definition of abnormal test, 
and reference of normative data. 

Study quality was assessed on basis of available data. If no clear 
definition of abnormal test results and/or no normative data were 
described, the validity of the article was downgraded and excluded. 

2.4. Data synthesis and analysis 

The qualitative synthesis sorted the studies before quantitative syn-
thesis. Because of heterogeneity of participants and outcomes, outcomes 
could not be combined in a meta-analysis. For that reason, the finally 
selected studies in quantitative synthesis were listed in tables and from 
them conclusions were drawn. 

3. Results 

3.1. Study selection 

The searches in the three databases (Embase, PudMed, Cochrane 

Library) were performed on February 13th 2020, and a total of 2448 
articles were identified. Fig. 1 displays a flow diagram of the selected 
articles. 431 duplicates were removed and after title and abstract 
screening, 1765 articles were classified as being non-relevant as they 
failed to meet the inclusion criteria and/or were disqualified due to 
exclusion criteria. Subsequently, 27 articles were included in this 
review. 

3.2. Study characteristics 

Twenty-seven studies fulfilled eligibility criteria with 7589 partici-
pants (47% males) in total. Diabetes duration was 4.0–10.6 years, and 
HbA1c level was 7.3–10.8% (56.3–94.5 mmol/mol). All included studies 
stated information about prevalence, age, HbA1c, diabetes duration, 
used methods and normative data and/or control group. 

In total, 12 studies4,5,19–28 described probable neuropathy and/or 
abnormal gold standard test for SFN and LFN in adolescents with type 1 
diabetes, see Table 1. In total, six studies21,22,29–3221,22,29-32 described 
probable or abnormal gold standard test for CAN in adolescents with 
type 1 diabetes, see Table 1. Ten studies23,33–41 compared adolescents 
with type 1 diabetes to healthy control subjects, see Table 2. 

Fig. 1. Flow diagram of the selected studies.  
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Table 1 
Prevalence of probable neuropathy and abnormal gold standard test for large fibre, small fibre and autonomic neuropathy in adolescents with type 1 diabetes.  

Article T1D 
(n) 

Males 
(%) 

Age (years) HbA1c% DD (years) Controls 
(n) 

Tests Definition of abnormal test Normative 
data 

Prevalence 

Probable large – or small fibre neuropathy 
Cho 2011, 

Australia 
819 46 14.5 [13.1–15.7] (11–17) 8.5 [7.8-9.5] 4.0 [3.3-4.5] − TT, VTc ≥1 abnormal test (outside the 95th perc.) 63 16% 

Craig 2008, 
Australia 

344 45 15.1 [13.5–17.2] (− ) 8.4 ± 1.5i 8.5 [6.0–11.5] − TT, VTc Outside 95% of normal range 63 27-30% 

Mohsin 2005, 
Australia 

257 
284 
337a 

48 
48 
45 

14.6 [14.1–16.6] 14.5 
[14.0–15.7] 14.6 
[14.0–16.1] (12− 20) 

8.6 [7.8–9.6] 8.7 
[7.9–9.8] 8.7 
[8.0–9.6] 

7.9 [6.2–10.3] 7.2 
[6.1–10.0] 7.5 
[6.2–10.2] 

− TT, VTc TT and/or VT > 95th perc. 63 12-24% 

Cho 2014, 
Australia 

125 0 15.1 [13.3-16.0] (8-18) 8.7 [8.0–9.6]j 7.0 [4.6-10] 46 TT, VTd ≥1 abnormal test (outside the 95th perc.) 63 20% 

Virk 2016, 
Australia 

1706 47 15.9 [14.3–17.5] (12-20) 8.5 [7.9–9.0] 8.1 [6.3–10.8] − TT, VTd TT and/or VT > 95th perc. 63 26-35% 

Zabeen 2016, 
Australia 

285 
704b 

45 
47 

16.6 [14.8–18.1] 17.1 
[15.7–18.1] (12-20) 

8.6 [7.9–9.7] 8.7 
[7.8–9.6] 

9.3 [7.3–12.1] 9.1 
[7.1–12.1] 

− TT, VTd TT and/or VT > 95th perc. 64 27-33% 

Nelson 2006, 
Canada 

73 52 13.7 ± 2.6 (− ) 9.0 ± 1.0 8.1 ± 2.6 − Nexam VTf TPTe Nexam: diminished vibration sense or 
hypoactive or absent of ankle reflexes. VT: 
amplitude >0.5 μm. TPT: cannot sense the 4.17 
(1.4 g.) 

VT65 

TPT66–67 
Nexam 36%  
VT 51%  
TPT 26% 

Ising 2018, 
Sweden 

72 54 12.8 [11.5–15.0] (8-18) 7.3 [6.7–7.8] 5.3 [2.9–8.6] − VTg 

TPTe 
VT: abnormal (Z-scores >1.96) in ≥1 test sites 
of 4. TPT: cannot sense >2.83 (0.07 g) at the 
hand and/or >3.61 (0.4 g) at the foot 

VT79 VT 18%  
TPT 0% 

Höliner 2013, 
Austria 

39 62 13.8 ± 2.5 (8-18) 8.2 ± 1.4 6.4 ± 3.0 − NSS, NDS NDS ≥ 3 or NSS ≥ 3 − NSS or  
NDS 15%  

Abnormal gold standard test for large fibre neuropathy 
Blanken-burg 

2012, Germany 
45 49 13.2 ± 2.5 (− ) 8.3 ± 1.1 6.7 ± 2.5 45 NCS Sensory conduction velocities <41 m/s and 

amplitudes <5 μv. 
− 30% 

Höliner 2013, 
Austria 

39 62 13.8 ± 2.5 (8-18) 8.2 ± 1.4 6.4 ± 3.0 − NCS Outside the mean ± 2SD 68–69 38% 

Louraki 2016, 
Greece 

85 52 13.5 ± 3.4 (8-?) 8.2 ± 1.5 5.5 ± 3.4 − NCS ≥1 abnormal (not defined) test. 70 34% 

Nelson 2006, 
Canada 

73 52 13.7 ± 2.6 (− ) 9.0 ± 1.0 8.1 ± 2.6 − NCS Outside the mean ± 2 SD in ≥2 nerves 71 57% 

Riihimaa 2001, 
Finland 

100 49 13.7 ± 2.0 (9-18) 8.5 ± 1.7 7.0 ± 3.5 100 NCS <1 or >99th perc. 72 10%  

Abnormal gold standard test for small fibre neuropathy 
Blanken-burg 

2012, Germany 
45 49 13.2 ± 2.5 (− ) 8.3 ± 1.1 6.7 ± 2.5 45 QSTh ≥2 abnormal (calculated Z-scores <1.96 or 

>1.96) tests. 

73 62%  

Probable cardiac autonomic neuropathy 
Ciljakova 2009, 

Slovakia 
61 39 17 [15-18] (15-19) 10.3 [9.2–12.5] 5.0 [3− 10] − CARTs (DB) 1 abnormal test (<10th perc.) 63 41% 

Boysen 2017, 
Austria 

20 55 14 ± 0.3 (10-19) 8.2 ± 0.7 7.1 ± 0.5 136 CARTs (DB, LS, 
VM, OH) 

≥1 abnormal test (? perc.) 74,75 75% 

Craig 2008, 
Australia 

344 45 15.1 [13.5–17.2] (− ) 8.4 ± 1.5i 8.5 [6.0–11.5] − CARTs (DB, LS, 
OH) 

? abnormal test (<5th perc.) 76 12-15% 

Mohsin 2005, 
Australia 

257 
284 
337a 

48 
48 
45 

14.6 [14.1–16.6] 14.5 
[14.0–15.7] 14.6 
[14.0–16.1] (12-20) 

8.6 [7.8–9.6] 8.7 
[7.9–9.8] 8.7 
[8.0–9.6] 

7.9 [6.2–10.3] 7.2 
[6.1–10.0] 7.5 
[6.2–10.2] 

− CARTs (DB, LS, 
OH) 

? abnormal test (<5th perc.) 76 18-21%  

Abnormal gold standard test for cardiac autonomic neuropathy 
Durdík 2016 

Vojtková 2014, 
Slovakia 

46 54 16.35 ± 1.66 (15-19) 10.8 ± 2.13 6.4 ± 4.38 25 CARTs (DB, LS, 
VM, OH) 

≥2 abnormal tests (<10th perc.) 63 41%  

(continued on next page) 
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Table 1 (continued ) 

Article T1D 
(n) 

Males 
(%) 

Age (years) HbA1c% DD (years) Controls 
(n) 

Tests Definition of abnormal test Normative 
data 

Prevalence 

Other test results associated with autonomic neuropathy 
Boysen 2017, 

Austria 
20 55 14 ± 0.3 (10-19) 8.2 ± 0.7 7.1 ± 0.5 136 BRS HRV (15 min 

ECG) 
BRS: <10 mmHg/ms, HRV: ≥1 pathologic 
parameter 

HRV74 BRS: 30% 
HRV: 50% 

Virk 2016, 
Australia 

1706 47 15.9 [14.3-17.5] (12-20) 8.5 [7.9 –9.0] 8.1 [6.3-10.8] − HRV (10 min 
ECG) 

≥1 pathologic parameter (<5th perc.) HRV76 HRV: 20-50% 

Zabeen 2016, 
Australia 

285 
704b 

45 
47 

16.6 [14.8–18.1] 17.1 
[15.7–18.1] (12-20) 

8.6 [7.9–9.7] 8.7 
[7.8–9.6] 

9.3 [7.3–12.1] 9.1 
[7.1–12.1] 

− HRV (10 min 
ECG) 

? pathologic parameter (<95th perc.) HRV77 HRV: 24-28% 

Cho 2017, 
Australia 

135 51 15.6 ± 2.1 (?-18) 8.7 ± 0.5% 8.7 ± 3.5 − HRV (10 min 
EKG) 
Pupillometry 

HRV: abnormal SDNN (<5 perc.) Pu: (? perc.) HRV63 Pu78 HRV: 11%  
Pu: 65% 

Craig 2008, 
Australia 

344 45 15.1 [13.5–17.2] (− ) 8.4 ± 1.5i 8.5 [6.0–11.5] − Pupillometry <5th perc. and small resting pupil diameter <
5.3 mm 

Pu78 Pu: 54-70% 
and 11-19% 

Eppens 2006, 
Australia 

1433 47 15.7 [13.9–17.0] (?-18) 8.5 [7.8–9.5] 6.8 [4.7–9.6] − Pupillometry <5th perc. Pu76,78 Pu: 61% 

Values are given in: Mean ± standard deviation or median [interquartile range] or mean (range). 
Abbreviations: BRS, Baroreflex sensitivity; CARTs, cardiovascular tests (DB, HR response to deep breathing test (expiration/inspiration ratio (E/I) and coefficient of variation of RR intervals(CVrr)); LS, HR response to 
standing from lying position (30:15 ratio); VM, HR response to the valsalva maneuver; OH, BP response to standing from lying position); DD, diabetes duration; ECG, electrocardiography; HbA1c, hemoglobin A1c; HRV, 
Heart rate variability; Nexam, neurological examination; NCS, nerve conduction study; NDS, Neurologic Disability Score (included vibration perception, pin-prick and temperature perceptions, and the presence or absence 
of ankle reflexes); NSS, neuropathy symptom score; Perc, percentile; Pu, pupillometry; T1D, patients with type 1 diabetes; QST, quantitative sensory testing; TT, Thermal threshold (cold and hot sensation); TPT, tactile 
perception threshold; VT, vibration threshold. 
Footnotes. 

a Participants divided in 3 study periods (n = 257 in 1990–1994; n = 284 in 1995–1998; n = 337 in 1999–2002). 
b Participants divided into treatment modality (n = 285 continuous subcutaneous insulin infusion; n = 704 multiple daily injections). 
c TT: Thermal Threshold Tester; Medelec, Old Woking, Surrey, UK and VT: Biothesiometer Biomedical Instruments, Newbury, OH. 
d TT: Neurosensory TSA-II and VT: Vibratory Sensory Analyser, Medoc Ltd. 
e TPT: Semmes–Weinstein monofilaments. 
f VT: Vibratron II, Physitemp Instruments Inc., Clifton, NJ, USA. 
g VT: VibroSense Meter device, VibroSense Dynamics AB, Malmoe, Sweden. 
h QST: Standardized protocol of the German Research Network on Neuropathic Pain [Rolke 2012] with modification for children and adolescents [Blankenburg 2010]. 
i HbA1c values are specified for participants with normal plantar fascia thickness. 
j HbA1c values are specified for participants with breast tanner stage 4-5. 
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3.3. Primary outcome: prevalence data (Table 1) 

3.3.1. LFN and SFN 
The prevalence of LFN diagnosed with NCS ranged between 10 and 

57% in five studies.4,5,19,27,28 The study28 with lowest prevalence of 10% 
used 99 percentiles as limit for abnormal test, whereas the other 
studies4,5,19,27 with higher prevalences (34-57%) used 95 percentiles. 

The prevalence of SFN was 62% in one study,4 which used QST as 
gold standard method (a standardized protocol of the German Research 
Network on Neuropathic Pain42 with modification for children and 
adolescents43). 

Six studies20–25 used bedside tests to assess probable SFN (thermal 
threshold (TT)) and LFN (vibration threshold (VT)), respectively. The 
diagnostic methods to measure TT and VT and the normative data are 
described in Table 1. The prevalence of probable SFN and LFN ranged 
from 12 to 35%. Probable SFN and LFN based on symptoms and 
neurological examination (including use of Neuropathy Symptoms Score 
and Neurologic Disability Score) varied between 15 and 36% in two 
studies.5,19 When VT was applied as the only method, LFN was reported 
in 18-51% of the study participants.5,26 

3.3.2. CAN 
The prevalence of CAN was 41% in two studies,31,32 which used the 

diagnostic criteria: two or more abnormal CART tests of the following: 
HR to deep breathing, to standing and to Valsalva maneuver and blood 
pressure response to standing. The two studies had the same study 
population (n), demographic data and test results and used <10 
percentile as limit for abnormality and did not describe the distribution 
between abnormal cardiovagal- and sympathetic tests. 

Two studies29,30 defining CAN with at least one abnormal CART 

found a prevalence between 41 and 75%, where the prevalence on 41% 
was based on deep breathing test (cardiovagal dysfunction) and 75% 
was based on one abnormal test of four in 20 patients (excessive postural 
blood pressure drop (continuous beat-to-beat registration) n = 9; 
abnormal heart rate response to standing n = 9, abnormal deep respi-
ration n = 3, and abnormal Valsalva test n = 2). Two studies21,22 

required three abnormal CART results, but did not clearly define the 
number of tests for abnormality, found prevalence between 12 and 21%. 
The study, which found 12% CAN used deep breathing test, Valsalva 
test, and HR response to standing from lying prone indicating car-
diovagal dysfunction. The other study used deep breathing test, HR 
response to lying, and blood pressure response on standing from lying 
position. 

Six studies21,24,25,30,44,45 used other diagnostic tests than described 
above, and the test results may be associated with autonomic neuropa-
thy in adolescents with T1D. In one study,30 abnormal BRS was present 
in 30%. Pathological HRV varied between 11 and 50% in four 
studies,24,25,30,44 maybe indicating signs of subclinical phase of diabetic 
CAN. Signs of dysfunctional autonomic nerves related to the pupils, 
were found with a prevalence between 11 and 70% in three 
studies.21,44,45 When studies used <5 percentiles as definition of ab-
normality, the prevalence ranged between 54 and 70%,21,45 and when 
using a small resting pupil diameter < 5.3 mm, the prevalence was be-
tween 11 and 19%.21 

3.4. Secondary outcome: compared data (Table 2) 

Studies23,33–41 comparing adolescents with type 1 diabetes and 
healthy control subjects, are shown in Table 2. One study41 showed signs 
of more dysfunctional large nerve fibre by comparison based on higher 

Table 2 
Signs of dysfunctional nerves and changed nerve structure in adolescents with type 1 diabetes compared to healthy controls.  

Article T1D 
(n) 

males 
(%) 

Age (years) HbA1c% DD (years) Controls 
(n) 

Tests T1D compared to healthy controls 

Signs of more dysfunctional large nerve fibre by comparison 
Louraki 2014, 

Greece 
118 49 13.5 ± 3.4 

(8-20) 
8,1% 5.7 ± 3.5 79 VT (biothesiometer) Higher VTs at all 4 test sites  

Signs of changed structure of small nerve fibre by comparison 
Götze 2018, 

Germany 
28 64 14.2 ± 2.51 

(-) 
8.64 ± 1.53 4.23 

(1.2–15.5) 
30-46 Optical coherence 

tomography. Corneal 
confocal microscopy 

Lower corneal nerve fibre length, single 
fibre length, and fibre thickness. Higher 
corneal nerve fibre tortuosity.  

Signs of more dysfunctional autonomic nerves by comparison 
Dayem 2015, 

Egypt 
62 50 16.3 ± 1.52 

(14-19) 
9.55 ± 1.90 − 30 HRV (24 h Holter) Lower DRR, SDRR, SDDRR, pNN50 and 

RMSSD 
Cho 2014, 

Australia 
125 0 15.1 [13.3- 

16.0] (8-18) 
8.7 
[8.0–9.6]a 

7.0 [4.6-10] 46 HRV (10 min ECG) Higher HR. Lower total power, LF and 
HF 

Faulkner 2001, 
USA 

55 53 15.1 ± 1.7 
(-) 

− 7.13 ± 3.96 28 CARTs (DB, VM) HRV (24 h 
ECG) 

CARTs: no difference. HRV: lower 
pNN50 

Kane 2019, New 
Zealand 

19 53 12.5 ± 1.8 
(10-18) 

7.8 ± 1.3 − 17 HRV (10 min ECG) Higher sample entropy and HF. Lower 
mid-frequency power 

Kowalewski 
2002, Poland 

72 50 15.0 ± 2.6 
(-) 

8.6 ± 1.7 6.5 ± 2.8 55 HRV (24 h Holter) Lower ln(LF) and ln(HF) 

Lucini 2009, 
Italy 

46 
47 

67 
49 

11.5 ± 0.4 
(-) 19.3 ±
0.2 (-) 

8.2 ± 0.2 
8.3 ± 0.1 

5.1 ± 0.5 
10.6 ± 0.75 

32 
36 

HRV (10 min ECG) BRS In highest age group: higher RR, LF. 
Lower HF. In both age groups: lower 
BRS 

Perano 2015, 
Australia 

30 47 15 ± 2.5 (10- 
18) 

8.7 ± 1.0 8.0 ± 4.6 135 HRV (10 min ECG) No difference 

Stern 2016, 
Australia 

142 48 15.3 ± 2.0 
(10-18) 

8.7 ± 1.6% 9.0 ± 3.5 125 HRV (10 min ECG) HRV: Higher HR. Lower ln(RMSSD), ln 
(triangular index) 

Values are given in: Mean ± standard deviation or median [interquartile range] or mean (range). 
Abbreviations: BRS, Baroreflex sensitivity; CARTs, cardiovascular tests (DB, HR response to deep breathing test (expiration/inspiration ratio (E/I) and coefficient of 
variation of RR intervals(CVrr)); LS, HR response to standing from lying position (30:15 ratio); VM, HR response to the valsalva maneuver; OH, BP response to standing 
from lying position) DD, diabetes duration; ECG, electrocardiography; HbA1c, hemoglobin A1c; HR, Heart rate; HRV, Heart rate variability (RR: RR-interval; DRR, 
Mean difference RR SDRR/SDNN, Standard deviation RR (NN); SDDRR, Standard deviation difference RR (NN); NN50, The number of pairs of successive NN (R-R) 
intervals that differ by more than 50 ms pNN50: The proportion of NN50 divided by the total number of NN (R-R) intervals; RMSSD, Root Mean Square of the 
Successive Differences; LF, low frequency; HF, high frequency), T1D, patients with type 1 diabetes; VT, vibratory threshold. 
Footnotes. 

a HbA1c values are specified for participants with breast tanner stage 4-5. 
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VT values in patients. Another study40 showed lower corneal nerve 
length and corneal nerve fibre thickness in adolescents with type 1 
diabetes compared to control subjects, indicating difference in the 
structure of the small fibres in cornea. Eight studies23,33–39 investigated 
HRV in both adolescents with type 1 diabetes and control subjects. The 
HRV parameters in time and frequency domain, which varied between 
patients and healthy controls, were not the same in the studies (see 
Table 2). Of note, in the five studies using short-term ECG for 10 min, 
two studies23,37 found lower high frequency (HF), one study35 higher 
HF, and two studies38,39 no difference in HF. 

4. Discussion 

Overall, the identified papers in this systematic review showed that 
signs of LFN, SFN and autonomic neuropathy are common in adolescents 
with type 1 diabetes and with a diabetes duration between 4.0 and 10.6 
years and HbA1c levels between 7.3 and 10.8% (56.3–94.5 mmol/mol). 
The reported prevalence of neuropathy for LFN and SFN varied between 
10 and 62%, and for CAN between 12 and 75% in adolescents with type 
1 diabetes. 

Based on our own experience, the reported prevalences appear too 
high. An important observation is the high prevalence of subclinical 
neuropathy with lack of either a history describing sensory disturbances, 
or clinical examination describing large and small fibre dysfunction. 
Finally, it was not general practice to confirm the diagnosis with gold 
standard test. 

In this review, five studies were using gold standard test for LFN and 
found a prevalence between 10 and 57%. The prevalence of confirmed 

neuropathy, where sensory disturbances also are required, seems to be 
much lower; approximately between 3 and 5%5,27,28 and 15%.19 In 
Blankenburg et al.,4 who both used a standard test for LFN and SFN, 
none of the participants indicated pain or other neuropathic symptoms. 
Similarly, in autonomic neuropathy, only five out of 19 adolescents with 
CAN diagnosed with gold standard methods, had symptoms with rest 
tachycardia.32 Based on the above, going from subclinical neuropathy to 
confirmed neuropathy the prevalence dropped markedly. 

The strengths of this review are that the articles were collected from 
three databases and the articles had been systematically reviewed and 
went through quality and quantitative synthesis. In addition, the use of 
clearly defined search terms, definitions, inclusion - and exclusion 
criteria and all the included studies were read by co-authors. The limi-
tations are the risk of missing data, because studies with negative results 
are less likely to be submitted and accepted for publication. In addition, 
our strict age range (10 to 19 years) excluded some relevant studies e.g., 
the SEARCH study by Mamta Jaiswal et al., 2013,46 who found a prev-
alence of diabetic peripheral neuropathy of 8.2% among 329 youth with 
type 1 diabetes. The SEARCH study also highlighted, in a mixed popu-
lation of youths with type 1 and 2 diabetes, that factors as age, diabetes 
duration, ethnicity, income, central obesity, elevated blood pressure, 
dyslipidemia, and microalbuminuria contributing to development of 
neuropathy. Also, biomarkers inclusive inflammatory cells, CD mole-
cules and genetic markers are found as possible risk factors.47,48 

To sum up, the reasons for the difference in prevalence may be 
caused by 1) inconsistent diagnostic criteria for different types of neu-
ropathy, 2) inter-/intra-observer variations in test methods, apparatus 
and analyses, 3) varying cut-off values and different normative datasets, 

Fig. 2. Diagnostic approach to detect, define and manage diabetic distal sensorimotor polyneuropathy in adolescents with type 1 diabetes.  
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and 4) different exposures to risk factors for neuropathy. 
These differences made the inter-study comparisons difficult, and 

with disagreement on diagnostic criteria and screening methods, the 
approach to diagnose and manage neuropathy as a complication to 
diabetes will differ dependent on the site of treatment and country. 

4.1. Diabetic distal sensorimotor polyneuropathy 

According to the statement by American Diabetes Association, in 
clinical practice, a simple definition of distal symmetric polyneuropathy 
is the presence of symptoms and/or signs of peripheral nerve dysfunc-
tion in people with diabetes after the exclusion of other causes.49 This 
statement differ from the definitions by the Toronto expert panel, which 
distinguishes between “possible” and “probable” polyneuropathy.18 In 
our opinion, it is relevant to keep the definition simple, and then after 
the use of gold standard methods to distinguish between subclinical and 
confirmed neuropathy. 

Fig. 2 outlines a proposal for an approach to detect, define, and 
manage diabetic distal sensorimotor polyneuropathy in adolescents. Our 
approach contains no questionnaires on neuropathy symptoms, because, 
to our knowledge, no validated questionnaires with adolescents as target 
group, exist, in contrast to validated scores in adults e.g., Michigan 
Neuropathy Screening Instrument and Neuropathy Symptom Score by 
Dyck et al. In the future, validation of questionnaires for adolescents 
seems important and further studies are needed to investigate whether 
use of questionnaires may improve early diagnostic precision in 
adolescents. 

The time for initiating annual neurologicals examination can be 
discussed, but according to diabetes duration in the included studies in 
this review, it seems to be relevant after 3 years of diabetes duration. 
Treatment induced neuropathy in diabetes, which can be observed if the 
glucose level is reduced too fast, and/or the findings that severe events 
of hypoglycemia and ketoacidosis are associated with neuropathy,50 

supports the idea of starting screening early in these subgroups of 
patients. 

4.1.1. Further nerve tests 
If atypical clinical features, many symptoms and/or risk factors are 

present, we recommend further tests. 
NCS tests are sensitive, specific, reproducible, and validated to assess 

dysfunctions in the large myelinated nerve fibres17 and are considered as 
a gold standard diagnostic test for LFN.3 When comparing the NCS with 
simple and non-invasive techniques, including vibration thresholds 
(VT), tactile perception thresholds (TPT), and tuning fork, the simple 
methods failed to be adequate screening tools due to low sensitivity, low 
specificity5 and low diagnostic utility.11 

NCS is associated with discomfort. However, we believe that with 
minimal number of tests and a well-tuned stimulus intensity, the diag-
nostic value exceeds the short-term discomfort caused by the examina-
tion. Since diabetic polyneuropathy is often symmetrical, it might be 
enough to test unilateral at one lower leg and foot. If any of these tests 
are abnormal, we recommend examining the other lower limb as well.51 

Local anesthetic cream can be used if necessary, particularly if needle 
examinations will be done. The nerves, which should be tested are the 
sensory sural nerve and the peroneal or tibial nerves to assess the motor 
nerve function. Because diabetic neuropathy is length dependent, it is 
optimal to test the distal part of sural nerve or other distal sensory nerves 
such as medial plantar nerve51 and the interdigital nerves. However, at 
the moment the methods testing interdigital nerves are technically 
difficult to perform and may be too painful. We recommend evaluation 
of conduction velocities, the sensory and motor nerve action potential 
amplitudes and F-waves. As different departments have their own way 
to perform NCS, we recommend that all centres have their own 
normative reference data for adolescent, and it is possible also in very 
young children.52 

Notable, a negative NCS does not exclude SFN. Neurological tests 

indicating SFN include corneal confocal microscopy (CCM), QST, 
QSART, QDIRT, and IENFD analysis from skin biopsy. QST is a subjec-
tive diagnostic tool, and it does not combine clinical, functional and 
structural approach to the diagnosis of SFN. Devigili et al. stated, that 
the best diagnostic definition of SFN is a combination of clinical signs 
and abnormal QST and/or IENFD findings.53 Previous suggestions of 
diagnostic criteria of SFN include 1) 2017 Criteria by Blackmore and 
Siddiqi,54 which defined definite SFN as abnormal neurologic exami-
nation (impaired pain or thermal sensation) and any two of QSART, 
QST, or HRV, and 2) 2017 criteria by Terkelsen, Karlsson and col-
leagues,8 which defined clinical confirmed SFN as reduced IENFD, 
abnormal QSART, QDIRT, or QST. 

Remarkably, no studies in this review report IENFD in adolescents 
with type 1 diabetes. Skin biopsy with assessment of IENFD is suggested 
to be the gold standard method for pathological diagnosis of SFN.55 

Corneal nerve fibre density measured by CCM may have a comparable 
diagnostic utility to IENFD.56 The benefit of CCM is, that it is a non- 
invasive and fast method to identify small nerve fibre pathology, and 
it is described as a well-tolerated technique in adolescents57 with good 
reproducibility.58 However, because IENFD represents a measure of the 
most distal nerve fibres, which are affected in diabetic sensorimotor 
polyneuropathy, a natural assumption is that it should have a better 
diagnostic ability than CCM. Importantly, diagnostic methods, espe-
cially when invasive, should only be applied in adolescents if they 
impact on diagnosis and/or treatment. 

4.1.2. Treatment 
If the primary screen tests show sign of neuropathy, an increased 

focus on optimising the patient's metabolic status and lifestyle inter-
vention may be initiated. Previously, it is concluded that tight long-term 
metabolic control (HbA1c <6.5% (47.5 mmol/mol)) can improve nerve 
function in patients with type 1 diabetes,59 and maintaining near- 
normoglycemia seems to prevent or reverse neural impairment.3 The 
DCCT/EDIC study, which included patients with type 1 diabetes be-
tween 13 and 39 years, also reported that intensive insulin therapy 
compared to conventional insulin therapy reduced the development and 
progression of confirmed diabetic peripheral neuropathy and CAN in 
follow-up year 13/14.60 The American Diabetes Association had 
described treatment options,49 and we think that major neurological 
symptoms may be treated in cooperation with neurological specialists, 
because of its complexity and different pain phenotype.61 

4.2. Autonomic neuropathy 

This review illustrates that autonomic neuropathy in adolescents 
with type 1 diabetes is sparsely studied. Only prevalences of CAN were 
described, despite urinary,62 gastrointestinal38 and other autonomic 
dysfunctions also may be found in adolescents with type 1 diabetes. 
Further research is needed before any diagnostic approach for auto-
nomic neuropathy can be made. The American Diabetes Association 
states, that in early stages, CAN may be completely asymptomatic and 
detected only by decreased heart rate variability (HRV) with deep 
breathing. A global standardization of the method seems favorable, 
because it has been shown that reduced HRV has direct independent 
consequences in terms of morbidity and mortality in patients with pre-
diabetes and diabetes mellitus.15 

4.3. Conclusion 

In conclusion, LFN, SFN and autonomic neuropathy is common in 
adolescents aged 10-19 years with type 1 diabetes duration between 4.0 
and 10.6 years and HbA1c levels between 7.3 and 10.8% (56.3-94.5 
mmol/mol). The diagnostic challenges of neuropathy made it difficult to 
estimate the prevalence of neuropathy in adolescents with type 1 dia-
betes. A standardization of definitions and novel screening tools 
(including simple bedside and gold standard methods) are needed, 
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otherwise diabetic neuropathy remains misdiagnosed, underdiagnosed 
and/or undertreated. 

Neuropathy as complication to diabetes should have an increased 
focus in research and clinical practice in the future, and further in-
vestigations of how to detect, manage and treat neuropathy in adoles-
cents with type 1 diabetes are needed. 
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