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ABSTRACT

Valid and responsive biomarkers specific to diabetic 
polyneuropathy (DPN) could provide a time-efficient and 
objective tool for identifying and monitoring disease 
progression. We investigated whether neurofilament light chain 
(NfL) and C-X-C motif ligand 13 (CXCL13) levels are associated 
with the presence of DPN in patients with type 2 diabetes (T2D). 
In this retrospec-tive case-control study, 192 participants were 
selected from the Vejle Diabetes Biobank and stratified into 
three groups: T2D with DPN (T2D +DPN, n=42), T2D without 
DPN (T2D –DPN, n=75), and non-diabetic, neurologically 
healthy controls (n=75). DPN was defined using ICD-10 codes 
from the Danish National Patient Registry. NfL and CXCL13 
concentrations were measured using Single molecule array 
(Simoa) technology. Patients with T2D +DPN had significantly 
higher NfL levels than both T2D –DPN (p=0.0042) and control 
groups (p=0.0037). NfL levels correlated with the urine 
albumin/creatinine ratio (R=0.59, p<0.001), suggesting that 
both may reflect a common underlying mechanism of tissue 
damage. CXCL13 levels did not differ significantly between 
groups. These findings support NfL as a biomarker reflecting 
axonal damage in DPN, although its lack of specificity limits its 
diagnostic utility. Longitudinal studies are warranted to assess 
the value of NfL in disease progression and its potential role in 
individual monitoring.
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Polyneuropathy, Diabetic Neuropathy, Biomarkers
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ABBREVIATIONS

DPN: Diabetic Polyneuropathy; NfL: Neurofilament Light 
Chain; CXCL13: C-X-C Motif Ligand 13; T2D: Type 2 Diabetes; 
T2D +DN: Type 2 Diabetes with Diabetic Neuropathy; T2D–
DN: Type 2 Diabetes Without Diabetic Neuropathy; VDB: Vejle 
Diabetes Biobank; CNS: Central Nervous System; ICD-10: 
International Classification of Diseases.

INTRODUCTION

According to WHO, 830 million individuals worldwide had 
diabetes in 2022 [1]. The increasing prevalence has led to more 
chronic complications, with diabetic neuropathy affecting up 
to 50% of individuals with type 1 and 2 diabetes (T2D) [2-4].

Early diagnosis of diabetic polyneuropathy (DPN) is essential 
for enabling timely intervention and preventing progression 
[3]. DPN is a diagnosis of exclusion and require physical 
examinations such as vibration, detection and sensory tests 
supplemented by symptom questionnaires [3-5]. In some 
cases, nerve conduction examinations and skin biopsies 
assessing intraepidermal nerve fiber density are necessary. 
These methods are often painful, time-consuming, and require 
specialized skills, limiting their broader clinical application. A 
blood-based biomarker for DPN could provide a time-efficient 
and objective tool for identifying and monitoring disease 
progression.

Neurofilament light chain (NfL) has been widely studied for its 
potential to quantify axonal damage in neurological diseases 
[6,7]. NfL is a type IV intermediate filament of the axonal 
cytoskeleton that provides structural stability and determines 
axonal diameter [8,9]. Upon axonal injury, NfL is released from 
axons into the circulation [10]. There is growing scientific evi-
dence supporting the use of NfL as a biomarker associated with 
neurodegenerative diseases [11-18] and peripheral neurop-
athies in humans [19-23]. While evidence linking NfL and DPN 
is limited, some studies indicate a potential association. One 
study found that higher serum NfL levels correlated with DPN 
and somatic nerve dysfunction [24], while another showed 
that yearly increases in NfL were linked to more severe nerve 
damage and higher DPN risk [25]. These findings suggest the 
potential of NfL for disease monitoring, but it remains unclear 
whether NfL levels measured at a random time point can serve 
as an initial biomarker for identifying DPN [24,25].

In addition to neurofilaments, the chemokine C-X-C motif 
ligand 13 (CXCL13) has also been identified as a potential bi-

omarker in neurological diseases [26]. CXCL13 is constitutively 
expressed in secondary lymphoid organs, where it plays a key 
role in the immune system by recruiting B cells and CD4+ T 
follicular helper cells [26]. Neuroinflammation results from im-
mune-nervous system interactions [27,28], and mouse models 
suggest that increased CXC chemokine signaling contributes 
to nerve damage and pain hypersensitivity in diabetes [29]. 
Elevated CXCL13 levels have been found in demyelinating 
nerves and inflammatory demyelinating neuropathies in 
both mice and humans [30]. However, no previous study has 
investigated a potential correlation between CXCL13 levels 
and patients with T2D and DPN.

This pilot study aimed to explore and compare the utility of 
CXCL13 and NfL as biomarkers for detecting DPN in patients 
with T2D. We assessed NfL and CXCL13 levels in patients with 
T2D, with and without DPN, comparing these to a control 
group without diabetes or neurological disorders. Additionally, 
we explored the association between NfL levels and clinical 
covariates in patients with and without DPN.

MATERIALS AND METHODS

Participants and Characteristics

The case-control study population was recruited from the 
Vejle Diabetes Biobank (VDB) [31]. The biobank holds 3,320 
patients with diabetes and 4,255 individuals without diabetes. 
The VDB was established between 2007 and 2010 as a 
regional biobank containing blood, DNA, and urine samples 
from patients with diabetes, as well as a gender- and age-
matched control population aged 25 to 75 years. The biobank 
assessed the prevalence of diabetes and quality of diabetes 
treatment in a specified Danish region. Furthermore, the 
VDB facilitates collaborative research on the etiologies of 
diabetes and its complications, as well as studies investigating 
prognostic and predictive biomarkers [31]. Subjects eligible 
for the cohort were identified using information from the civil 
registration system [32,33]. The patients’ verification of the 
diabetes diagnosis was considered the gold standard [34]. The 
patients with diabetes were identified and included based on 
information about: HbA1c values, prescription for oral anti-
diabetic agents or insulin and all patients registered in the 
Danish National Patient Registry [35] with a contact (inpatient- 
or outpatient-based) at hospitals with a diabetes diagnosis. 
There were no specific requirements regarding the duration 
of diabetes in patients at the time of inclusion in the biobank. 
The VDB study population and its outcomes have previously 
been described in detail [31].
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Covariates

Anthropometric data were collected through physical 
examinations, questionnaires, and interviews conducted at 
the time of inclusion in the Biobank. The data included height, 
weight, BMI, waist and hip circumference, and blood pressure. 
Additional questionnaire data covered lifestyle factors 
(smoking, alcohol, and exercise), medical history (diabetes 
onset, cardiovascular and cerebral diseases, and diabetic 
complications), family history of diabetes, and medication 
use (diabetes and other treatments). The samples for each 
participant were collected at the time point of entrance in 
the cohort. Blood analyses included HbA1c, fasting plasma 
glucose, C-peptide, lipid profile (triglycerides, total cholesterol, 
HDL, LDL), CRP, albumin, calcium, ALAT, and creatinine. Urine 
analyses included albumin, creatinine, total protein, and the 
albumin/creatinine ratio. GFR was estimated using the CKD-
EPI equation [36].

DPN assessment – study population

This pilot study focused on 225 participants recruited from 
the VDB. By linking the cohort to the Danish Civil Registration 
System [37] and the Danish National Patient Registry [35], we 
used the International Classification of Diseases (ICD-10 codes) 
to identify T2D patients with hospital-diagnosed DPN [38]. 
ICD-10 has been in use in Denmark since 1994 and all citizens’ 
contacts with the hospital system are registered in the Danish 
National Patient Registry [35]. The participants in the present 
study were stratified into three groups, each consisting of 75 
individuals: T2D +DPN: Patients with T2D and DPN at the time 
of entrance in VDB. T2D –DPN: Patients with T2D and no DPN 
at the time of entrance in the VDB. Controls: Age- and sex-
matched individuals without diabetes and DPN at the time of 
entry into the VDB. Furthermore, diagnoses of central nervous 
system (CNS) diseases that could influence NfL levels were 
retrieved from Danish national registers. Participants with CNS 
diseases that could influence NfL levels were excluded from all 
groups. Diagnoses apply from 5 years before to 6 months after 
the sampling date. See Supplementary Table S1 for details for 
both inclusion and exclusion ICD-codes.

Ethics

The study was approved by the Danish Data Protection 
Agency (j. no. 2006-53-1385 and j. no. 2008-58-0035) and 
by The Regional Committees on Health Research Ethics for 
Southern Denmark (j. no S-20210125).

Laboratory analyses

NfL and CXCL13 Analysis

Commercial available single-plex assays for the Single molecule 
array (Simoa) HD-1 Analyzer (Quanterix©, Billerica, MA, USA) 
were used to quantify NfL(103186) and CXCL13(102635) in 
EDTA plasma samples. The Simoa uses the same reagents 
as conventional ELISA but uses femtoliter-sized reaction 
chambers approximately 2 billion times smaller than conven-
tional ELISA. This will result in a rapid buildup of fluorescence if 
a labeled protein is present making it possible to detect single 
molecules. The instrument has previously been described in 
detail [39].

The samples were diluted four fold in buffer included in the kits 
and analyzed randomly and blinded to clinical data. Limit of 
detection for NfL and CXCL13 were 0.038 ng/L and 0.048 ng/L, 
respectively. The functional lower limit of quantification was 
0.696 ng/L for NfL and 0.28 ng/L for CXCL13. To evaluate and 
monitor assay performance over time, three quality controls, 
two provided by the manufacturer and one inhouse prepared 
serum pool, were included in each run. The analytical varia-
tions were 7-13% for NfL and 7-19% for CXCL13.

Statistical methods

Participant characteristics at entry into the biobank cohort 
are reported by DPN status for T2D participants. To assess 
potential sex-specific differences for relevant covariates, 
patient characteristics were stratified by sex and analysed 
separately. Data are presented as medians and 25th–75th 
percentiles for continuous variables and as frequencies and 
proportions for categorical variables. Statistical methods used 
for p-value calculations: Pearson’s Chi-squared test was used 
to assess associations between categorical variables. When 
cell frequencies were < 5, Fisher’s exact test was applied as an 
alternative. The Wilcoxon rank sum test was used to compare 
medians between two groups of continuous data, while the 
Kruskal-Wallis rank sum test extended this comparison to 
three groups.

The three groups, as shown in Figure 1, were analysed for 
deviations from a normal distribution using the Shapiro-Wilk 
test. Since the groups showed deviations from normality, they 
were log-transformed. However, as they still deviated from 
normality after log transformation, the groups were compared 
using the non-parametric Kruskal-Wallis test. Although the 
Kruskal-Wallis test does not assume normality, it is necessary to 
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check for heteroscedasticity of variances. For this, we applied 
Levene’s test, and the deviation was found to be acceptable. 
As a post hoc test, we used Dunn’s test to determine which 
groups differed significantly, with Holm’s method applied for 
p-value correction to account for multiple comparisons.

To explore the relationships between NfL and HbA1c, as 
well as NfL and the urine albumin-creatinine ratio across 
different patient groups, a correlation analysis was conducted. 
Spearman’s rank correlation coefficient was calculated 
to quantify the strength and direction of the monotonic 
relationships. The ellipses, which represent regions containing 
the majority of the data under the assumption of normality, 
indicate the correlation, with their shape and tilt reflecting the 
strength and direction of the relationship. Although the data 
are not assumed to follow a normal distribution, the ellipses 
serve as a visual guide, with outliers identified as points outside 
the 95% confidence region based on a normality assumption.

Receiver Operating Characteristic (ROC) curves were 
generated using logistic regression to evaluate the 
diagnostic performance of NfL and CXCL13 in 
distinguishing between different groups within the 
cohort. The 95% confidence intervals (CIs) were 
calculated using the DeLong method. All statistical analyses 
were performed using R (version 4.4.1).

RESULTS

We included 42 patients with T2D +DPN, 75 patients with T2D 
-DPN, and 75 sex- and age-matched control individuals with-
out diabetes or neurological disorders. NfL and CXCL13 was 
quantified in 192 participants in order to study whether the 
biomarkers are useful for detecting DPN in participants with 
T2D. Results are presented in Table 1.

Initially, participants meeting the inclusion and exclusion 
criteria based on ICD-10 codes were identified from the VDB, 
with an intended total of 75 participants in each group (225 
in total). However, a detailed review of ICD-10 classifications 
re-vealed misclassification in some cases within the T2D +DPN 
group. As a result, the inclusion and exclusion criteria were 
re-fined, and the diagnosis codes were revised accordingly, as 
outlined in Supplementary Table S1.

Table 1 presents the baseline descriptive statistics of the study 
population stratified by T2D and DPN status. Participants 
with T2D and DPN were more likely to have a larger waist 
circumference, higher BMI, and elevated HbA1c levels 
compared to both controls and T2D participants without 
DPN. They also had a significantly longer disease duration, 
along with lower HDL levels. Additionally, the urine albumin-
creatinine ratio was significantly higher in +DPN compared to 
–DPN participants, (median of 11 and 8 mg/g, respectively).

Table 1. Baseline clinical characteristics in the total study sample by T2D and DPN status

Characteristics Controls T2D -DPN T2D +DPN p-value

Enrolled 75 75 42

Sex, n (%) 0.67

Women 37 (49) 37 (49) 24 (57)

Men 38 (51) 38 (51) 18 (43)

Smoking status, n (%) 0.44

Never 30 (40) 29 (39) 21 (50)

Former (> 6 months) 36 (48) 30 (40) 13 (31)

Daily 8 (11) 12 (16) 7 (17)

Occasionally 0 (0) 3 (4.0) 1 (2.4)

Unknown 1 (1.3) 1 (1.3) 0 (0)

Alcohol consumption

Women, n (%) 0.006*

No alcohol 7 (19) 17 (46%) 13 (54%)

Occasionally 6 (16) 9 (24%) 3 (13%)

1-7 units per week 14 (38) 10 (27%) 6 (25%)

7-14 units per week 9 (24%) 0 (0%) 2 (8.3%)

14-21 units per week 1 (2.7%) 1 (2.7%) 0 (0%)
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>21 units per week 0 (0%) 0 (0%) 0 (0%)

Men, n (%) 0.042*

No alcohol 4 (11%) 6 (16%) 6 (33%)

Occasionally 2 (5.3%) 1 (2.6%) 4 (22%)

1-7 units/week 16 (42%) 22 (58%) 6 (33%)

7-14 units/week 7 (18%) 7 (18%) 1 (5.6%)

14-21 units/week 7 (18%) 2 (5.3%) 1 (5.6%)

>21 units/week 2 (5.3%) 0 (0%) 0 (0%)

Age at time of diagnosis (years) 56 (50-62) [9] 56 (48-61) [5] 0.56

Years diagnosed 6.0 (3-9) [9] 9.0 (5-12 )[5] 0.021*

Age December 31, 2006 (years) 62 (55-68) 62 (55-67) 62 (58-67) 0.61

HbA1c (%) 5.60 (5.3-5.7) 6.40 (6-6.7) 7.20 (6.7-7.9) <0.001*

HbA1c, IFCC (mmol/mol) 38 (34-39) 46 (42-50) 55 (50-63) <0.001*

CRP (mg/L) 1.30 (0.7-2.8) 1.70 (0.7-3.8) 2.05 (1.3-4.7) 0.058

Lipids (mmol/L)

Total cholesterol 5.20 (4.7-5.6) 4.30 (3.7-4.9) 3.90 (3.5-4.4) <0.001*

HDL cholesterol 1.56 (1.22-1.75) 1.33 (1.04-1.65) 1.18 (1.02-1.39) <0.001*

LDL cholesterol 3.13 (2.55-3.63) 2.14 (1.78-2.64) 1.98 (1.61-2.27) <0.001*

Triglycerides 1.05 (0.81-1.69) 1.34 (1.09-1.91) 1.66 (1.28-2.49) <0.001*

Renal parameters

P-Creatinine (µmol/L)

Women 69 (64-71) [33] 67 (58-77)[1] 68 (61-79) 0.8

Men 83 (73-92) [31] 84 (75-91) 97 (82-133) 0.091

Urine albumin-creatinine (mg/g) n.a. 8 (5-14) 11 (6-25) 0.042*

eGFR (mL/min/1.73m2) 83 (77-95) [64] 86 (75-95)[1] 81 (65-91) 0.16

BMI

Women 26 (24-28) 28 (25-37) 30 (26-35) 0.002*

Men 27.3 (25.2-29.7) 28.5 (25.9-30.7) 31.4 (28.7-32.9) 0.013*

Waist circumference (cm)

Women 86 (79-94) 99 (92-119) 105 (89-114) <0.001*

Men 100 (92-107) 99 (96-111) 111 (106-115) [1] 0.003*

Antidiabetic treatment, n (%) <0.001*

Orala exclusive 46 (61) 16 (38)

Insulin and orala 4 (5.3) 8 (19)

Insulin exclusive 5 (6.7) 14 (33)

None 75(100) 20 (27) 4 (9.5)

Antihypertensive treatment, n (%)

ACE inhibitors 6 (8.0) 29 (39) 20 (48) <0.001*

AT2 Antagonists 5 (6.7) 16 (21) 12 (29) 0.005*

Calcium blockers 7 (9.3) 18 (24) 19 (45) <0.001*

β-blockers 8 (11) 18 (24) 14 (33) 0.010*

Diuretics 14 (19) 28 (37) 23 (55) <0.001*

Lipid lowering medicationb, n (%) 16 (21) 57 (76) 34 (81) <0.001*

CXCL13 (ng/L) 33 (24-45) 34 (26-46) 37 (26-50) 0.27

NfL (ng/L) 13 (10-16) 13 (10-17) 17(13-22) 0.002*
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Notes: Data are median (25th percentile -75th percentile) unless stated otherwise, missing numbers [n].

aOral antidiabetic treatment: GLP-1 analogs, DPP-IV inhibitors, Metformin, Sulfonylureas, Glitazones.

bLipid-lowering medication: Simvastatin, fibrates and nicotinic acid, p-values, *P <0.05.

Abbreviations: T2D: Type 2 Diabetes; DPN: Diabetic Polyneuropathy; BMI: Body Mass Index; IFCC: International Federation of 
Clinical Chemistry; HDL: High Density Lipoprotein; LDL: Low Density Lipoprotein; HbA1c: Glycated Hemoglobin; ACE: Angiotensin-
Converting-Enzyme Inhibitors; AT2: Angiotensin 2 Receptor Antagonists; CXCL13: C-X-C Motif Ligand 13; NfL: Neurofilament Light 

Chain; n.a: not avail-able.

Distribution and Significance of NfL and CXCL13 Levels in 
Diabetic Polyneuropathy

Figure 1 illustrates the distribution of NfL and CXCL13 
levels (median [25th percentile, 75th percentile]) across the 
three groups: T2D +DPN, T2D -DPN, and controls. NfL 
levels are significantly higher in the T2D +DPN group (17 
[13-22]) com-pared to both controls (13 [10-16]) and the 
T2D -DPN group (13 [10-17], p = 0.002) (Figure 1, Table 1). 
In contrast, CXCL13 levels are slightly higher in the T2D 
+DPN group (37 [26-50]) compared to the T2D -DPN group 
(34 [26-46]) and controls (33 [24-45]); however, this difference 

is not statistically significant (p = 0.27) (Figure 1, Table 1).

For NfL, a statistically significant difference was 
observed between the groups (Kruskal-Wallis test, p = 
0.0023). Post hoc analysis revealed significantly higher 
NfL levels in the T2D + DPN group compared to both the 
T2D - DPN group (p = 0.0042) and the control group (p = 
0.0037). No significant difference was observed between 
the T2D -DPN group and controls. In contrast, CXCL13 
levels did not differ significantly between the groups 
(Kruskal-Wallis test, p = 0.27).

Figure 1. Boxplot: NfL and CXCL13 comparison of levels across three groups. The line that divides the box into two parts 
represents the median, and the top and bottom of the box show the lower 25th (Q1) and upper 75th (Q3) quartile. The ex-treme 

line shows Q1-1.5xIQR to Q3+1.5xIQR. 

Abbreviations: T2D: Type 2 Diabetes; DPN: Diabetic Neuropathy.
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Correlation Analysis of NfL, HbA1c, and Urine Albumin-
creatinine Ratio Across Different Patient Groups

Figure 2 illustrates the relationship between NfL levels (ng/L) 
and HbA1c (mmol/mol) for all groups. A non-significant nega-

tive correlation was observed for T2D +DPN (R = -0.082, p 
= 0.6), while T2D -DPN showed a non-significant positive 
correla-tion (R = 0.048, p = 0.68). Controls showed a weak but 
statistically significant positive correlation (R = 0.28, p = 0.015).

Figure 2. Spearman correlation between NfL(ng/L) and HbA1c (mmol/L), Ellipses illustrate 95 CI. Included groups are T2D 
+DPN, T2D –DPN and controls.

Abbreviations: T2D: Type 2 Diabetes; DPN: Diabetic Polyneuropathy.

Figure 3 shows the relationship between NfL levels and the urine albumin/creatinine ratio for T2D +DPN and T2D -DPN. A 
moderate and significant positive correlation was found between NfL and the urine albumin/creatinine ratio in the T2D +DPN 
group (R = 0.59, p = 3.3e-05). No significant correlation was observed in the T2D –DPN group (R = 0.04, p = 0.73).

Figure 3. Spearman correlation between NfL(ng/L) and Urine albumin-creatinine ratio (mg/g). Ellipses illustrate 95 CI. 
Included groups are T2D +DPN and T2D –DPN, controls – no data.

Abbreviations: T2D: Type 2 Diabetes; DPN: Diabetic Polyneuropathy.
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ROC curves were generated to assess the diagnostic 
performance of NfL and CXCL13 in distinguishing between 
different groups within the cohort. NfL demonstrated 
moderate discriminatory ability between T2D patients with 
and without DPN (AUC = 0.667, 95% CI: 0.565–0.769) and 
between T2D patients +DPN and healthy controls (AUC = 
0.685, 95% CI: 0.580–0.789). When compared to the combined 
group of T2D -DPN and controls, NfL showed a weak to 
moderate classification performance (AUC = 0.676, 95% CI: 
0.582–0.770). CXCL13 showed no discriminatory ability in all 
comparisons, with AUC values close to 0.5. ROC curve analysis 
of NfL and CXCL13 is presented in Supplementary Table S2 
and Figure S1.

DISCUSSION

With this study, we aimed to assess the biomarker potential of 
both NfL and CXCL13 as detection markers for DPN in patients 
with T2D. To our knowledge, this is the first study to investigate 
CXCL13 in this context.

Our study found that NfL levels are significantly higher in 
patients with T2D +DPN compared to both patients with T2D 
–DPN as well as individuals without T2D and neurological
disorders. These findings suggest that NfL levels are higher in 
individuals with DPN and may serve as a potential biomarker 
for axonal damage in this population. However, the observed 
AUC values suggest that while NfL may have potential utility 
in DPN diagnosis, it is insufficient as a standalone biomarker. 
The results also demonstrated a positive association between 
NfL levels and urine albumin/creatinine ratio in T2D patients 
with DPN.

In agreement with our findings, previous studies have reported 
higher NfL levels in patients with T2D and DPN [24,25]. 
However, direct comparisons across studies are challenging 
due to several factors. In the ADDITION-DK study, Määttä et al. 
[25] used a longitudinal study design to assess changes in NfL 
over time in a screen-detected T2D population. In contrast, 
our study sought to determine whether NfL levels, measured 
at a single time point regardless of the duration of diabetes, 
could serve as an initial biomarker for identifying DPN, as 
defined by ICD codes. Furthermore, variations in diabetes 
duration and diabetes type complicate direct comparisons. 
Maalmi et al. [24] included a mixed cohort of early-diagnosed 
type 1 and type 2 diabetes patients in a cross-sectional design. 
By contrast, our study cohort comprised participants with a 
diabetes duration ranging from a median of 6 to 9 years, which 
aligns more closely with the ADDITION-DK cohort [25].

Additionally, differences in diagnostic criteria for DPN further 
hinder direct comparisons. In our study, DPN was identified by 
linking the cohort to the Danish Civil Registration System [37] 
and the Danish National Patient Registry [35], utilizing ICD-10 
codes to identify T2D patients with hospital-diagnosed DPN 
[38]. Therefore, we lack information regarding the potential 
electrophysiological or clinical assessments underlying the 
diagnosis of DPN in our cohort. Consequently, we were 
unable to apply the Toronto criteria, which Määttä et al. [25] 
and Maalmi et al. [24] used to define DPN in their respective 
studies. Despite these differences, our results point in the 
same direction.

Our observation of associations between NfL and waist 
circumference, BMI, and kidney function aligns with previous 
cross-sectional [24,40] and longitudinal studies [25]. The 
present work identified a significant positive correlation 
between NfL levels and the urine albumin-creatinine ratio, 
suggesting that higher NfL levels are associated with 
increased albuminuria. This association may indicate that both 
biomarkers reflect a shared underlying mechanism of tissue 
damage. Blood levels of NfL have been shown to be influenced 
by kidney function, however the mechanisms behind this are 
unclear [41-43]. Previous research suggests that it is possibly 
due to reduced clearance of neurofilament proteins [40,44,45). 
Yet, given that NfL is a 61.5 kDa protein [6], it should not be 
filtered at the glomerular level. Hypothetically, therefor one 
might expect NfL levels to be even higher in patients with 
impaired kidney function and axonal damage. A recent study 
investigated if NfL is excreted in the urine, and whether this 
depends on plasma NfL levels and kidney function in terms 
of eGFR and urine albumin-creatinine ratio [46]. Their results 
indicate that increased plasma NfL level in patients with low 
eGFR is not caused by impaired urinary excretion – on the 
contrary, an increased excretion was observed in patient with 
low eGFR and increased urine albumin-creatinine ratio.

Despite significant differences in median HbA1c levels, we 
found no correlation between HbA1c and NfL in T2D patients 
with or without DPN. In contrast, a significant positive 
correlation was observed in the control group. Previous 
studies have reported conflicting findings regarding the 
association between HbA1c and NfL levels. While other studies 
[43,47] observed a positive correlation between change in 
HbA1c and NfL, our study and Määttä et al. [25] did not find 
such an association. These discrepancies may be influenced 
by differences in study design, population characteristics 
and genetic differences, diabetes duration and glycemic 
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control. This may also indicate that, in individuals without T2D, 
variations in glycemic regulation, age and body composition 
are more readily reflected in NfL levels.

These observations highlight the need for further research 
to better understand how glycemic control and metabolic 
factors influence NfL levels in both diabetic and non-diabetic 
individuals. Furthermore, investigating the release of NfL from 
damaged neurons, as well as its metabolism and excretion, is 
crucial for improving the interpretation of NfL levels in both 
healthy individuals and people with diabetes.

CXCL13 has been identified as a potential biomarker in 
neurological diseases [26]. CXCL13 is known to play a role 
in B-cell recruitment and migration, which is critical for 
the humoral immune response in neuroinflammation [48]. 
Previous research has shown that macrophages, which 
induce demyelination, express CXCL13 in human and mouse 
models of inflammatory demyelinating neuropathies [30]. The 
same study found higher serum levels of CXCL13 in patients 
with inflammatory demyelinating neuropathic disease [30]. 
Furthermore, findings from mouse models suggest that 
increased CXC chemokine signaling contributes to nerve 
damage and pain hypersensitivity in diabetes [29]. Despite 
these findings, CXCL13 levels did not differ significantly 
between the groups in our study. The results suggest that 
CXCL13 levels are similarly distributed across all groups, 
indicating that this chemokine may not be associated with 
diabetic neuropathy in the study population. As no prior 
studies have specifically examined CXCL13 levels in DPN, 
direct comparisons with other studies are not possible.

The strength of our study is the well-characterized participants 
from an diabetes-control biobank [31] with access to every 
single patient´s entry diagnoses as well as anthropometrics 
and extensive laboratory data. Another strength is that the 
diabetes patients with DPN were diagnosed in their usual 
hospital clinical settings according to current guidelines 
[38], as diabetic neuropathy is a diagnosis of exclusion [3]. 
In addition, NfL and CXCL13 were measured with the highly 
sensitive SiMoA technology.

Our study includes the following limitations: The study lacks 
longitudinal blood samples and repeated questionnaire 
assessments, which would have enabled biochemical and 
anthropometric followup over time. As a result, the study 
is limited to data collected at the time of cohort entry [31]. 
Additionally, we did not include patients with type 1 diabetes, 
preventing comparisons of NfL levels between diabetes 

types. Potential confounders such as age, NfL levels before 
DPN diagnosis, kidney function and BMI and small sample 
size should also be acknowledged. In addition, a limitation 
of our study is that T2D patients with DPN were selected 
based on ICD-10 codes. This approach may have led to an 
underrepresentation of early or subclinical DPN cases. This is a 
major limitation, as ICD-10 coding primarily captures clinically 
overt cases, whereas patients with mild or early neuropathic 
changes may remain undiagnosed. This issue is particularly 
relevant in Denmark, where general practitioners most often 
manage uncomplicated diabetes, and mild DPN symptoms 
may go unrecognized. Consequently, the true prevalence 
of DPN in our study may be underestimated. Future studies 
should consider supplementing ICD-10 data with objective 
diagnostic measures or validated neuropathy screening 
tools as the Toronto Clinical Neuropathy score [5] to ensure 
a consistent definition and detection of DPN. Furthermore, 
the lack of a standardized approach for staging DPN prevents 
us from assessing associations between NfL levels and DPN 
progression [46].

However, another study [49] concluded that the lack of 
specificity of NfL for peripheral nerve damage limits its 
usefulness as a standalone biomarker for DPN, as elevated 
NfL levels may also stem from CNS pathologies, age and BMI. 
Therefore, NfL should not be used alone in the diagnosis of 
DPN in patients with T2D. Nevertheless, NfL is specific for 
axonal damage, and associations with DPN already at an 
early diabetes disease stage have been showed [24]. If the 
associations between NfL, T2D and DPN reported in our 
study is validated in a longitudinal prospective randomized 
trial, NfL may serve as a potential biomarker for individual, 
longitudinal monitoring of patients with T2D and DPN in an 
everyday clinical setting [47]. Given the limitations of NfL 
as a standalone biomarker for DPN, identifying additional 
markers of peripheral nerve damage remains crucial. One 
such candidate is peripherin, an intermediate filament protein 
almost exclusively expressed in peripheral nerve axons. 
Keddie el al. [50] found, that peripherin selectively increases 
in peripheral nerve injury, helping to distinguish peripherally 
derived elevations in NfL from those of central origin.

CONCLUSIONS

This study found higher NfL levels in patients with T2D and 
DPN, supporting its potential as a detecting biomarker for 
axonal damage. However, due to its lack of specificity, NfL alone 
is insufficient for diagnosing DPN. Nonetheless, NfL may serve 
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as a non-invasive and cost-effective biomarker for individual, 
longitudinal monitoring of DPN. In contrast, CXCL13 levels did 
not differ between groups, suggesting no association with 
DPN. While NfL may aid in monitoring neuropathy progression, 
future longitudinal studies are needed to confirm its clinical 
utility, together with other biomarkers.
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SUPPLEMENTARY

Supplementary table S1. Inclusion and exclusion diagnosis ICD-10 codes, from the Danish National Patient Registry [35]

Inclusion: ICD-10 codes and definition Exclusion: ICD-10 codes and definition

E11.4 Type 2 diabetes mellitus with neurological complications G11 Hereditary ataxia 

E11.5 Type 2 diabetes with peripheral circulatory complications G11.1 Early-onset cerebellar ataxia

E14.4 Unspecified diabetes mellitus with neurological complications G12 Spinal muscular atrophy and related syndromes

E14.5 Unspecified diabetes mellitus with peripheral circulatory compli-
cations G12.2 Motor neuron disease

G63.2 Diabetic polyneuropathy G12.8 Other spinal muscular atrophies and related syn-
dromes

G30 Alzheimer disease

G30.9 Alzheimer disease, unspecified

G35 Multiple sclerosis

G36.0 Neuromyelitis optica

G60 Hereditary motor and sensory neuropathy

G60.0 Hereditary motor and sensory neuropathy

G61 Guillain-Barré syndrome

Supplementary table S2. Areas under the curve for NfL and CXCL13

Group
NfL CXCL13

AUC 95% CI AUC 95% CI

T2D +DPN ; T2D -DPN 0,667 (0,565-0,769) 0,537 (0,427-0,648)

T2D +DPN ; Controls 0,685 (0,580-0,789) 0.590 (0,484-0,696)

T2D +DPN ; T2D - DPN & Controls 0,676 (0,582-0,770) 0,564 (0,467-0,661)

The area under the curve (AUC) values, along with their 95% confidence intervals (CI). AUC’s for assessing the diagnostic performance 
of NfL and CXCL13 in distinguishing between different groups within the cohort. 

Supplementary Figure S1 – ROC-curves
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