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Age rather than diabetes
duration predicts the severity of
sensory neuropathy in type 2
diabetes mellitus
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Introduction: In patients with type 2 diabetes, factors beyond hyperglycemia
may contribute to the development of sensory neuropathy. This study aimed to
determine whether diabetes duration was the strongest predictor of prevalent
sensory neuropathy and to compare the diagnostic performance of commonly
used clinical screening methods.

Materials and methods: A total of 711 patients with type 2 diabetes from the
Budapest metropolitan area were assessed between 2016 and 2022 using
routine sensory neuropathy screening tests (128-Hz tuning fork and 10-g
monofilament). A brief standardized questionnaire was also administered to
support neuropathy detection. Independent predictors of sensory neuropathy
were identified using binary logistic regression models and interrater agreement
between diagnostic methods was assessed with Cohen’s kappa.

Results: Agreement between diagnostic methods was only moderate (Cohen'’s
kappa: 0.3-0.4). In the final adjusted models, age emerged as the only
independent predictor of neuropathy detected by tuning fork testing (OR 1.04;
95% C11.02-1.06), whereas for the monofilament test, self-reported neuropathic
symptoms remained independently associated. Consistent with this, positive
responses to standardized symptom questions correlated with both diagnostic
tests, supporting their clinical validity.

Conclusion: The overlap between routinely applied clinical methods for
detecting sensory neuropathy is limited. Our findings suggest that, in an aging
population with type 2 diabetes, peripheral nerve damage identified by standard
screening tools is more strongly associated with age than with diabetes duration
when assessed by commonly used bedside screening tools. Prospective studies
are warranted to better differentiate diabetic neuropathy from age-related
nerve dysfunction.
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Introduction

Distal symmetric peripheral neuropathy (DSPN) is a common
complication of both type 1 and type 2 diabetes, although other
conditions may also contribute to its development. In general
population, the prevalence of peripheral neuropathy ranges from
2% to 12%, with higher rates observed in individuals over 50 years
of age (1-3). DSPN is of idiopathic origin in 25% to 46% of cases,
with the prevalence of idiopathic forms increasing with age (4). In
contrast, among patients with diabetes, the prevalence of DSPN
ranges from 13% to 50%, depending on age, diabetes type and
duration, diagnostic method, level of glycemic control (2, 5) and
other factors.

While diabetes is a major risk factor for DSPN, other
contributors include nerve compression or injury, alcohol use,
chemotherapeutic agents, dialysis, and nutritional deficiencies (6,
7). Regardless of the etiology, clinical manifestations of DSPN are
similar and typically include sensory loss, numbness, burning
sensations, or pain. However, certain features - such as the
“stocking-and-glove” distribution of symptoms - are considered
more characteristic for diabetes-associated DSPN, but up to 50% of
diabetic peripheral neuropathy may be asymptomatic (8). It is
important to note that clinically significant nerve damage usually
results from chronic exposures to multiple pathogenic factors, and
thus the precise etiology of DSPN cannot always be determined at
the time of clinical evaluation. As a consequence, the diagnosis
often reflects a “final common pathway” of neuropathic injury
rather than a disease-specific mechanism.

Beyond peripheral sensory pathways, autonomic measures also
show pronounced age dependence in healthy people. In classic
normative studies, heart-rate reflex indices (e.g., deep-breathing and
postural ratios) and overall heart rate variability declined steadily
with age, prompting age-stratified normal ranges for tests of cardiac
vagal function (9, 10). These data underscore that routine neuro-
cardiovascular and somatosensory tests can both be influenced by
physiological ageing, independent of diabetes. Importantly,
vibration perception thresholds are known to be strongly age-
dependent even in healthy individuals, as demonstrated in
different studies (11, 12). The relative contribution of different
factors to the development of DSPN is still discussed, and
designing human studies that can disentangle the effects of
coexisting risk factors is particularly challenging. Consequently,
retrospective studies remain important to assess the relative weight
of different influences in DSPN development.

In this study, we analyzed data from a suburban diabetes
outpatient clinic to examine the presence of sensory neuropathy
identified by routinely applied bedside screening methods among
patients with type 2 diabetes. The primary aim was to assess
whether age or diabetes duration shows a stronger association
with screening-detected sensory neuropathy in this population.
As a secondary aim, we investigated whether commonly used
diagnostic tools for neuropathy screening (128-Hz tuning fork,
Semmes-Weinstein 10-g monofilament and a brief, standardized
questionnaire) identify the same patient groups.
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Methods

We conducted a retrospective cohort analysis including all
patients with type 2 diabetes who attended our adult internal
medicine outpatient clinic in a well-defined Budapest
metropolitan area between June 2017 and June 2021. The clinic
provides care for approximately 20,000 adults. Patients with type 1
or type 2 diabetes were typically referred by general practitioners
and were either newly diagnosed or previously treated at another
institution. Diabetes was defined as any of the following: HbAlc
26.5% (48 mmol/mol), fasting plasma glucose 27.0 mmol/L (126
mg/dL), or 2-hour plasma glucose >11.1 mmol/L (200 mg/dL)
during a standard 75-g oral glucose tolerance test. This retrospective
analysis was conducted with the approval of the Regional and
Institutional Committee of Science and Research Ethics of
Semmelweis University (approval number: SE RKEB 8/2019).

At the first visit, a detailed medical history was obtained,
including the date of diabetes diagnosis and the presence of major
cardiovascular risk factors (hypertension, hyperlipidemia, smoking
history and prior cardiovascular events such as acute myocardial
infarction, stroke, transient ischemic attack, or peripheral vascular
disease). Information on current medications was collected from
GP referral letters, medical records or patient reports. Patients with
active or treatment-requiring lumbar disc disease, ongoing
chemotherapy, or heavy alcohol consumption (=4 drinks/day or
>8 drinks/week in women; =5 drinks/day or =15 drinks/week in
men) were excluded from the study. Most patients presented with
laboratory results performed within three months at our laboratory;
in some cases, validated external laboratories (Synlab) were used.
The following data were recorded: fasting plasma glucose (mmol/l),
HbAlc (%), serum creatinine (umol/l), urea (mmol/l), total
cholesterol, HDL cholesterol, triglycerides (all mmol/l) and
microalbuminuria (mg%). For triglyceride levels <4.5 mmol/l,
LDL cholesterol was calculated using the Friedewald formula; for
higher values, LDL was reported only upon special request.

Physical examinations included measurement of height (cm)
and weight (kg) using calibrated equipment, blood pressure
(mmHg; Omron M2 device) and heart rate (beats/min) after five
minutes of rest in a seated position. Lower limb arterial circulation
was assessed by palpation of the dorsalis pedis, tibialis posterior,
and, if necessary, femoral arteries. Neuropathy assessments were
then performed by a trained assistant.

Neuropathy testing began with inspection of the lower limbs for
chronic wounds or ulcers. Pressure sensation was assessed with a
10-g Semmes—Weinstein monofilament applied to standardized
sites (toe tips plantar and dorsal). A test was considered
abnormal if the patient failed to perceive the monofilament on at
least one toe on both feet during repeated testing. Vibration
sensation was assessed using a calibrated 128-Hz tuning fork
applied to the medial malleolus or, if edematous, the metatarsal
head. Results were considered abnormal if vibration ceased before
the tuning fork reached scale value 6 on both sides. We emphasize
that neuropathy outcomes were defined as abnormal results on
routinely applied bedside screening tests and were not intended to
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represent etiologically defined diabetic peripheral neuropathy.
Patients with lower limb amputation were excluded.

Finally, patients were asked three standardized questions: (1)
“Have you ever had a non-healing ulcer on any of your limbs?” (2)
“Do you experience persistent pain in any lower limb at rest lasting
more than 5 minutes?” and (3) “Do you feel discomfort in any lower
limb at rest lasting more than 5 minutes?” Answers were recorded
as “yes” or “no.” All responses were evaluated independently.

Statistical analysis

Data obtained during the tests were arranged in a table and were
made suitable for statistical processing. Data were inspected for
normality visually and using normality tests. Continuous variables
were presented as means + SD and compared with a two-sample
independent t-test. Categorical variables were reported as (%) and
compared with a chi-square test. To compare the diagnostic value of
individual neuropathy tests, Cohen’s kappa coefficient (k) was
determined, considering that this method is more robust than
simple percentage agreements calculation. Kappa values were
interpreted as follows: values < 0 as indicating no agreement and
0.01-0.20 as none to slight, 0.21-0.40 as fair, 0.41- 0.60 as
moderate, 0.61-0.80 as substantial, and 0.81-1.00 as almost
perfect agreement.

The parameters independently associated with sensory
neuropathy diagnosed by each method were compared using
binary logistic regression models. In Model 1, age and duration of
diabetes were used as indicators. Model 2 incorporated all clinically
relevant variables collected (sex, smoking, hypertension,
hyperlipidemia, prior myocardial infarction, prior stroke, prior
peripheral arterial disease, chronic kidney disease stage III-V,
family history of premature death or myocardial infarction,
neuropathic symptoms, and retinopathy). Variables included in

10.3389/fendo.2025.1763487

Model 2 were selected based on clinical relevance and previous
studies on diabetic neuropathy, rather than on statistical
significance alone. Model 3 was constructed as the most
parsimonious model including only variables that statistically
significantly contributed to Model 2. Multicollinearity between
covariates, including age and diabetes duration, was assessed
using variance inflation factors (VIF). The VIFs were all <5,
suggesting no relevant collinearity. Patients with missing or
incomplete neuropathy assessments or missing covariate data
were excluded from the analysis. Given the retrospective design
and the clinical nature of the collected variables, no data imputation
was performed and analyses were conducted only in patients with
complete information. Data were analyzed using IBM SPSS
Statistics version 27 (IBM Corp., Armonk, NY, USA). Statistical
significance was defined as p < 0.05 (two-tailed).

Results

During the study period, 711 patients attended the specialist
clinic, of whom 81 were not classified as having type 2 diabetes. An
additional 109 patients were excluded due to missing or incomplete
neuropathy assessments and 79 due to missing covariates
(Figure 1). Ultimately, data from 442 patients were analyzed (53%
male). Their mean age was 65.5 + 11.2 years, the mean duration of
diabetes was 9.6 * 8.9 years, and the mean HbAlc was 7.8 + 1.7%.

First, we assessed whether or not the different diagnostic
methods—the calibrated tuning fork and the 10-g monofilament
—identified the same patients. Interrater reliability, assessed with
Cohen’s kappa, indicated only limited agreement between methods
0.34; 95% CI: 0.25-0.43),
highlighting their restricted diagnostic overlap. This indicates that

(tuning fork vs. monofilament k¥ =

the two screening methods often identify different patient in routine
outpatient practice.

All patients
n=711

\ 4

Exclusions — not type 2 diabetes

n=28l1

n = 630 patients

Exclusions — missing neuropathy measurements and
known other diseases causing neuropathy

n=109

Exclusions — missing covariates

n=79

\ 4

Final analytical sample
n =442

FIGURE 1
Flow chart of patient selection.
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Next, we examined unadjusted baseline characteristics
according to the presence or absence of neuropathy as
determined by each diagnostic test (Table 1). Given that these
analyses were used only for descriptive purposes, no adjustment for
multiple comparisons were made. Importantly, HbAlc values,
reflecting the effectiveness of diabetes management, were nearly
identical across all groups regardless of neuropathy status. Although
several baseline characteristics differed between groups, age
remained an independent factor associated with neuropathy in
multivariable analyses. In contrast, patients with neuropathy
identified by the monofilament test differed only in age, being
older at baseline compared with their non-neuropathic
counterparts. Symptoms of neuropathy were more frequently
reported among all patients, regardless of the diagnostic tool used.

Finally, we applied multivariable binary logistic regression in
three sequential models to identify independent predictors of
neuropathy (Table 2). Model 1 included age and diabetes duration;
model 2 additionally incorporated sex, smoking status, hypertension,
hyperlipidemia, prior myocardial infarction, prior stroke, prior
peripheral arterial disease, chronic kidney disease (stage III-V),

10.3389/fendo.2025.1763487

family history of premature death or myocardial infarction,
neuropathic symptoms, and retinopathy; model 3 retained only
predictors that remained significant in model 2. All models were
statistically significant (p < 0.001) and showed adequate goodness of
fit according to standard logistic regression diagnostics (Table 3). In
the final reduced model, age was the only independent predictor
strongly associated with neuropathy diagnosed by the tuning fork
(OR 1.04; 95% CI: 1.02-1.06). This suggests that abnormal vibration
perception detected by tuning fork testing is more closely related to
aging than to diabetes duration in this population. Moreover, positive
responses to neuropathy symptom questions reinforced the
diagnostic validity of tuning fork findings. For the monofilament
test, age and male sex were initially associated with positive results,
but in the final model only neuropathy symptoms remained
independently predictive. Accordingly, loss of pressure sensation
identified by monofilament testing appeared to be independently
associated with only patient-reported symptoms than with age or
diabetes duration. However, associations involving rare outcomes
(e.g., foot ulcers) should be interpreted with caution due to wide
confidence intervals.

TABLE 1 Baseline participant characteristics by routine sensory neuropathy tests and their results (negative or positive for neuropathy).

Tuning fork Monofilament
Negative Positive Negative Positive

n 300 142 - 322 120 -
Male 150 (50%) 81 (57%) 0.185 177 (55%) 55 (46%) 0.109
Age (years) 62.8 + 11.2 68.3£9.9 <0.001 63.3 + 11 67.9 + 10.6 <0.001
Weight (kg) 91.9 +20.3 93.6 £22.3 0.417 92.9 +20.8 91.1 £21.5 0.408
Height (cm) 167.8 + 9.6 169.6 + 10.1 0.073 168.7 + 9.6 167.6 £ 10 0.311
BMI (kg/m2) 325+6.2 324 + 6.4 0.819 326 £6.2 323 +6.1 0.647
Fasting blood glucose (mmol/l) 8.6+ 33 87+36 0.894 8.6+ 34 88 +34 0.66
Hbalc (%) 7.7 £ 1.6 78+ 1.6 0.383 7.7 £ 15 78+ 1.7 0.368
Creatinin (umol/l) 782 £30.2 84.5 + 34.8 0.069 77.5+232 87.6 £47.2 0.323
Total cholesterol (mmol/l) 51+14 48+ 14 0.017 50+ 1.4 51+13 0.692
Triglyceride (mmol/l) 23+24 21+12 0.929 22+21 23+21 0.582
Systolic blood pressure (Hgmm) 150.7 + 20.9 150.8 + 21 0.958 150.6 + 20.6 151.2 + 21.8 0.781
Diastolic blood pressure (Hgmm) 88.6 + 12.3 85.1 +11.2 0.002 88.1 +11.9 859 + 12,5 0.086
Pulse (/min) 82.3 +13.6 79.7 + 11.6 0.017 82.1 £13.2 79.7 £ 12.3 0.080
Diabetes duration (years) 8.7+ 84 11.7 £ 9.9 <0.001 93 +8.8 10.6 £ 9.5 0.065
Smoking - - 0.007 - - 0.258

Never smoked 89 (29.5%) 35 (11.5%) 0 90 (29.9%) 34 (11.2%) 0

Prior smoke 42 (13.9%) 32 (10.6%) 0 50 (16.8%) 23 (7.7%) 0

Current smoking 31 (10.5%) 10 (3.4%) 0 34 (11.2%) 8 (2.7%) 0

Passive smoking 1 (0.2%) - (0.0%) 0 1 (0.2%) - (0.0%) 0
Hypertension 262 (87.3%) 272 (90.8%) 0.340 262 (87.3%) 275 (91.7%) 0.242

(Continued)
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TABLE 1 Continued

Tuning fork Monofilament
Negative Positive Negative Positive

Hyperlipidaemia 197 (65.7%) 211 (70.4%) 0.331 196 (65.2%) 218 (72.5%) 0.172
Prior myocardial infarction 15 (5.0%) 40 (13.4%) 0.004 21 (7.1%) 28 (9.2%) 0.547
Prior stroke 16 (5.3%) 19 (6.3%) 0.664 14 (4.7%) 25 (8.3%) 0.164
Prior peripheral arterial disease 9 (3.0%) 11 (3.5%) 0.776 8 (2.8%) 13 (4.2%) 0.542
Chronic kidney disease, stage III-V. 1 (0.3%) 4 (1.4%) 0.243 1 (0.3%) 5 (1.7%) 0.18
Elaymog:r:::ﬁ?f;igizig :ge:t:()or 24 (8.0%) 28 (9.2%) 0.714 23 (7.8%) 30 (10.0%) 0.445
Neuropathic symptoms <0.001 <0.001

No neuropathic symptoms 266 (88.7%) 188 (62.7%) 0 269 (89.8%) 165 (55.0%)

Tingle 16 (5.3%) 36 (12.0%) 0 14 (4.7%) 45 (15.0%)

Numbness 8 (2.7%) 38 (12.7%) 0 8 (2.8%) 43 (14.2%)

Pain 8 (2.7%) 28 (9.2%) 0 7 (2.2%) 35 (11.7%)

Ulcer 2 (0.7%) 11 (3.5%) 0 2 (0.6%) 13 (4.2%)
Retinopathy 0.234 0.808

No retinopathy 289 (96.3%) 275 (91.5%) 0 283 (94.4%) 287 (95.8%)

Mild retinopathy 6 (2.0%) 13 (4.2%) 0 6 (3.1%) 5 (1.7%)

Medium retinopathy 1(1.3%) 2 (2.8%) 0 1 (1.9%) 2 (1.7%)

Severe retinopathy 0 (0.3%) 2 (0.7%) 0 0 (0.3%) 1 (0.8%)

Data are mean + SD or n/total (%). p value was calculated by independent samples t-test or chi-square test. p < 0.05 was considered as statistically significant. BMI, body mass index; HbAlc,
glycated haemoglobin Alc. Hypertension, hyperlipidaemia and diabetes mellitus were diagnosed if a patient used at least one drug for their treatment and the diagnosis was coded in their medical

record by the proper ICD code (hypertension: I1xxx, hyperlipidaemia: E78xx; diabetes mellitus: E10xx, E11xx or E14xx) at least 3 times.

Bold values indicate statistically significant differences (p < 0.05).

Discussion

Multiple methods are available for neuropathy screening, but
clinical studies (2, 13) and physiological considerations indicate that
these tests are not specific for neuropathy of diabetic origin.
Consequently, diabetic neuropathy is often considered a diagnosis
of exclusion (14). Since the prevalence of peripheral neuropathy
increases with age (4, 15-17), it is plausible that commonly used
screening methods may detect predominantly age-related rather
than diabetes-associated neuropathy. In our study, neuropathy
identified with the 128-Hz tuning fork was independently
associated with age, whereas for the monofilament test, self-
reported neuropathic symptoms showed the strongest association.
Moreover, in our outpatient practice, the overlap between
diagnostic methods was limited (Cohen’s k <0.4), although all
methods consistently showed a closer relationship with age rather
than with diabetes duration.

DSPN is a well-established diabetic complication and an
independent risk factor for mortality (2, 6). Its prevalence is
approximately 22% in individuals aged 60-74 but decreases to 5%
when diabetes is excluded as an etiological factor. Across various
populations, neuropathy of known etiology accounts for 73-90% of
cases, depending on diagnostic methods and study design (13).

Frontiers in Endocrinology

Although electrophysiological tests provide detailed assessments, no
single method reliably distinguishes neuropathy subtypes or detects
early neuronal damage. In a study, Valensi and colleagues
demonstrated that among 20 electrophysiological parameters tested
in patients with type 1 or type 2 diabetes, 17 correlated with diabetes
duration, 9 with age, 7 with glycemic control, and only 1 with sex
(18). By contrast, monofilament testing in the general population
showed that neuropathy is common even without diabetes and
importantly, its presence was an independent predictor of mortality
(2). Neuropathy detected with monofilament is more strongly
associated with diabetes in middle-aged than in older adults, while
male sex and body height were also robust predictors (16). Height
itself is subject to physiological fluctuations (e.g., diurnal variation,
menstrual cycle) (19, 20), further complicating interpretation of data
obtained by simple clinical tools.

The 128-Hz tuning fork and the 10-g Semmes—Weinstein
monofilament have been used for decades because they are easy
to apply, inexpensive, and widely available. However, their major
limitation is that they detect only late neuronal damage (21, 22).
Although both tests evaluate the same fiber type, they stimulate
different receptor modalities, which may explain their limited
diagnostic overlap. Moreover, small-fiber dysfunction typically
precedes large-fiber damage (23, 24). As tuning fork and
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TABLE 2 Results of logistic regression models by routine sensory
neuropathy tests in three models.

Tuning fork

Odds ratio (95%CI)

Model 1
Age (years) ‘ 1.05 (1.02-1.07)
Model 2
Age (years) 1.08 (1.04-1.12)
Neuropathic symptoms: tingle 3.01 (1.32-6.87)
Neuropathic symptoms: numbness 6.84 (2.59-18.07)
Neuropathic symptoms: pain 6.06 (2.03-18.03)
Neuropathic symptoms: ulcer 10.31 (1.71-62.11)
Model 3

Age (years) 1.05 (1.03-1.07)

Neuropathic symptoms: tingle 2.79 (1.33-5.86)

Neuropathic symptoms: numbness 6.38 (2.65-15.36)

Neuropathic symptoms: pain 3.62 (1.41-9.27)

Neuropathic symptoms: ulcer 9.81 (1.79-53.64)

Monofilament

QOdds ratio (95%CI)

Model 1
Age (years) ‘ 1.04 (1.02-1.07)
Model 2
Sex 2.46 (1.16-5.22)
Neuropathic symptoms: tingle 5.41 (2.36-12.41)
Neuropathic symptoms: numbness 9.54 (3.69-24.64)
Neuropathic symptoms: pain 7.69 (2.6-22.74)
Neuropathic symptoms: ulcer 20.42 (3.06-136.23)
Model 3

Neuropathic symptoms: tingle 5.11 (2.44-10.7)

Neuropathic symptoms: numbness 8.3 (3.53-19.51)

Neuropathic symptoms: pain 8.57 (3.32-22.13)

Neuropathic symptoms: ulcer 12.48 (2.34-66.57)

The table shows statistically significant indicators (p < 0.05) by routine sensory neuropathy
tests in three models. Model 1 used age and duration of diabetes as indicators. Model 2 used
sex, smoke, hypertension, hyperlipidaemia, prior myocardial infarction, prior stroke, prior
peripheral arterial disease, chronic kidney disease (stage III-V.), family history of premature
death or myocardial infarction, neuropathic symptoms and retinopathy as indicators. Model 3
used those indicators which were significant in Model 2.

monofilament testing confirm only advanced large-fiber
neuropathy, their negative predictive value is limited, though their
positive predictive value makes them useful for annual screening
and for identifying patients at risk of severe complications (25).
In routine practice, monofilament and tuning fork remain the
most frequently used tools. Combining them does not substantially
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improve diagnostic accuracy compared with either test alone (25,
26). Nevertheless, both are recommended for diabetic populations
to assess loss of protective sensation (monofilament) and vibration
sense (tuning fork), which are early markers of large-fiber
involvement (27). It has to be noted, that there is currently no
universally accepted guideline-defined cut-off for vibration
perception testing using a 128-Hz tuning fork; therefore, we
applied a pragmatic dichotomization reflecting both currently
utilized reimbursement rules in Hungary and the routine clinical
screening practice, as well as consistent with prior diagnostic
accuracy studies (28). More comprehensive approaches, such as
the Michigan Neuropathy Screening Instrument (MNSI), combine
questionnaires with physical examination (inspection, vibration
testing, ankle reflexes) and provide a validated method to detect
neuropathy (29). However, the neural pathways assessed by
individual MNSI questions remain less clearly defined. In
outpatient settings, MNSI has shown that diabetes duration is the
strongest predictor of neuropathy severity, followed by glycemic
control and age (30). Moreover, three specific questions similar to
ours have been shown to provide additional prognostic information
in patients with type 2 diabetes and cardiovascular disease (31).
These likely capture unmeasured mechanisms, such as chronic
inflammation or vascular injury. Overall, brief questionnaires
alone are insufficient for neuropathy diagnosis, but they may
complement objective tests.

Our results are somehow consistent with the autonomic
literature: in healthy cohorts, reflex control of heart rate and heart
rate variability show graded declines with advancing age, and
investigators have derived age-specific reference values for
standard autonomic tests (9, 10). Although contemporary
guidelines typically do not mandate age-adjusted thresholds for
autonomic tests (Ewing-tests), these foundational datasets support
the broader concept that age exerts a generalized effect on neural
performance. By analogy, the stronger association we observed
between screening-detected sensory neuropathy and age - rather
than diabetes duration - likely reflects this global neuro-ageing
signal captured by bedside tests. Evidence shows that aging impairs
peripheral nerve function and regeneration through Schwann cell
dysfunction, chronic inflammation, subtle myelin changes, and
increased neuronal senescence, with clinical manifestations
including reduced sensory amplitudes and reflexes, and
experimental evidence supporting delayed and less effective nerve
repair (32-34). Therefore, screening-detected neuropathy most
probably in older adults with type 2 diabetes may reflect age-
related neural decline rather than diabetes-specific damage (35).
However, we have to emphasize, that our results do not negate the
role of diabetes duration in the development of neuropathy when
more sensitive or etiologically specific diagnostic methods are
applied but rather highlights the limitations of commonly used
bedside screening tools in older individuals.

Our study has several limitations. As with any retrospective
study, reverse causality cannot be excluded, and the cross-sectional
design of the study precludes causal inference and restricts
conclusions to prevalent rather than incident neuropathy.
Neuropathy has a multifactorial etiology and although we
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TABLE 3 Main characteristics of the models by routine sensory neuropathy tests.

-2 Log likelihood

Nagelkerke R2 Goodness of fit Overall
et =l (Hosmer-Lemeshow) percentage
Tuning fork
Model 1
555.0 ‘ 528.1 ‘ <0.001 ‘ 0.083 ‘ 0.583 ‘ 69.5%
Model 2
555.0 ‘ 439.7 ‘ <0.001 ‘ 0.321 ‘ 0.608 ‘ 76.5%
Model 3
555.0 ‘ 494.4 ‘ <0.001 ‘ 0.179 ‘ 0.757 ‘ 72.9%
Monofilament
Model 1
516.9 ‘ 500.9 ‘ <0.001 ‘ 0.052 ‘ 0.163 ‘ 73.1%
Model 2
516.9 ‘ 420.3 ‘ <0.001 ‘ 0.285 ‘ 0.791 ‘ 80.3%
Model 3
516.9 ‘ 452.7 <0.001 ‘ 0.196 0.982 78.1%

Model 1 used age and duration of diabetes as indicators. Model 2 used sex, smoke, hypertension, hyperlipidaemia, prior myocardial infarction, prior stroke, prior peripheral arterial disease,
chronic kidney disease (stage I1I-V.), family history of premature death or myocardial infarction, neuropathic symptoms and retinopathy as indicators. Model 3 used those indicators which were

significant in Model 2.

excluded patients with overt non-diabetic causes when identifiable,
the absence of systematic screening for all potential contributors
(such as prior chemotherapy, toxin exposure, autoimmune
disorders, or proven degenerative spinal disease) limits causal
interpretation and may lead to residual confounding. The
relatively low prevalence of retinopathy may reflect differences in
patient selection and diagnostic practices and does not preclude
age-related contributors to screening-detected neuropathy.
Importantly, we relied on commonly used bedside screening tools
and did not apply gold-standard diagnostic methods such as nerve
conduction studies. While this approach reflects routine outpatient
practice, it limits diagnostic specificity and the ability to distinguish
diabetic neuropathy from other causes of peripheral nerve
dysfunction. In addition, the results of the applied screening tests
were reported to have age-dependency, which may have
contributed to the strong association observed between
neuropathy detection and age. However, it should be noted that
age adjusted cutoff values for these screening tests are rarely applied
in clinical practice. It also has to be noted, that symptoms of diabetic
sensory neuropathy and peripheral arterial disease may overlap.
The diagnostic overlap of tuning fork and monofilament tests was
characterized by Cohen’s-kappa. The result should be interpreted
with caution as although the two independent tests were completed
but the same clinician performed the tests. Given that the assessor
was aware of the result of the first investigation, it may have
influenced the interpretation of the second one. However, this
bias would result in even larger overlap between the two tests that
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is opposite to our finding of a limited overlap. Finally, a proportion
of patients were excluded due to missing neuropathy assessments or
covariates, potentially introducing selection bias. Moreover, the
study population consisted exclusively of Caucasian patients, and
individuals with advanced complications (e.g. prior amputation) or
severe comorbidities (e.g. heart failure, advanced malignancy) were
not included, limiting the generalizability of our findings to other
populations and clinical settings.

Nevertheless, our study also has strengths. Testing was
performed on a well-characterized population using standardized
protocols, trained staff, and a relatively large sample size, which
enhances the clinical relevance of our findings. Also, we maintained
the focus on our principal observation that age is a stronger
predictor of screening-detected sensory neuropathy than diabetes
duration, providing clinically meaningful insight for everyday
practice. Finally, the use of commonly applied bedside screening
tools (tuning fork, monofilament, and brief symptom questions)
increases the practical relevance and applicability of our results to
routine outpatient care.

In summary, in routine outpatient practice, the overlap between
bedside methods to detect sensory neuropathy is limited and the
results are more closely associated with age rather than with
diabetes duration in older adults with type 2 diabetes. Practically,
incorporating age-aware interpretation (where available from
normative datasets) or prioritizing modalities less sensitive to age-
related change may help disentangle diabetes-specific neuropathy
from background neuronal ageing in older adults. Prospective
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studies using gold-standard methods are needed to better
distinguish diabetic from non-diabetic (primarily age-related)
neuropathy and to inform appropriate therapeutic strategies.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Regional and
Institutional Committee of Science and Research Ethics of
Semmelweis University. The studies were conducted in
accordance with the local legislation and institutional
requirements. The ethics committee/institutional review board
waived the requirement of written informed consent for
participation from the participants or the participants’ legal
guardians/next of kin because The study involved a retrospective
analysis of existing clinical data collected during routine care, posed
no additional risk to participants. Also, all patient information was
handled in accordance with ethical regulations and anonymized

prior to analysis.

Author contributions

ATK: Investigation, Project administration, Writing - original
draft. AK: Data curation, Formal Analysis, Writing — review &
editing. MB: Investigation, Writing - review & editing. CK:
Investigation, Project administration, Writing - review & editing.
AEK: Conceptualization, Writing - review & editing.
AM: Project administration, Writing - review & editing. DB:
Writing - review & editing. PK: Supervision, Writing — review &
editing. AT: Conceptualization, Writing — review & editing. VH:
Conceptualization, Investigation, Writing - original draft.

References

1. Callaghan BC, Price RS, Feldman EL. Distal symmetric polyneuropathy: A review.
JAMA. (2015) 314:2172-81. doi: 10.1001/jama.2015.13611

2. Hicks CW, Wang D, Matsushita K, Windham BG, Selvin E. Peripheral
neuropathy and all-cause and cardiovascular mortality in U.S. Adults: A Prospective
Cohort Study. Ann Intern Med. (2021) 174:167-74. doi: 10.7326/M20-1340

3. Hanewinckel R, van Oijen M, Tkram MA, van Doorn PA. The epidemiology and
risk factors of chronic polyneuropathy. Eur J Epidemiol. (2016) 31:5-20. doi: 10.1007/
510654-015-0094-6

4. Hanewinckel R, Drenthen ], van Oijen M, Hofman A, van Doorn PA, Ikram MA.
Prevalence of polyneuropathy in the general middle-aged and elderly population.
Neurology. (2016) 87:1892-8. doi: 10.1212/WNL.0000000000003293

5. Spallone V, Lacerenza M, Rossi A, Sicuteri R, Marchettini P. Painful diabetic
polyneuropathy: approach to diagnosis and management. Clin ] Pain. (2012) 28:726—
43. doi: 10.1097/AJP.0b013e318243075¢

Frontiers in Endocrinology

10.3389/fendo.2025.1763487

Funding

The author(s) declared that financial support was received for this
work and/or its publication. Funding: Hungarian Diabetes Association.

Acknowledgments

We thank diabetes nurse Erika Darnai for her valuable
assistance in performing the neuropathy assessments.

Conflict of interest

Authors CK and VH were employed by the company
Biatorbagy City Health Care Nonprofit Ltd. Specialist Clinic.

The remaining author(s) declared that this work was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

6. Vinik A. Diabetic sensory and motor neuropathy. N Engl ] Med. (2016) 374:1455—
64. doi: 10.1056/NEJMcp1503948

7. ZhuJ,HuZ, Luo Y, Liu Y, Luo W, Du X, et al. Diabetic peripheral neuropathy:
pathogenetic mechanisms and treatment. Front Endocrinol (Lausanne). (2024)
14:1265372. doi: 10.3389/fend0.2023.1265372

8. American Diabetes Association Professional Practice Committee. Retinopathy,
neuropathy, and foot care: standards of care in diabetes-2025. Diabetes Care. (2025) 48:
§252-65. doi: 10.2337/dc25-S012

9. Wieling W, van Brederode JF, de Rijk LG, Borst C, Dunning AJ. Reflex control of
heart rate in normal subjects in relation to age: a data base for cardiac vagal neuropathy.
Diabetologia. (1982) 22:163-6. doi: 10.1007/BF00283745

10. O’Brien IAD, O’Hare P, Corrall RJM. Heart rate variability in healthy subjects:
effect of age and the derivation of normal ranges for tests of autonomic function. Br
Heart J. (1986) 55:348-54. doi: 10.1136/hrt.55.4.348

frontiersin.org


https://doi.org/10.1001/jama.2015.13611
https://doi.org/10.7326/M20-1340
https://doi.org/10.1007/s10654-015-0094-6
https://doi.org/10.1007/s10654-015-0094-6
https://doi.org/10.1212/WNL.0000000000003293
https://doi.org/10.1097/AJP.0b013e318243075c
https://doi.org/10.1056/NEJMcp1503948
https://doi.org/10.3389/fendo.2023.1265372
https://doi.org/10.2337/dc25-S012
https://doi.org/10.1007/BF00283745
https://doi.org/10.1136/hrt.55.4.348
https://doi.org/10.3389/fendo.2025.1763487
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Kiss et al.

11. Bloom S, Till S, Sonksen P, Smith S. Use of a biothesiometer to measure
individual vibration thresholds and their variation in 519 non-diabetic subjects. Br Med
J. (1984) 288:1793-5. doi: 10.1136/bm;j.288.6433.1793

12. Ekman L, Lindholm E, Brogren E, Dahlin LB. Normative values of the vibration
perception thresholds at finger pulps and metatarsal heads in healthy adults. PloS One.
(2021) 16:€0249461. doi: 10.1371/journal.pone.0249461

13. Suzuki M. Peripheral neuropathy in the elderly. Handb Clin Neurol. (2013)
115:803-13. doi: 10.1016/B978-0-444-52902-2.00046-1

14. Pop-Busui R, Boulton AJM, Feldman EL, Bril V, Freeman R, Malik RA, et al.
Diabetic neuropathy: A position statement by the american diabetes association.
Diabetes Care. (2017) 40:136-54. doi: 10.2337/dc16-2042

15. Vrancken AFJE, Kalmijn S, Brugman F, Rinkel GJE, Notermans NC. The
meaning of distal sensory loss and absent ankle reflexes in relation to age: a meta-
analysis. J Neurol. (2006) 253:578-89. doi: 10.1007/s00415-005-0064-0

16. Hicks CW, Wang D, Windham BG, Matsushita K, Selvin E. Prevalence of
peripheral neuropathy defined by monofilament insensitivity in middle-aged and older
adults in two US cohorts. Sci Rep. (2021) 11:19159. doi: 10.1038/s41598-021-98565-w

17. Bronge W, Lindholm B, Elmstdhl S, Siennicki-Lantz A. Epidemiology and
functional impact of early peripheral neuropathy signs in older adults from a general
population. Gerontology. (2024) 70:257-68. doi: 10.1159/000535620

18. Valensi P, Giroux C, Seeboth-Ghalayini B, Attali JR. Diabetic peripheral
neuropathy: effects of age, duration of diabetes, glycemic control, and vascular factors. J
Diabetes Its Complications. (1997) 11:27-34. doi: 10.1016/51056-8727(95)00086-0

19. Saiklang P, Puntumetakul R, Neubert MS, Boucaut R. Effect of time of day on
height loss response variability in asymptomatic participants on two consecutive days.
Ergonomics. (2019) 62:1542-50. doi: 10.1080/00140139.2019.1663941

20. Kintziou E, Nikolaidis PT, Kefala V, Rosemann T, Knechtle B. Validity of self-
reported body mass, height, and body mass index in female students: the role of
physical activity level, menstrual cycle phase, and time of day. Int ] Environ Res Public
Health. (2019) 16:1192. doi: 10.3390/ijerph16071192

21. Valk GD, de Sonnaville JJ, van Houtum WH, Heine R], van Eijk JT, Bouter LM,
et al. The assessment of diabetic polyneuropathy in daily clinical practice:
reproducibility and validity of Semmes Weinstein monofilaments examination and
clinical neurological examination. Muscle Nerve. (1997) 20:116-8. doi: 10.1002/(sici)
1097-4598(199701)20:1<116:aid-mus19>3.0.c0;2-2

22. Perkins BA, Bril V. Diabetic neuropathy: a review emphasizing diagnostic
methods. Clin Neurophysiol. (2003) 114:1167-75. doi: 10.1016/s1388-2457(03)00025-7

23. Malik RA, Veves A, Tesfaye S, Smith G, Cameron N, Zochodne D, et al. Toronto
Consensus Panel on Diabetic Neuropathy. Small fibre neuropathy: role in the diagnosis
of diabetic sensorimotor polyneuropathy. Diabetes Metab Res Rev. (2011) 27:678-84.
doi: 10.1002/dmrr.1222

Frontiers in Endocrinology

09

10.3389/fendo.2025.1763487

24. Breiner A, Lovblom LE, Perkins BA, Bril V. Does the prevailing hypothesis that
small-fiber dysfunction precedes large-fiber dysfunction apply to type 1 diabetic
patients? Diabetes Care. (2014) 37:1418-24. doi: 10.2337/dc13-2005

25. Perkins BA, Olaleye D, Zinman B, Bril V. Simple screening tests for peripheral
neuropathy in the diabetes clinic. Diabetes Care. (2001) 24:250-6. doi: 10.2337/
diacare.24.2.250

26. Mogilevskaya M, Gaviria-Carrillo M, Feliciano-Alfonso JE, Barragan AM,
Calderon-Ospina CA, O Nava-Mesa M. Diagnostic accuracy of screening tests for
diabetic peripheral neuropathy: an umbrella review. J Diabetes Res. (2024)
2024:5902036. doi: 10.1155/jdr/5902036.eCollection2024

27. Raymond B, Steriovski J, Gillyard K, Yang C, Wu SC, Crews RT. Choosing a
vibratory test to pair with semmes weinstein monofilament testing for evaluating lower
extremity sensation in patients with diabetes: A comparison of three vibratory
methodologies. ] Diabetes Sci Technol. (2020) 14:8-15. doi: 10.1177/1932296819849478

28. Kanji JN, Anglin RES, Hunt DL, Panju A. Does this patient with diabetes have
large-fiber peripheral neuropathy? JAMA. (2010) 303:1526-32. doi: 10.1001/
jama.2010.428

29. Purwanti OS, Nursalam N, Pandin MGR. Early detection of diabetic neuropathy
on health belief model: a scoping review. Front Endocrinol (Lausanne). (2024)
24:1369699. doi: 10.3389/fendo.2024.1369699

30. Qureshi MS, Igbal M, Zahoor S, Ali ], Javed MU. Ambulatory screening of
diabetic neuropathy and predictors of its severity in outpatient settings. J Endocrinol
Invest. (2017) 40:425-30. doi: 10.1007/s40618-016-0581-y

31. Seferovic JP, Pfeffer MA, Claggett B, Desai AS, de Zeeuw D, Haffner SM, et al.
Three-question set from Michigan Neuropathy Screening Instrument adds
independent prognostic information on cardiovascular outcomes: analysis of
ALTITUDE trial. Diabetologia. (2018) 61:581-8. doi: 10.1007/s00125-017-4485-y

32. Taams NE, Drenthen J, Hanewinckel R, Ikram MA, van Doorn PA. Age-related
changes in neurologic examination and sensory nerve amplitude in the general
population: aging of the peripheral nervous system. Neurology. (2023) 101:¢1351-8.
doi: 10.1212/WNL.0000000000207665

33. Verdu E, Ceballos D, Vilches JJ, Navarro X. Influence of aging on peripheral
nerve function and regeneration. J Peripheral Nervous System. (2000) 5:191-208.
doi: 10.1046/j.1529-8027.2000.00026.x

34. Painter MW, Brosius Lutz A, Cheng YC, Latremoliere A, Duong K, Miller CM,
et al. Diminished schwann cell repair responses underlie age-associated impaired
axonal regeneration. Neuron. (2014) 83:331-43. doi: 10.1016/j.neuron.2014.06.016

35. Wu YHA, He JH, McDermott KM, Wang D, Fang M, Windham BG, et al.
Prevalence of peripheral neuropathy among very old adults: evidence from the
michigan neuropathy screening instrument. ] Am Geriatr Soc. (2025) 733530-8.
doi: 10.1111/jgs.70041

frontiersin.org


https://doi.org/10.1136/bmj.288.6433.1793
https://doi.org/10.1371/journal.pone.0249461
https://doi.org/10.1016/B978-0-444-52902-2.00046-1
https://doi.org/10.2337/dc16-2042
https://doi.org/10.1007/s00415-005-0064-0
https://doi.org/10.1038/s41598-021-98565-w
https://doi.org/10.1159/000535620
https://doi.org/10.1016/s1056-8727(95)00086-0
https://doi.org/10.1080/00140139.2019.1663941
https://doi.org/10.3390/ijerph16071192
https://doi.org/10.1002/(sici)1097-4598(199701)20:1%3C116:aid-mus19%3E3.0.co;2-2
https://doi.org/10.1002/(sici)1097-4598(199701)20:1%3C116:aid-mus19%3E3.0.co;2-2
https://doi.org/10.1016/s1388-2457(03)00025-7
https://doi.org/10.1002/dmrr.1222
https://doi.org/10.2337/dc13-2005
https://doi.org/10.2337/diacare.24.2.250
https://doi.org/10.2337/diacare.24.2.250
https://doi.org/10.1155/jdr/5902036.eCollection2024
https://doi.org/10.1177/1932296819849478
https://doi.org/10.1001/jama.2010.428
https://doi.org/10.1001/jama.2010.428
https://doi.org/10.3389/fendo.2024.1369699
https://doi.org/10.1007/s40618-016-0581-y
https://doi.org/10.1007/s00125-017-4485-y
https://doi.org/10.1212/WNL.0000000000207665
https://doi.org/10.1046/j.1529-8027.2000.00026.x
https://doi.org/10.1016/j.neuron.2014.06.016
https://doi.org/10.1111/jgs.70041
https://doi.org/10.3389/fendo.2025.1763487
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Age rather than diabetes duration predicts the severity of sensory neuropathy in type 2 diabetes mellitus
	Introduction
	Methods
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


