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Abstract

Background: Diabetes mellitus is frequently complicated by cardiovascular, neurological,
and limb-threatening conditions, yet these complications are often evaluated separately.
Heart failure, peripheral neuropathy, and lower-limb amputation may coexist in patients
with advanced diabetes and may define a clinically severe cardio-neurovascular multimor-
bidity phenotype. This study evaluated the real-world overlap between these complica-
tions. Methods: This retrospective hospital-based study used four routinely generated
patient-level exports from the electronic diabetes registry/clinical information system of
the Clinical County Emergency Hospital Bihor, Oradea, Romania. The primary cohort
comprised 2246 unique patients with diabetes and a recorded heart failure diagnosis; linked
exports identified peripheral neuropathy and below- or above-ankle amputation. Results:
Peripheral neuropathy was documented in 1028 patients (45.8%). Patients with neuropathy
were older (median 70 [IQR 63-76] vs. 67 [IQR 59-73] years, p < 0.001) and had longer
diabetes duration (15 [IQR 9-21] vs. 6 [IQR 1-11] years, p < 0.001) than patients without
neuropathy. Any lower-limb amputation occurred in 35 patients (1.6%) and was more
frequent among patients with neuropathy than among those without neuropathy (2.6%
vs. 0.7%, p < 0.001). In the adjusted analysis, male sex, diabetes duration, and insulin ther-
apy were independently associated with lower-limb amputation, whereas the association
with neuropathy was attenuated. Conclusions: In this hospital-based retrospective co-
hort, peripheral neuropathy was common and identified a subgroup with longer-standing
diabetes, more intensive therapy, and greater amputation burden. The findings indicate
associations within a selected clinical population and should not be interpreted as causal or
population-based estimates.

Keywords: diabetes mellitus; heart failure; peripheral neuropathy; diabetic neuropathy; lower-
limb amputation; diabetic foot; cardio-neurovascular multimorbidity; insulin therapy; SGLT2
inhibitors; GLP-1 receptor agonists; real-world evidence; therapeutic complexity

1. Introduction

Diabetes mellitus is a systemic metabolic disease associated with a broad spectrum
of cardiovascular, neurological, renal, and limb-threatening complications. Although
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these complications are often evaluated separately in clinical practice and research, they
frequently coexist in the same patient, particularly in advanced or long-standing diabetes.
Heart failure, peripheral neuropathy, and lower-limb amputation represent three clinically
severe manifestations of diabetes-related multimorbidity, each contributing to impaired
functional status, increased healthcare utilization, and excess mortality [1-3].

The relationship between diabetes and heart failure is well established. Patients with
diabetes have an increased risk of developing heart failure, while the coexistence of both
conditions is associated with worse prognosis, higher hospitalization rates, and more complex
therapeutic needs. Contemporary diabetes guidelines therefore emphasize cardiovascular risk
assessment and the use of glucose-lowering therapies with proven cardiovascular and heart
failure benefits, particularly sodium—glucose cotransporter 2 inhibitors in patients with type 2
diabetes and heart failure or high cardiovascular risk. However, cardiovascular management
alone may not fully capture the systemic burden of advanced diabetes, especially when
neurological and limb complications are also present [4,5].

Diabetic peripheral neuropathy is one of the most common chronic complications
of diabetes and is closely related to disease duration, metabolic exposure, microvascular
injury, and neurodegenerative changes. It may remain asymptomatic for long periods, but
loss of protective sensation, motor imbalance, autonomic dysfunction, and altered foot
biomechanics substantially increase the risk of ulceration and infection. Diabetes-related
foot disease is therefore not the consequence of a single pathological process but rather the
result of interactions between neuropathy, peripheral arterial disease, repetitive trauma,
impaired wound healing, infection, and systemic metabolic vulnerability [6-8].

Lower-limb amputation represents one of the most severe outcomes of diabetes-
related foot disease. Diabetic foot ulcers are major contributors to hospitalization, disability,
infection-related morbidity, and mortality. A contemporary review reported that approx-
imately 50-60% of diabetic foot ulcers become infected, and around 20% of moderate-
to-severe infections result in lower-extremity amputation; the five-year mortality rate is
approximately 30% after diabetic foot ulceration and exceeds 70% after major amputation.
A recent meta-analysis also indicated a substantial amputation burden among patients with
diabetic foot ulcers and identified male sex as one of the factors associated with amputation
risk. These data underline that amputation should be interpreted not only as a local limb
event but also as a marker of advanced systemic disease [9-11].

Despite the recognized clinical importance of these complications, the overlap between
heart failure, peripheral neuropathy, and lower-limb amputation remains insufficiently
characterized in routine real-world diabetes datasets. Most studies focus on cardiovascular
outcomes, neuropathy, or diabetic foot disease separately, while fewer analyses examine
how these complications cluster at the patient level. This is clinically relevant because
patients with both heart failure and neuropathy may represent a high-risk subgroup in
whom cardiovascular disease, neurological impairment, renal vulnerability, treatment
intensification, and limb-threatening complications coexist [12].

The concept of cardio-neurovascular multimorbidity may help describe this integrated
complication burden. In this framework, heart failure reflects advanced cardiovascular
involvement, peripheral neuropathy reflects chronic neurological and microvascular injury,
and lower-limb amputation represents a severe downstream outcome of neuropathic, vascular,
infectious, and wound-healing failure. Evaluating these complications together may provide
a more realistic picture of diabetes severity than analyzing each condition in isolation [13].

Therefore, the aim of this study was to evaluate the real-world overlap between heart
failure, peripheral neuropathy, and lower-limb amputation in patients with diabetes. We
compared patients with diabetes and heart failure according to documented peripheral
neuropathy, quantified the burden of lower-limb amputation, and described an integrated
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cardio-neurovascular phenotype. Because of the retrospective cross-sectional design, the
analyses were intended to identify associations rather than establish causal relationships.

2. Materials and Methods
2.1. Study Design and Data Source

This was a retrospective, observational, hospital-based study using four routinely
generated patient-level exports from the electronic diabetes registry/clinical information
system of the Clinical County Emergency Hospital Bihor, Oradea, Romania: a heart fail-
ure export, a peripheral neuropathy export, a below-ankle amputation export, and an
above-ankle amputation export. The exports contained demographic and clinical fields,
medication-level records, laboratory values when available, and a unique patient identifier
(PatID). The cohort therefore represents patients actively recorded in a hospital diabetes
service and should not be interpreted as a population-based sample of all people with dia-
betes. Patients entered the datasets through routine clinical care and record updates rather
than through a study-specific screening program. The data used in this study covered the
period from 1 June 2025 to 1 June 2026 and were extracted from the hospital electronic
clinical information system on 15 July 2026.

The heart failure export was used as the primary study cohort. The peripheral neuropa-
thy and lower-limb amputation exports were linked to the heart failure cohort using PatID.
Heart failure was defined operationally as a recorded heart failure diagnosis/complication
in the heart failure export; echocardiographic measurements, natriuretic peptide values,
hospitalization criteria, and heart failure phenotype were not available in the provided
export. Peripheral neuropathy was defined operationally as a recorded diagnosis in the
peripheral neuropathy export; the export did not contain standardized examination or
nerve conduction results. Below-ankle and above-ankle amputation were defined by the
corresponding exports. Because the original files contained medication-level records, all
analyses were aggregated at the patient level, and each patient was counted once.

2.2. Study Population

The primary cohort included all unique patients with diabetes mellitus and a recorded
heart failure diagnosis in the hospital export. After removal of duplicate medication-level
entries, 2246 unique patients were included in the final cohort.

Patients were classified as having documented peripheral neuropathy when their
PatID was present in both the heart failure and peripheral neuropathy exports. Patients
present in the heart failure export but not in the peripheral neuropathy export were classi-
fied as having no documented peripheral neuropathy. Any lower-limb amputation was
defined as the presence of below-ankle and/or above-ankle amputation; patients present
in both amputation exports were counted once.

2.3. Study Groups and Phenotype Definition

For the primary comparison, patients with diabetes and heart failure were divided
into the following groups:

e  Heart failure without documented peripheral neuropathy.
e  Heart failure with documented peripheral neuropathy.

For the amputation analysis, the cohort was divided according to the presence or
absence of any lower-limb amputation.

An integrated cardio-neurovascular phenotype was constructed because all patients
had diabetes and heart failure by study design. The additional complication burden was
defined by the presence of peripheral neuropathy and/or lower-limb amputation:
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e  Heart failure only: heart failure without documented peripheral neuropathy or lower-
limb amputation.

e  Heart failure with one additional complication: either peripheral neuropathy without
amputation or amputation without documented neuropathy.

e  Heart failure with peripheral neuropathy and lower-limb amputation: coexistence of
heart failure, documented peripheral neuropathy, and any lower-limb amputation.

This classification was used to describe whether increasing complication burden was
associated with longer diabetes duration and greater antidiabetic treatment complexity.

2.4. Variables

The following demographic and clinical variables were extracted when available:
age, sex, diabetes type, diabetes duration, fasting glucose, and serum creatinine. Diabetes
duration is expressed in years. Fasting glucose is expressed in mg/dL, and serum creatinine
is expressed in mg/dL.

Because laboratory data were not available for all patients, the number of available
observations was reported for variables with missing values. Variables with substantial
missingness, particularly serum creatinine in the amputation subgroup, were described
but not included in the main multivariable regression model.

2.5. Antidiabetic Treatment Classification

Antidiabetic medication data were extracted from the medication fields and classified
into therapeutic classes. Because the original files were medication-level exports, each
patient could have multiple medication records. Therapeutic exposure was therefore coded
at the patient level as present or absent for each drug class.

The following antidiabetic therapeutic classes were analyzed: insulin therapy, GLP-1-based
therapy, SGLT2 inhibitor therapy, metformin-containing therapy, sulfonylurea therapy, DPP-4
inhibitor therapy, acarbose therapy, meglitinide therapy, and thiazolidinedione therapy.

Fixed-dose combinations were assigned to all relevant therapeutic classes. For ex-
ample, combinations containing metformin and an SGLT2 inhibitor were counted as both
metformin-containing therapy and SGLT2 inhibitor therapy. Fixed insulin/GLP-1 combina-
tions were counted as both insulin therapy and GLP-1-based therapy.

Therapeutic complexity was assessed using the total number of antidiabetic therapeu-
tic classes recorded for each patient. Additional binary variables were created for treatment
with at least two, at least three, and at least four therapeutic classes. Injectable therapy
was defined as the presence of insulin therapy and/or GLP-1-based therapy. Combination
treatment variables were also created for insulin plus GLP-1-based therapy, GLP-1-based
therapy plus SGLT2 inhibitor therapy, insulin plus SGLT2 inhibitor therapy, and triple
therapy with insulin, GLP-1-based therapy, and SGLI2 inhibitor therapy.

2.6. Outcomes

The primary outcome of interest was the presence of documented peripheral neuropa-
thy among patients with diabetes and heart failure.

The secondary outcome was any lower-limb amputation, defined as below-ankle
and/or above-ankle amputation. Below-ankle and above-ankle amputations were also
described separately.

The exploratory outcome was the integrated cardio-neurovascular multimorbidity
phenotype, based on the coexistence of heart failure, peripheral neuropathy, and lower-
limb amputation.
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2.7. Statistical Analysis

Continuous variables were assessed for normality using the Shapiro-Wilk test and are
reported as median [interquartile range (IQR)] because the distributions were non-normal.
Categorical variables are summarized as absolute frequencies and percentages. Patients
were counted once using the unique patient identifier.

For comparisons between two groups, continuous variables were compared using the
Mann-Whitney U test. Categorical variables were compared using the chi-square test or
Fisher’s exact test, as appropriate.

For comparisons across the three integrated cardio-neurovascular phenotype groups,
continuous variables were compared using the Kruskal-Wallis test, and categorical vari-
ables were compared using the chi-square test.

Logistic regression analysis was performed to identify factors associated with lower-
limb amputation among patients with diabetes and heart failure. In univariable analysis,
age was not associated with amputation (OR 1.00, 95% CI 0.97-1.04, p = 0.896), whereas
male sex was associated with higher odds (OR 2.37, 95% CI11.18-4.79, p = 0.016).

Univariable logistic regression was used to estimate crude odds ratios and 95% confi-
dence intervals. Given the limited number of amputation events, the multivariable model
was restricted a priori to four clinically relevant predictors.

A two-sided p-value < 0.05 was considered statistically significant. Due to the ex-
ploratory and retrospective nature of the study, results were interpreted as associations
rather than causal relationships.

2.8. Ethical Considerations

The study protocol was approved by the Ethical Committee of the Clinical County Emer-
gency Hospital Bihor (approval code 22733; 13 July 2026), Oradea, Romania. The analysis used
routinely collected retrospective records linked by PatID and reported only aggregated results;
no direct patient identifiers were included in the analytical dataset or manuscript. The consent
requirements were determined in accordance with the institutional ethics decision.

The study flowchart and cardio-neurovascular overlap are presented in Figure 1.

Diabetes + heart failure cohort
n = 2246 unique patients

Heart failure without documented
peripheral neuropathy
n=

peripheral neuropathy

Heart failure with documented
n = 1028 (45.8%)

1218 (54.2%) }

/

e e

No neuropathy / no amputation

‘ HF only

Amputation without Peripheral neuropathy Neuropathy +
documented neuropathy without amputation amputation

n = 1210 (53.9%) n = 8(0.4%) n = 1001 (44.6%) n =27 (1.2%)
Any lower-limb amputation
n = 35 (1.6% of total cohort)
Below-ankle n = 29; above-ankle n = 9
Both categories n = 3

Integrated complication burden

HF only
n = 1210 (53.9%)

HF + one additional complication HF + neuropathy + amputation
n = 1009 (44.9%) n =27 (1.2%)

HF, heart failure. Patients were counted once using PatiD. Percentages are calculated from the total heart failure cohort

Figure 1. Study flowchart and cardio-neurovascular overlap. The figure illustrates the linkage of
patients with diabetes and heart failure to peripheral neuropathy and lower-limb amputation datasets.
Patients were counted once using PatID. Any lower-limb amputation included below-ankle and/or
above-ankle amputation; three patients appeared in both amputation categories and were counted

once in the overall amputation variable.
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3. Results
3.1. Study Population and Cardio-Neurovascular Overlap

The heart failure export included 2246 unique patients with diabetes and a recorded
heart failure diagnosis. After linkage, 1028 patients (45.8%) had documented peripheral
neuropathy and 1218 (54.2%) had no documented peripheral neuropathy. Any lower-limb
amputation was identified in 35 patients (1.6%); 29 had below-ankle, and 9 had above-ankle
amputation, with three patients present in both amputation exports.

The cohort had a median age of 68 [IQR 61-74] years; 1235 patients (55.0%) were
female. Type 2 diabetes was recorded in 2166 patients (96.4%), type 1 diabetes in 79 (3.5%),
and another diabetes type in 1 (0.04%). Median diabetes duration was 10 [IQR 4-17] years.

Patients with heart failure and peripheral neuropathy were older than those without
neuropathy (median 70 [IQR 63-76] vs. 67 [IQR 59-73] years, p < 0.001) and had a longer
diabetes duration (15 [IQR 9-21] vs. 6 [IQR 1-11] years, p < 0.001). Fasting glucose was
available in 1519 patients and was higher in the neuropathy group (median 135 [IQR
130-155] vs. 130 [IQR 120-150] mg/dL, p < 0.001).

Any lower-limb amputation was more frequent in the neuropathy group than in the
non-neuropathy group (2.6% vs. 0.7%, p < 0.001). Below-ankle amputation was also more
frequent among patients with neuropathy (2.4% vs. 0.3%, p < 0.001), whereas above-ankle
amputation was rare and similarly distributed (0.4% vs. 0.4%, p = 1.000). These patient-level
frequencies are summarized in Table 1.

Table 1. Baseline characteristics of patients with heart failure according to peripheral neuropathy status.

Variable Total Cohort n = 2246 HF Without Neuropathy n =1218  HF with Neuropathy n = 1028 p-Value
Age, years 68 [61-74] 67 [59-73] 70 [63-76] <0.001
Female sex 1235 (55.0%) 640 (52.5%) 595 (57.9%) 0.013
Male sex 1011 (45.0%) 578 (47.5%) 433 (42.1%) 0.013
Diabetes duration, years 10 [4-17] 6[1-11] 15 [9-21] <0.001
Type 1 diabetes 79 (3.5%) 24 (2.0%) 55 (5.4%) <0.001
Type 2 diabetes 2166 (96.4%) 1194 (98.0%) 972 (94.6%) <0.001
Other diabetes types 1 (0.04%) 0 (0.0%) 1(0.1%) <0.001
Fasting glucose, mg/dL 130 [123-150] nn = 1519 130 [120-150] n = 793 135 [130-155] n = 726 <0.001
Insulin therapy 846 (37.7%) 313 (25.7%) 533 (51.8%) <0.001
GLP-1-based therapy 484 (21.5%) 180 (14.8%) 304 (29.6%) <0.001
SGLT? inhibitor therapy 529 (23.6%) 248 (20.4%) 281 (27.3%) <0.001
Metformin-containing 1198 (53.3%) 677 (55.6%) 521 (50.7%) 0.020
therapy
Any lower-limb 35 (1.6%) 8 (0.7%) 27 (2.6%) <0.001
amputation
Below-ankle amputation 29 (1.3%) 4(0.3%) 25 (2.4%) <0.001
Above-ankle amputation 9 (0.4%) 5(0.4%) 4 (0.4%) 1.000

Data are presented as median [IQR] or 7 (%). Patients were counted once using PatID. Fixed-dose
combinations were assigned to all relevant therapeutic classes. Xigduo and Sinjardy were counted
as both SGLT2 inhibitor and metformin-containing therapy; Xultophy and Suliqua were counted
as both insulin and GLP-1-based therapy. Continuous variables were compared using the Mann—
Whitney U test; categorical variables were compared using chi-square or Fisher’s exact tests, as
appropriate. Three patients appeared in both below-ankle and above-ankle amputation datasets and
were counted once for the “any lower-limb amputation” variable. GLP-1, glucagon-like peptide-1;
SGLT2, sodium-glucose co-transporter 2.
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3.2. Antidiabetic Treatment Patterns and Therapeutic Complexity

Among the cohort, 2099 patients (93.5%) had at least one identifiable antidiabetic
therapeutic class. Insulin therapy was recorded in 51.8% of patients with neuropathy
versus 25.7% of those without neuropathy; GLP-1-based therapy in 29.6% vs. 14.8%; and
SGLT2 inhibitor therapy in 27.3% vs. 20.4% (all p < 0.001). Metformin-containing therapy
was recorded in 50.7% and 55.6%, respectively (p = 0.020).

The number of antidiabetic therapeutic classes was higher in patients with neuropathy
(median 2 [IQR 1-2.25] vs. 1 [IQR 1-2], p < 0.001). Treatment with at least two classes was
present in 68.4% vs. 45.3%, and treatment with at least three classes in 26.4% vs. 13.3%
(both p < 0.001).

Any injectable therapy was recorded in 66.5% of patients with neuropathy versus
36.0% of those without neuropathy (p < 0.001). Insulin plus GLP-1-based therapy, GLP-1-
based therapy plus an SGLT2 inhibitor, insulin plus an SGLT2 inhibitor, and triple therapy
were also more frequent in the neuropathy group (all p < 0.001).

3.3. Lower-Limb Amputation Burden and Cardio-Neurovascular Severity

The frequency of lower-limb amputation according to neuropathy status is reported
in Section 3.1. This section focuses on the clinical and therapeutic characteristics of patients
with and without amputation.

Compared with patients without amputation, those with lower-limb amputation had
a similar age distribution (median 69 [IQR 62.5-74] vs. 68 [IQR 61-74] years, p = 0.933), but
a longer diabetes duration (20 [IQR 16-23] vs. 10 [IQR 4-16] years, p < 0.001). Male sex was
more frequent in the amputation group (65.7% vs. 44.7%, p = 0.013).

Among patients with available measurements, creatinine was higher in the amputation
group (median 1.36 [IQR 1.09-1.88] vs. 0.96 [IQR 0.80-1.26] mg/dL, p = 0.048); however,
creatinine was available for only seven patients with amputation. Fasting glucose did not
differ significantly (median 130 [IQR 130-150] vs. 130 [IQR 123-150] mg/dL, p = 0.610).

Insulin therapy was recorded in 77.1% of patients with amputation versus 37.0%
of those without amputation (p < 0.001), and GLP-1-based therapy in 42.9% vs. 21.2%
(p = 0.002). SGLT2 inhibitor use was 37.1% vs. 23.3% (p = 0.056), whereas metformin-
containing therapy was 34.3% vs. 53.6% (p = 0.023).

The number of antidiabetic therapeutic classes was higher in the amputation group
(median 2 [IQR 1-3] vs. 2 [IQR 1-2], p = 0.010). Any injectable therapy was recorded in
94.3% vs. 49.3% (p < 0.001), and treatment with at least three classes in 34.3% vs. 19.0%
(p = 0.023) (Table 2).

Table 2. Clinical and therapeutic characteristics according to lower-limb amputation status.

No Lower-Limb Amputation Any Lower-Limb Amputation

Variable n=2211 n=35 p-Value
Age, years 68 [61-74] 69 [62.5-74] 0.933
Male sex 988 (44.7%) 23 (65.7%) 0.013
Female sex 1223 (55.3%) 12 (34.3%) 0.013
Diabetes duration, years 10 [4-16] 20 [16-23] <0.001
Peripheral neuropathy 1001 (45.3%) 27 (77.1%) <0.001
Fasting glucose, mg/dL 130 [123-150] n = 1490 130 [130-150] n = 29 0.610
Creatinine, mg/dL 0.96 [0.80-1.26] n = 364 1.36 [1.09-1.88] n =7 0.048
Insulin therapy 819 (37.0%) 27 (77.1%) <0.001
GLP-1-based therapy 469 (21.2%) 15 (42.9%) 0.002
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Table 2. Cont.
Variable No Lower-Limb Amputation Any Lower-Limb Amputation p-Value
n=2211 n =235

SGLT2 inhibitor therapy 516 (23.3%) 13 (37.1%) 0.056
Metformin-containing therapy 1186 (53.6%) 12 (34.3%) 0.023
Sulfonylurea therapy 569 (25.7%) 6 (17.1%) 0.248
DPP-4 inhibitor therapy 199 (9.0%) 1(2.9%) 0.363
Number of therapeutic classes 2[1,2] 2[1,2,3] 0.010
>2 therapeutic classes 1230 (55.6%) 25 (71.4%) 0.062
>3 therapeutic classes 421 (19.0%) 12 (34.3%) 0.023

Any injectable therapy 1089 (49.3%) 33 (94.3%) <0.001
Insulin + GLP-1-based therapy 199 (9.0%) 9 (25.7%) 0.004
GLP-1-based therapy + SGLT2 inhibitor 143 (6.5%) 6 (17.1%) 0.025
Insulin + SGLT2 inhibitor 184 (8.3%) 8 (22.9%) 0.008
Insulin + GLP-1-based therapy + 61 (2.8%) 3 (8.6%) 0.076

SGLT?2 inhibitor

Data are presented as median [IQR] or 1 (%). Patients were counted once using PatID. Any lower-
limb amputation includes below-ankle and /or above-ankle amputation; three patients appeared in
both amputation categories and were counted once. Continuous variables were compared using
Mann-Whitney U tests; categorical variables were compared using chi-square or Fisher’s exact tests,
as appropriate. Fixed-dose combinations were assigned to all relevant therapeutic classes. GLP-1,
glucagon-like peptide-1; SGLT2, sodium-glucose co-transporter 2; Dipeptidyl peptidase-4.

3.4. Predictors of Lower-Limb Amputation in Patients with Diabetes and Heart Failure

Logistic regression analysis was performed to identify factors associated with lower-
limb amputation among patients with diabetes and heart failure. In univariable analysis,
age was not associated with amputation risk (OR 1.00, 95% CI 0.97-1.04, p = 0.896). In
contrast, the male sex was associated with more than a twofold higher odds of lower-limb
amputation (OR 2.37, 95% CI 1.18-4.79, p = 0.016).

Each additional year of diabetes duration was associated with higher odds of lower-
limb amputation (OR 1.09, 95% CI 1.06-1.13, p < 0.001). Peripheral neuropathy was
associated with higher odds in univariable analysis (OR 4.08, 95% CI 1.85-9.02, p < 0.001).

Insulin therapy was associated with higher odds of amputation (OR 5.74, 95% CI
2.59-12.69, p < 0.001), as was GLP-1-based therapy (OR 2.79, 95% CI 1.42-5.48, p = 0.003).
SGLT2 inhibitor therapy showed a borderline association (OR 1.94, 95% CI 0.97-3.88,
p = 0.061), whereas metformin-containing therapy was associated with lower odds (OR
0.45,95% CI10.22-0.91, p = 0.026).

Because only 35 patients experienced lower-limb amputation, the parsimonious multi-
variable model included male sex, diabetes duration, peripheral neuropathy, and insulin
therapy. Male sex (adjusted OR 2.49, 95% CI11.22-5.07, p = 0.012), diabetes duration (ad-
justed OR 1.06 per year, 95% CI 1.02-1.10, p = 0.004), and insulin therapy (adjusted OR 3.31,
95% CI11.43-7.67, p = 0.005) remained associated with amputation. The association with
peripheral neuropathy was attenuated (adjusted OR 1.98, 95% CI 0.84-4.67, p = 0.121).

The adjusted model is summarized in Table 3 and Figure 2.
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Table 3. Logistic regression analysis of factors associated with lower-limb amputation.
Predictor Univariable OR 95% CI p-Value Adjusted OR 95% CI p-Value
Age, per year 1.00 0.97-1.04 0.896 — — —
Male sex 237 1.18-4.79 0.016 2.49 1.22-5.07 0.012
Diabetes duration, per year 1.09 1.06-1.13 <0.001 1.06 1.02-1.10 0.004
Peripheral neuropathy 4.08 1.85-9.02 <0.001 1.98 0.84-4.67 0.121
Insulin therapy 5.74 2.59-12.69 <0.001 3.31 1.43-7.67 0.005
GLP-1-based therapy 2.79 1.42-5.48 0.003 — — —
SGLT2 inhibitor therapy 1.94 0.97-3.88 0.061 — — —
Metformin-containing therapy 0.45 0.22-0.91 0.026 — — —
Number of therapeutic classes 1.61 1.14-2.26 0.006 — — —
>3 therapeutic classes 222 1.10-4.49 0.027 — — —
Any injectable therapy 17.00 4.07-71.02 <0.001 — — —
OR, odds ratio; CI, confidence interval; GLP-1, glucagon-like peptide-1 receptor agonist; SGLT2,
sodium-glucose cotransporter 2. The outcome was any lower-limb amputation. The multivariable
model was restricted to four clinically relevant predictors because only 35 amputation events were
present. Creatinine was not included because of substantial missingness.
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Figure 2. Adjusted predictors of lower-limb amputation. Forest plot showing adjusted odds ratios and
95% confidence intervals. The multivariable model included male sex, diabetes duration, peripheral
neuropathy, and insulin therapy; the model was restricted because only 35 amputation events
were present.

3.5. Integrated Cardio-Neurovascular Multimorbidity Phenotype

Patients were stratified according to the presence of peripheral neuropathy and/or
lower-limb amputation. Because all patients had diabetes and heart failure by study
design, 1210 patients (53.9%) had heart failure only, 1009 (44.9%) had heart failure plus
one additional complication, and 27 (1.2%) had the combined heart failure-neuropathy-
amputation phenotype.
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The group with one additional complication included 1001 patients with neuropathy
without amputation and 8 patients with amputation without documented neuropathy.

Median diabetes duration increased across the three phenotype groups: 5 [IQR 1-11],
15 [IQR 9-21], and 20 [IQR 16-23] years, respectively (p < 0.001). Insulin therapy was
recorded in 25.4%, 51.3%, and 77.8%; GLP-1-based therapy in 14.8%, 28.8%, and 51.9%;
and SGLT2 inhibitor therapy in 20.3%, 27.0%, and 40.7% of the groups, respectively (all
p < 0.001).

Injectable therapy was recorded in 35.6%, 65.9%, and 96.3% of the three groups,
respectively (p < 0.001). The number of therapeutic classes was also higher across the
phenotype gradient (median 1 [IQR 1-2], 2 [IQR 1-2], and 2 [IQR 2-3], p < 0.001). These
analyses are descriptive and do not establish temporal or causal relationships.

4. Discussion

This real-world retrospective study evaluated the overlap between heart failure, pe-
ripheral neuropathy, and lower-limb amputation in a large cohort of patients with diabetes.
The main finding was that peripheral neuropathy was highly prevalent among patients
with diabetes and heart failure, affecting 45.8% of the cohort. Patients with concomitant
neuropathy had a longer duration of diabetes, were older, and showed a more intensive
antidiabetic treatment profile than those without neuropathy. Lower-limb amputation
was relatively uncommon, affecting 1.6% of the total cohort, but it was strongly concen-
trated among patients with peripheral neuropathy. Together, these findings support the
presence of an integrated cardio-neurovascular phenotype in which chronic diabetes bur-
den, heart failure, neuropathy, and limb complications coexist as expressions of advanced
systemic disease.

The association between peripheral neuropathy and longer diabetes duration is bi-
ologically plausible and clinically expected. Diabetic peripheral neuropathy is generally
considered a chronic microvascular and neurodegenerative complication of diabetes, pro-
moted by long-term hyperglycemia, metabolic stress, inflammation, oxidative injury, and
vascular dysfunction. In the present cohort, diabetes duration was approximately twice
as long in patients with heart failure and neuropathy compared with those without neu-
ropathy. This supports the interpretation that neuropathy identifies a subgroup with more
prolonged exposure to metabolic injury rather than an isolated neurological complication.
Similar mechanisms are also relevant to diabetic foot disease, where neuropathy, vascular
disease, biomechanical stress, and impaired wound healing interact to increase the risk of
ulceration and amputation [8,14-16].

A clinically important observation was the prevalence of lower-limb amputations
among patients with concomitant neuropathy. Although only 35 patients had any lower-
limb amputation, 77.1% of them also had documented peripheral neuropathy. The preva-
lence of amputation was significantly higher in patients with heart failure and neuropathy
than in those without neuropathy. This finding is consistent with the established role of
neuropathy as a major contributor to diabetic foot complications, particularly through
loss of protective sensation, altered pressure distribution, delayed recognition of trauma,
ulcer development, infection, and subsequent amputation risk. Contemporary reviews
emphasize that diabetic foot ulcers are a major source of hospitalization, functional decline,
lower-extremity amputation, and mortality, especially when neuropathy and vascular
disease coexist [17-19].

The amputation subgroup showed a distinct severity profile. Compared with non-
amputated patients, those with lower-limb amputation had a markedly longer diabetes
duration, a higher proportion of male patients, more frequent insulin use, and greater ther-
apeutic complexity. In the multivariable model, male sex, diabetes duration, and insulin
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therapy remained independently associated with lower-limb amputation. Peripheral neu-
ropathy was strongly associated with amputation in univariable analysis, but its effect was
attenuated after adjustment, suggesting that part of the neuropathy—amputation relation-
ship is mediated or confounded by chronic diabetes burden and treatment intensity. This
does not reduce the clinical importance of neuropathy; rather, it indicates that amputation
occurs within a broader high-risk phenotype where neuropathy, long-standing diabetes,
insulin-treated disease, and cardiometabolic vulnerability overlap [20-22].

The association between insulin therapy and lower-limb amputation should be in-
terpreted carefully. In this retrospective dataset, insulin use should not be viewed as a
causal determinant of amputation but rather as a marker of more advanced diabetes, longer
disease duration, beta-cell failure, and higher complication burden. This interpretation is
supported by recent literature showing that insulin-treated disease and prolonged diabetes
duration are strong predictors of diabetic foot complications and amputation risk. In the
present study, patients with the most severe phenotype—heart failure, neuropathy, and
lower-limb amputation—had the highest insulin use and the highest number of antidiabetic
therapeutic classes, reinforcing the concept of treatment intensity as a surrogate of disease
complexity [23,24].

The observed patterns of GLP-1 receptor agonist and SGLT2 inhibitor use also deserve
careful interpretation. Both classes were more frequently recorded among patients with
neuropathy and among those with the combined neuropathy—amputation phenotype.
This should not be interpreted as evidence that these therapies increase complication
risk. More plausibly, patients receiving GLP-1-based therapy or SGLI2 inhibitors were
clinically more complex, with longer diabetes duration, obesity or cardiometabolic risk,
and established cardiovascular disease. Current diabetes standards emphasize the use
of SGLT2 inhibitors and GLP-1 receptor agonists in patients with type 2 diabetes and
cardiovascular or kidney risk, with SGLI2 inhibitors having a central role in heart failure
and chronic kidney disease risk reduction. Therefore, the higher use of these therapies in
complicated patients likely reflects contemporary therapeutic selection toward high-risk
cardio-metabolic phenotypes [25-27].

The decrease in metformin-containing therapy across the severity gradient may reflect
several clinical factors. Metformin is often used earlier in the therapeutic course of type 2
diabetes, whereas patients with longer disease duration and advanced complications may
require injectable therapy or multidrug combinations. In addition, renal impairment, frailty,
intolerance, or advanced heart failure may influence metformin prescribing. In the present
study, creatinine values were limited, especially among amputated patients, preventing a
robust evaluation of renal function as a driver of metformin discontinuation. Therefore, the
lower frequency of metformin use in the most severe phenotype should be interpreted as a
descriptive therapeutic pattern rather than as a direct marker of risk [28-30].

The integrated phenotype analysis provides one of the most relevant findings of this
study. Diabetes duration, insulin use, GLP-1-based therapy, SGLT2 inhibitor use, multidrug
therapy, and injectable treatment increased progressively from heart failure alone to heart
failure with one additional complication and to the combined phenotype of heart failure,
peripheral neuropathy, and amputation. This gradient suggests that complications do not
occur randomly but cluster in patients with long-standing and therapeutically complex
diabetes. The term “cardio-neurovascular multimorbidity” may therefore be useful to
describe this subgroup, in which cardiac dysfunction, peripheral nerve injury, and limb-
threatening complications coexist [31-33].

From a clinical perspective, these findings support the need for systematic foot and
neuropathy assessment in patients with diabetes and heart failure. Heart failure clinics
and diabetes services often focus on cardiovascular risk, glycemic control, kidney function,
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and medication optimization. However, the present results suggest that the coexistence
of heart failure and neuropathy identifies a subgroup in whom limb risk should also be
actively evaluated. This is particularly important because diabetic foot complications are
potentially preventable through early screening, patient education, footwear assessment,
vascular evaluation, and timely multidisciplinary care. Diabetic foot literature consistently
highlights the major clinical burden of foot ulcers and amputations, including infection,
hospitalization, disability, and increased mortality [34].

This study has several strengths. First, it used a large, real-world cohort of patients
with diabetes and heart failure. Second, the analysis linked separate datasets for heart
failure, peripheral neuropathy, and lower-limb amputation using a unique patient identifier,
allowing an integrated evaluation of cardio-neurovascular overlap. Third, patients were
counted once at the patient level, reducing duplication caused by medication-level records.
Fourth, the analysis did not rely only on single complications but also evaluated therapeutic
complexity and multimorbidity phenotypes.

Several limitations should also be acknowledged. The retrospective design prevents
causal inference, and the findings should be interpreted as associations. The dataset was
based on available clinical records and medication fields, so underdocumentation of neu-
ropathy or amputation is possible. The number of amputation events was small, especially
for above-ankle amputations, limiting the statistical power of subgroup analyses and requir-
ing a parsimonious regression model. Laboratory variables were incompletely available,
particularly creatinine in the amputation subgroup, preventing detailed adjustment for
renal function. Important variables such as HbAlc, albuminuria, estimated glomerular
filtration rate, peripheral artery disease, smoking, ulcer history, wound infection, revascu-
larization, heart failure phenotype, and mortality were not consistently available. Finally,
the dataset did not include repeated visits, so treatment effects over time or temporal
progression from neuropathy to amputation could not be assessed.

5. Conclusions

In this hospital-based retrospective cohort of patients with diabetes and heart failure,
peripheral neuropathy was common and was associated with longer diabetes duration,
more intensive antidiabetic therapy, and higher lower-limb amputation burden. The
combined phenotype was uncommon but concentrated among patients with the longest
diabetes duration and greatest treatment complexity. These findings describe associations
in a selected clinical population and should not be interpreted as causal or as prevalence
estimates for the general population with diabetes.

Future longitudinal studies are needed to clarify temporal relationships between heart
failure, neuropathy progression, therapeutic intensification, and lower-limb amputation
risk and to determine whether integrated cardio-metabolic and foot-risk screening strategies
can reduce severe limb outcomes in this high-risk population.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Definition

CI Confidence interval

DPP-4 Dipeptidyl peptidase-4

GLP-1RA Glucagon-like peptide-1 receptor agonist
HF Heart failure

OR Odds ratio

PatID Patient identifier

SD Standard deviation

SGLT2 Sodium-—glucose cotransporter-2
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