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Abstract

Aim: To investigate whether reduced muscle strength in the lower extremities in diabetic patients is associated to the development of Diabetic Foot 
Ulcer (DFU).

Methods: We conducted a retrospective cohort study on 95 diabetic patients who participated in studies on Diabetic Polyneuropathy (DPN) and motor 
function 12–16 years earlier. Isokinetic muscle strength at the ankle and knee, Neurological Impairment Scores (NIS), vibration perception thresholds 
(VPT), and demographic data were obtained from the initial studies. Patient files were systematically reviewed, and information on DFU occurrence 
and Macrovascular Disease (MVD) acquired.

Results: Twenty-six patients developed DFU. A temporal relationship was found for development of DFU among patients with reduced strength at both 
the ankle and knee (all P<0.05). Univariate analyses showed a relationship between DFU and reduced strength for ankle dorsal flexion (P<0.001), ankle 
plantar flexion (P<0.005), knee extension (P<0.001), and knee flexion (P<0.005). DFU was related to NIS (P<0.001) and MVD (P<0.05) in both univariate 
and multivariate regression analyses. After adjustment for MVD, all strength measures were related to DFU. When adjusting for NIS, a trend was only 
found for ankle dorsal flexion (P=0.08).

Conclusions: In DPN, muscle weakness at the ankle and knee contributes to development of foot ulcers.
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Introduction

Diabetic Foot Ulcers (DFU) lead to reduced quality of life in 
affected patients and impose considerable health care costs [1,2]. 
Several risk factors have been linked to the occurrence of ulceration in 
both type 1 and type 2 diabetic patients, including impaired glycaemic 
control, peripheral arterial disease, and Diabetic Polyneuropathy 
(DPN) [3–6]. Reduced sensation due to DPN allows minor trauma 
to evolve undetected, thereby contributing to the initial stages of foot 
ulceration [7]. In recent years also motor dysfunction as a result of 
DPN, has been implicated in the pathology underlying DFU. DPN 
leads to muscle atrophy and loss of muscle strength in the foot and 
in more advanced cases also in the lower legs [8–11]. In addition, 
patients with DPN develop foot deformities such as bony prominences 
and metatarsophalangeal joint deformities, which contribute to 
abnormalities of pressure distribution and ulcer formation [5, 12–14].  
Exposure of pathologically altered bony structures due to atrophy 

of overlying tissue, concomitant with increased forefoot slap during 
gait cycle deceleration as a result of reduced muscle strength for 
ankle dorsal flexion, is believed to cause increased plantar pressure 
during gait, which is associated to foot ulceration [15–17]. Weakness 
of dorsal flexion at the ankle and great toe combined with reflex 
testing, have been identified as risk factors for development of DFU 
[18]. However, as muscle strength was assessed by manual testing, 
the degree of muscle weakness was likely underestimated which may 
have weakened the association to DFU development [19]. Isokinetic 
dynamometry provides a more accurate quantification of muscle 
strength in neuropathic patients which could strengthen the proposed 
relationship between loss of muscle strength in the lower extremities 
due to DPN and foot ulcer formation [20].

In the present retrospective study, we have evaluated the temporal 
relationship between reduced muscle strength at both the knee and 
ankle determined by isokinetic dynamometry and the occurrence 
of DFU. We included diabetic patients evaluated using isokinetic 
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dynamometry 12–16 years previously. The patients were followed 
up by obtaining data collected from patient files with focus on the 
occurrence of DFU.

Materials and Methods

Study design

We conducted a retrospective cohort-study on 95 diabetic patients 
(65 type 1 and 30 type 2) who were recruited for cross-sectional studies 
on diabetic polyneuropathy and muscle strength at our laboratory 12–
16 years prior to the present study [9,21]. Baseline data on isokinetic 
muscle strength at the ankle and knee, age, height, weight, Neuropathy 
Impairment Score (NIS), and Vibratory Perception Threshold (VPT) 
were acquired from the initial study protocol. Patient hospital files 
were then systematically reviewed for the period since participation 
in the initial studies until 31st of December 2009, and information on 
foot ulcer occurrence and Macrovascular Disease (MVD) (defined as 
claudication, acute myocardial infarction, transient ischemic attack, 
or stroke) were recorded. A DFU was defined as an ulcer that required 
specialized treatment at the Diabetic Foot Centre located at the 
Department of Endocrinology, Aarhus University Hospital.

The study was approved by the Danish Data Protection Agency 
(Journal No. 2010-41-4811).

Measurements performed in initial cross-sectional studies

In the initial studies by Andersen et al. isokinetic dynamometry 
(Lido Active Multijoint; Loredan Biomedical, West Sacramento, 
CA) was applied to measure maximal muscle strength for extension 
and flexion of the knee and dorsal and plantar flexion of the ankle 
[9,21]. Maximal strength was measured as peak torque at slow 
movement velocities with subjects in a sitting position. Straps were 
applied proximally and distally to the respective joints. For ankle 
measurements, the foot was secured to a footplate. Standardized 
verbal feedback was given during the procedures.

NIS is a score obtained by performing a standardized clinical 
evaluation of muscle strength, activity of tendon reflexes, and sensation 
at the great toe and index finger. In the present study, all points due to 
muscle weakness have been omitted to avoid correlation bias.

VPT was evaluated at the dominant index finger pulp and non-
dominant dorsum of the great toe, as described by Dyck et al [21].

Study population

Baseline data were obtained for 115 patients. Twenty patients 
were excluded as eleven patient files could not be located from 
the outpatient clinic archives, two patients had moved out of the 
geographical area, and five patients were lost to follow-up as they did 
not attend scheduled appointments at the outpatient clinic. Finally, 
foot ulceration following penetrating trauma complicated by infection 
occurred in one patient, and one patient had received chemotherapy 
for non-Hodgkin lymphoma known to cause polyneuropathy as a 
possible side effect. Thus, 95 patients were included in the present 
follow-up study.

In the initial studies, inclusion criteria for type 1 diabetic 
patients were duration of diabetes ≥ 20 years and age < 65 years, 

and for type 2 diabetic patients diabetes duration ≥ 5 years and 
age < 70 years. In short the exclusion criteria applied, secured that 
no participant had reduced levels of activity due to cardiac or lung 
disease, musculoskeletal disorders, suffered any neurological disorder 
or other endocrine disorder than diabetes mellitus, or was subject to 
symptomatic macroangiopathy. The criteria are stated in detail in the 
initial studies by Andersen et al [9,21]. 

Statistical analysis

Absolute values for muscle strength were converted to percentage 
of expected strength based on calculations adjusting for age, body 
mass, height, and gender as described earlier [21].

The two-sample t-test and Pearson’s Chi2 test were applied to 
compare demographic data in the group of patients that developed 
DFU with the group without DFU. 

Logistic regression analysis was applied to evaluate the relationship 
between ulcer occurrence and degree of muscle weakness. Multiple 
logistic regression analysis was applied when adjusting for MVD 
and NIS, and to evaluate the influence of the strength measurements 
combined. As a minimum of ten outcome events are needed per 
predictor variable when performing multivariate analysis, only two 
variables were included in each multivariate analysis model [23].

For each strength measurement, patients were divided in groups 
according to percent of expected muscle strength; group 1: 0–74%, 
group 2: 75–99% and group 3: ≥100%. The groups were then compared 
using the log-rank test in order to evaluate the temporal relationship 
between muscle strength and DFU.

Results

The follow-up period was 13.9 (0.2–15.9) [median (range)] years, 
during which 26 patients developed DFU. No difference was found 
for diabetes type (65% type 1 vs. 70% type 1), age [54 [(26–69) years 
vs. 47 (26–69) years], duration of diabetes [26 (8–48) years vs. 23 (1–
41) years], BMI [25 (19–37) vs. 25 (17–40)], or gender composition 
(19% female vs. 36% female) between patients who developed DFU 
and those without DFU, respectively (all P > 0.05). More patients with 
DFU were diagnosed with MVD during follow-up, as compared to 
patients that did not develop DFU (54% vs. 19%, P < 0.005).

Muscle strength, expressed as percent of expected strength, was 
lower at baseline for patients that developed DFU during follow-up 
than for patients that did not develop DFU for both ankle dorsal [68 
(25–104)% vs. 92 (49–126)%, P < 0.0001] and plantar [73 (40–100)% 
vs. 85 (42–145)%, P < 0.01] flexion, as well as knee flexion [76 (50–
103)% vs. 90 (56–129)%, P < 0.01] and extension [74 (55–106)% vs. 
89 (59–133)%, P < 0.0001]. Further, NIS [24 (3–38) vs. 6 (0–31), P 
<0.0001] and VPT [99 (11–99) vs. 95 (32–99), P <0.01] scores were 
higher for patients who developed DFU.

Univariate analysis established a correlation between reduced 
muscle strength for both dorsal and plantar flexion at the ankle and 
flexion and extension at the knee, and the occurrence of DFU (Table 1). 
The odds ratios express the risk of developing DFU if muscle strength 
is reduced by one percent. Also, a high NIS and the occurrence of 
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MVD were associated to foot ulceration. VPT, however, showed no 
relationship to DFU development. 

Results of the multivariate regression analyses are shown in table 2. 
Reduced muscle strength for ankle dorsal flexion, ankle plantar flexion, 
knee extension, and knee flexion were all related to DFU occurrence 
when adjusting for MVD as shown in model 1, a-d. In model 2, 
muscle strength for flexion and extension at the ankle and knee were 
combined with NIS. All analyses found NIS to be an independent risk 
factor for DFU development, whereas a tendency was found for dorsal 
flexion, only. For movements at the ankle and knee, only ankle dorsal 
flexion and knee extension were related to DFU development (model 

3, a+b). When combining ankle dorsal flexion and knee extension, 
only ankle dorsal flexion showed a relationship to DFU formation 
(model 3, c). NIS and the occurrence of MVD are included in model 
4, and both were independently correlated to foot ulceration. 

Figure 1, a-d, illustrates the association between lower extremity 
muscle strength and DFU development for patients grouped 
according to percentage of expected muscle strength at inclusion. For 
all movements measured, patients with expected strength of less than 
75 % had higher probabilities of developing DFU during follow-up. 
Patient groups did not differ with regard to distribution of diabetes 
type.

Figure 1. Kaplan Meier plot illustrating the probability of not developing foot ulcer in diabetic patients (65 type 1 and 30 type 2) according to percentage 
of expected strength for dorsal (a) and plantar (b) flexion at the ankle, and extension (c) and flexion (d) at the knee. Green line; patients with >/= 100% of 
expected strength for movement, red line; patients with 75–99 % of expected strength for movement, and blue line; patients with ≤ 74 % of expected strength 
for movement. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001.

Discussion

In this retrospective cohort study, we investigated the relationship 
between muscle strength in the lower extremities and the risk of 
developing DFU in 95 diabetic patients. We found that reduced muscle 
strength in the lower extremities is a risk factor for ulceration of the 
foot in diabetes. Reduced strength for ankle dorsiflexion and knee 
extension proved to be the strongest risk factors for the development 
of DFU. The odds ratios calculated for the models shown in tables 

1 and 2, express the risk of developing a foot ulcer during a 14-year 
period if muscle strength is reduced by 1 %. When applied on the 
results presented in Table 1, the finding is exemplified by the 10 fold 
increased risk of developing a foot ulcer found for a patient with an 
expected muscle strength for ankle dorsal flexion of 60 % compared to 
that of a patient with normal muscle strength for this movement (60% 
vs 100% ; 1.0640 = 10.3). 
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Table 1. Odds ratios (OR) for univariate analysis expressing the risk of developing 
diabetic foot ulcers (DFU) in diabetic patients (65 type 1 and 30 type 2) in relation to 
muscle strength for movements at the ankle and knee, Neuropathy Impairment Score 
(NIS), and Vibratory Perception Threshold (VPT) at baseline, and macrovascular disease 
(MVD) developed during 13.9 (0.2–15.9) [median (range)] years follow-up. ORs for 
ankle and knee movements express the increased risk of developing DFU following a 
1% reduction in muscle strength. All data are shown as OR and 95% confidence intervals 
(95% CI). NS = non-significant.

OR (95% CI) P

Baseline

Ankle dorsal flexion 1.06 (1.02–1.09) < 0.001

Ankle plantar flexion 1.04 (1.01–1.07) < 0.005

Knee extension 1.09 (1.04–1.14) < 0.001

Knee flexion 1.05 (1.02–1.09) < 0.005

NIS 1.15 (1.09–1.22) < 0.001

VPT 1.03 (0.98–1.08) NS

Consecutively recorded data

MVD 5.03 (1.89–13.4) < 0.005

Table 2. Multivariate analyses in which two predictor variables are applied in each 
analysis in relation to diabetic foot ulcer occurrence during 13.9 (0.2–15.9) [median 
(range)] years follow-up. In model 1, muscle strength for flexion and extension at the 
ankle and knee and macro vascular disease (MVD) are included. In model 2, muscle 
strength for flexion and extension at the ankle and knee and Neuropathy Impairment Score 
(NIS) are included. In model 3, muscle strength measurements at the ankle and knee are 
combined. In model 4, NIS and MVD are combined. All data are shown as odds ratios 
(OR) and 95% confidence intervals (CI 95%).

OR (95% CI) P

Model 1

a) Ankle dorsal flexion
     MVD

1.06 (1.02–1.09)
4.15(1.40–12.27)

< 0.005
< 0.05

b) Ankle plantar flexion
     MVD

1.04 (1.01–1.07)
4.96 (1.74–14.18)

< 0.05
< 0.05

c) Knee extension
     MVD

1.09 (1.03–1.15)
5.21 (1.61–16.91)

< 0.001
< 0.05

d) Knee flexion
     MVD

1.06 (1.02–1.10)
8.03 (2.43–26.55)

< 0.005
< 0.005

Model 2

a) Ankle dorsal flexion
     NIS

1.03 (0.99–1.07)
1.12 (1.05–1.19)

0.08
< 0.001

b) Ankle plantar flexion
     NIS

1.02 (0.98–1.05)
1.13 (1.07–1.21)

0.4
< 0.001

c) Knee extension
     NIS

1.04 (0.98–1.09)
1.12 (1.05–1.20)

0.18
< 0.005

d) Knee flexion
     NIS

1.03 (0.99–1.07)
1.14 (1.07–1.21)

0.17
< 0.001

Model 3

a) Ankle dorsal flexion
     Ankle plantar flexion

1.05 (1.02–1.08)
1.02 (0.99–1.06)

< 0.005
0.13

b) Knee extension
     Knee flexion

1.08 (1.02–1.15)
1.02 (0.96–1.05)

< 0.05
0.77

c) Ankle dorsal flexion
     Knee extension

1.06 (1.02–1.1)
1.05 (1.0–1.11

< 0.01
0.06

Model 4

NIS
MVD

1.14 (1.08–1.21)
3.47 (1.07–11.30)

< 0.001
< 0.05

Further, we have illustrated the effect of muscle weakness on DFU 
development over time, strengthening the hypothesis of an association 
between alterations in gait due to loss of muscle strength and foot 
ulcer formation, possibly as a result of increased plantar pressure. 

An association to DFU development was also found for MVD 
and NIS in both uni- and multivariate analysis, lending support to 
the multifactorial pathology presumed to underlie the development of 
foot ulcers in diabetes. 

Several studies have described gait alterations in diabetic patients 
with DPN. Late firing of the anterior tibial muscle has been found 
to result in forefoot slap and, resultantly, increased plantar pressure, 
which contributes to development of DFU [15, 24]. In our study, 
reduced muscle strength for dorsal flexion at the ankle showed a 
close correlation to foot ulceration, thus our results support these 
findings as the anterior tibial muscle contributes to ankle dorsiflexion. 
A correlation between DFU and muscle strength for ankle dorsal 
flexion, toe extension, and finger abduction has been reported, 
however, muscle strength was evaluated manually [18]. As our 
muscle strength measurements were acquired using a standardized 
quantitative technique with a low coefficient of variation, and included 
ankle extension and muscle strength at the knee in addition to ankle 
dorsal flexion, the results bring substantial support to the association 
between muscle weakness in DPN and DFU occurrence. Patients 
with DPN experience atrophy of foot muscles, and a relationship 
between prior DFU and weakness of intrinsic as well as extrinsic foot 
muscles calculated by a semi quantitative scoring system has been 
reported [25]. As DPN is distributed in a length-dependent manner, 
an evaluation of the relationship between foot muscle weakness and 
DFU would have added valuable information, however these data 
were not obtained in the initial studies as dynamometric strength 
measurements of small foot muscles are not easily performed. Due 
to the retrospective nature of our study, important risk factors for 
foot ulceration associated to increased plantar pressure such as foot 
deformities and callus formation could not be adequately acquired. 

The severity of DPN is a well-known risk factor for diabetic foot 
ulceration, a finding also supported in our study. When adjusting for 
the severity of DPN, expressed as NIS, in the multivariate analysis, 
strength of the ankle dorsal flexors no longer showed an association 
to foot ulceration. However, a trend towards a relationship between 
the variable and DFU development remained. This observation is 
not surprising since reduced muscle strength is caused by motor 
neuropathy, which occurs concomitantly with sensory neuropathy in 
DPN [26].

MVD was strongly associated to foot ulceration, a finding 
supported by other groups [3,5,27]. However, the influence of the 
association found in our study is most probably overestimated, as 
data on MVD were recorded consecutively throughout the follow-up 
period, and are therefore, unlike all strength measurements, NIS, and 
VPT, not baseline data.

VPT showed no relationship to DFU development when applying 
univariate analysis, although sensory neuropathy is a well-known 
risk factor for the development of DFU and increased thresholds for 
vibration occur in early stages of DPN [18]. In our analyses many 
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patients presented with VPT exceeding the arbitrary unit 25 JND (Just 
Noticeable Difference), thus the lack of correlation may be due to a 
ceiling effect.

Increased physical activity has been suggested to play a role in 
DFU development due to repetitive mechanical stress of the plantar 
region of the foot. However, no increase in foot ulcer occurrence was 
observed among neuropathic diabetic patients enrolled in a twelve-
month muscle-strengthening program, and further, another study 
suggested an overall lower activity in diabetic patients who developed 
DFU compared to those without this complication [28,29]. Thus, there 
are no convincing data to suggest that physical activity increases the 
risk of foot ulcer formation. It has been reported that specific training 
of the lower extremities in diabetic patients diagnosed with sensory 
neuropathy improve gait speed, balance, muscle strength and joint 
mobility [30]. As reduced muscle strength seems to be implicated in 
foot ulceration in diabetes, strengthening of lower extremity muscles 
may contribute to preservation of normal gait, and thereby reduce 
the risk of developing foot ulcers. Also, a randomized controlled trial 
evaluating the effect of leg muscle strengthening and gait exercises in 
neuropathic diabetic patients, reported a more expedient distribution 
of plantar pressure and gait execution [31]. However, as intention-
to-treat analyses showed improvement and the intervention only 
administered for twelve weeks, exercises directed at enhancing lower 
extremity function may still play a role in DFU prevention. Based on 
the aforementioned study and our findings, a study evaluating the 
effect of strengthening of lower extremity muscles on DFU formation 
is highly relevant, however both the intervention and follow-up period 
must be of sufficient length as the mechanisms leading to DFU exert 
their detrimental impact over years.

In conclusion, we found a temporal relationship between reduced 
muscle strength at the knee and ankle and diabetic foot ulcer 
development. Notably reduced muscle strength for dorsal flexion at the 
ankle seemed to have a close relationship to foot ulceration, lending 
support to previous findings evaluating gait biomechanics in DPN 
and the proposed relationship between increased plantar pressure and 
DFU development. As motor dysfunction in DPN is a contributing 
factor in the multifactorial pathway involved in foot ulceration, it 
would be relevant to include quantitative strength measurements 
and gait analyses in large scaled prospective studies investigating the 
aetiology behind this feared complication to diabetes mellitus.
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