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ABSTRACT
Objectives: To prospectively determine clinical and
biochemical characteristics associated with the
development of peripheral neuropathy, loss of
protective sensation, and foot ulceration in persons
with type 2 diabetes mellitus (DM) over 7 years.
Research design and methods: Graded
monofilament (MF) testing, vibration perception
threshold, and neuropathy symptom questionnaires
were undertaken in 206 participants with type 2 DM
without peripheral vascular disease or history of foot
ulceration and 71 healthy participants without DM at
baseline and after 7 years. 6 monthly glycosylated
hemoglobin (HbA1c) levels and annual serum lipid
profiles were measured during follow-up of those with
DM. Incident foot ulceration was recorded at follow-up.
Results: Taller stature and higher quartiles of serum
triglyceride and HbA1c levels were associated with
neuropathy at follow-up ( p=0.008). Remission of
baseline neuropathy was observed in 7 participants at
follow-up. 9 participants with type 2 DM developed foot
ulcers by the end of the study, only 1 at low risk. Mean
HbA1c levels were higher in those who developed foot
ulceration ( p<0.0001). 1 participant with neuropathy
throughout developed a Charcot foot. Failure to perceive
2 or more 2, 4 and 6 g MF stimuli at baseline predicted
loss of protective sensation at follow-up.
Conclusions: Tall stature and worse metabolic control
were associated with progression to neuropathy. Mean
HbA1c levels were higher in those who developed foot
ulcers. Graded MF testing may enrich recruitment to clinical
trials and assignation of high risk for foot ulceration.

INTRODUCTION
Clinical evaluation of pedal sensation in
patients with diabetes mellitus (DM) using
vibration perception threshold (VPT) and
sensing of monoﬁlament (MF) stimuli can
identify those at increased risk of foot ulceration and consequent lower extremity amputation.1–5 These tests are often combined
with presence of neuropathic symptoms to
diagnose peripheral neuropathy.6 They are
all subjective, easily and cheaply applied in
routine and research clinics. However, they
are not always well performed in routine

Key messages
▪ Quantifiable interaction of stature and metabolic
control in risk for neuropathy.
▪ Poor long-term glycemic control associated with
foot ulceration.
▪ Impaired monofilament (MF) perception at all
weights in diabetic compared with control group.
▪ Predictive value of graded MFs in development
of protective sensory loss.

screening. In clinical practice, failure to perceive one or more 10 g MF stimuli is used to
assign high risk of foot ulceration and referral for community podiatry follow-up
(National Institute for Health and Care
Excellence (NICE) clinical guideline 10
guidance.nice.org.uk/cg10). In view of the
proven predictive value of these assessments,
it is of concern that general practice and
ward testing of feet in patients with DM may
be performed imprecisely or not at all. The
use of graded MFs may also allow identiﬁcation of a high-risk group with early loss of
sensation not amounting to neuropathy.7 8
Minor degrees of pedal sensory loss, if progression to loss of protective sensation were
proven, would allow such patients to be
referred to community podiatry follow-up
rather than annual review.1 5 Identiﬁcation
of a high-risk group at an earlier stage of the
complication would also enrich recruitment
to clinical trials of neuropathy. Progress in
ulcer prevention has been slow, and further
studies of well-characterized participants are
much needed.9 The present study was
designed to assess the interaction between
(1) known risk factors for development of
neuropathy and foot ulceration and (2) predictive value of graded MF perception in prediction of loss of protective sensation.10–13
METHODS
Ethical approval: South West Regional Ethics
Committee permission was granted to
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Other clinical evaluation: Height and ankle-brachial
pressure index were measured at baseline. Weight, mean
of three sitting blood pressure readings, and foot pulses
assessed by palpation and hand-held Doppler were measured at each visit.
Blood tests: Glycosylated hemoglobin (HbA1c) was measured at baseline then at least twice yearly by a Diabetes
Control and Complications Trial (DCCT)-validated
method. Serum creatinine, glucose, and lipid proﬁles
were measured annually by standard laboratory
methods. Over 90% of the participants with type 2 DM
were started on statin therapy during the ﬁrst year of the
study, serum cholesterol 5.5±1.1 at baseline versus 4.0
±0.9 mmol/L at ﬁnal follow-up.
Statistical methods
Sample size: The study was designed as a descriptive study
of foot sensory testing, neuropathy incidence, and ulcer
development in type 2 diabetic participants without peripheral vascular disease. A similar size cohort was
studied in the Seattle study of neuropathy incidence.2 In
Torbay, the incidence of new foot ulceration was 1.64%
in 1999 which amounts to a probability of 16 ulcers in
200 patients over 5 years.20 Double inputting of data was
performed by a clerical ofﬁcer unaware of the potential
correlations between variables. Comparison between
groups of normally distributed variables was made with
unpaired t test. Serum triglyceride levels were log transformed before analysis. The χ2 testing was used for proportion with and without signiﬁcant neurological test
results. The interaction and residual signiﬁcance of multiple potential risk factors for progression to neuropathy
was tested in a general linear model (GLM). Variables
included at baseline were gender, age, duration of DM,
height, weight, body mass index, serum cholesterol,
natural log-transformed serum triglycerides, HbA1c. All
were also combined in all possible two-way interactions.
The dependent variable was the binomial data for ﬁnal
presence or absence of neuropathy. A χ2 based drop
function to remove insigniﬁcant interactions and redistribute variance was then used in a general linear model
with binomial link function as in a previous study.21 22
Mean updated serum triglyceride and HbA1c levels were
expressed as above or below the mean with χ2 analysis to
assess differences in progression to neuropathy.14
Spline analysis was used to compare long-term diabetic
glycemic control as mean six monthly updated HbA1c
levels in participants who developed foot ulceration
during follow-up and those who did not.
RESULTS
Recruitment number, retention and outcome are shown
in ﬁgure 1.
Baseline results: The diabetic and non-diabetic groups
were well matched for gender and age, but those with
type 2 DM had higher weight and HbA1c, and lower
serum high-density lipoprotein cholesterol. Analysis of
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perform symptom questionnaire (SQ) and neurological
testing of participants with and without type 2 DM both
at baseline and at follow-up.
Recruitment: Study recruitment and baseline assessment took place between 1998 and 2001 at Torbay
Hospital diabetic outpatient department. Participants
without DM were recruited from hospital staff and their
relatives at South Devon Healthcare National Health
Service (NHS) Foundation Trust. The study started at
the time of presentation of the UK Prospective Diabetes
Study (UKPDS) results for which Torbay had been a
center.14 In the light of those results, patients were
referred to secondary care DM for diet therapy and
consideration of statins. The study population was
recruited from this group. Those who admitted on questioning excess alcohol consumption, history of chemotherapy, or vitamin deﬁciency were excluded (ﬁve
persons). Inclusion criteria were age 40–75 years; conﬁrmed type 2 DM without ketosis; capacity to participate
in testing routine; willingness to return for follow-up
testing (24 persons with DM were excluded—19 failed
to attend the screening visit, 2 were heavy alcohol consumers, 1 had cervical myelopathy, 2 had ongoing
cancer treatment).
Neurological testing: Results from a previously published
comparator group without DM were used to establish the
sensory testing protocol.7 MF testing was performed at
pulp of hallux, and ﬁrst, second, third and ﬁfth metatarsal heads of each foot in all participants (total of 10 sites)
after removal of callus. Participants were reclining comfortably in a quiet room at 15–18°C with eyes closed.
Testing began with 2 g MF and continued with increasing
weights up to 15 g. The MF was applied to the test site
and pressed until buckling. MFs were calibrated at baseline, 3 and 6 years (Bailey instruments, Manchester, UK).
VPT was tested applying light pressure to the pulp of the
hallux, taking an average of three voltages at which vibration was perceived using one neurothesiometer which
was calibrated annually. The entire non-diabetic comparator group had VPT<15 V in both feet providing a
cut-off for abnormality. A standard set of questions was
then asked to elicit symptoms of tingling, shooting pains
and night pains in the feet and legs, validated in a previous study7 consistent with other published data.11 15–19
Diabetic peripheral sensory neuropathy was deﬁned as
at least two of:
1. Failure to perceive the 10 g MF at 1 or more of 10
test sites;
2. VPT>15 V in both feet;
3. Symptoms typical of diabetic neuropathy such as
night pain, tingling, or shooting pains in both feet.
Two healthcare professionals, a research nurse and
research registrar were trained by the podiatrist to
perform sensory testing, exactly as had been performed
at baseline. All tests were performed by these three
investigators. Interobserver agreement was excellent classifying those with normal sensation as normal in all
cases (n=10), and all neuropaths correctly (n=10).
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variance and χ2 tests showed that results of MF testing,
VPT, and SQ were distinct in the two groups as shown in
table 1.
The differences in graded MF sensation between diabetic and non-diabetic groups at baseline and follow-up
are shown in table 2. Loss of perception of two or more
2, 4, 6, and 8 g MF was signiﬁcantly more common in
the diabetic participants at baseline and follow-up compared with the non-diabetic group (loss of perception of
one 2 g MF did not discriminate between diabetic and
non-diabetic subjects). Patients with loss of 10 g perception at baseline were excluded.
Online supplementary table S1 baseline graded MF
results in diabetic and non-diabetic comparator groups.
Patients with loss of 10 g perception at baseline
excluded.
Follow-up data: None of the group without DM developed frank neuropathy or isolated loss of 10 g MF sensation. Two described symptoms which conformed to the
SQ deﬁnition of neuropathic pain and two others developed an increase in VPT to >15 V bilaterally, one of
whom had developed type 2 DM, fasting blood glucose
9 mmol/L.
Table 2 showing the predictive value of baseline loss of
perception of two or more stimuli at 2, 4, 6, and 8 g
weights of MF ( patients with baseline loss of 10 g perception excluded).
One participant with type 2 DM and neuropathy
throughout the study developed a Charcot foot after
minimal trauma as did one patient with baseline neuropathy lost to study follow-up. Nine of those with type 2
DM developed foot ulceration—two with bilateral
VPT>50 V only, one developed ischemia without neuropathy, ﬁve developed neuropathy during follow-up, and

one had no additional risk factors (ﬁgure 1). All of the
patients with ulcer survived until the end of the study
and none proceeded to amputation. Their characteristics and timing of ulcer development are shown in
online supplementary table S2. Two were single divorced
males living alone, and the other seven living with partners and comfortably off.
General linear modeling of age, duration of DM,
anthropometric and metabolic variables identiﬁed only
height ( p<0.0018), and mean updated serum triglycerides ( p<0.029) as signiﬁcant in development of neuropathy at follow-up. Metabolic results expressed as
greater or less than updated mean values of HbA1c and
serum triglycerides are shown in ﬁgure 2. Diabetic participants below mean updated HbA1c and serum triglycerides were found to have less neuropathy at follow-up as
shown in ﬁgure 2 ( p=0.008).
The modeled probability of developing neuropathy at
different heights with increasing triglyceride levels is
shown in online supplementary ﬁgure S1. Model
summary: residual deviance/Degrees of Freedom
(DOF)=1.197, F statistic=0.8586 on 2 and 106 DOF,
adjusted R2 −0.0026.
The nine diabetic participants who developed foot
ulceration during the study had similar age, gender,
height, and triglyceride levels to those who did not.
However, their serial HbA1c levels were higher at each
time point except one, and a spline analysis conﬁrmed
signiﬁcantly higher glycemia in the nine participants
who developed foot ulceration compared with the rest
of the diabetic cohort (ﬁgure 3, overall p<0.0001,
R2=0.0125, t=4.35).
Online supplementary tables S2–S4 show the details of
the nine patients with ulcer, ﬁve deceased participants
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Figure 1 Changes in neurological testing, neuropathy status, and foot ulceration in 170 participants with type 2 DM over 7 years
of follow-up. DM, diabetes mellitus; VPT, vibration perception threshold.
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Baseline results
Number

Type 2 diabetes
206

No diabetes
71

Significance

Age, mean years (SD)
Women (%)
Ethnic origin
Duration of diabetes months (SD)
Height, cm (SD)
Weight, kg (SD)
BMI, kg/m2 (SD)
Blood pressure, mm Hg, systolic (SD)
Blood pressure, mm Hg, diastolic (SD)
Cholesterol, mmol/L(SD)
HDL cholesterol, mmol/L (SD)
Triglycerides, mmol/L, median (IQR)
ABPI (SD)
Mean right VPT (SD)
Mean left VPT (SD)
Number failed >1 10 g MF
Number failed >2 6 g MF
Number neuropathic symptoms

61.0 (8.4)
39.4
99.4% white British
62.3 (range 1–190)
170.0 (9.9)
90.9 (17.5)
31.3 (5.6)
138.0 (19.0)
79.3 (9.9)
5.5 (1.1)
1.26 (0.26)
2.0 (1.4–2.9)
1.1 (0.11)
16.7 (10.2)
16.1 (10.6)
39 of 206
51 of 206
11 of 206

60.1 (10.7)
40.7
97% white British
–
172.5 (9.5)
76.7 (14.7)
25.5 (3.4)
128.3 (16.9)
79.5 (11.8)
5.4 (0.9)
1.8 (1.1)
1.4 (0.4–2.1)
Not tested
9.1 (4.7)
9.6 (5.1)
0 of 71
3 of 71
0 of 71

NS
NS
NS
NS
p<0.001
p<0.001*
p<0.001*
NS
NS
0.007*
0.091†
p<0.001*
p<0.001*
p<0.001‡
p<0.001‡
p<0.001‡

*Two-tailed t test unequal variance.
†Log-transformed data.
‡χ2 test.
ABPI, ankle-brachial pressure index; BMI, body mass index; HDL, high-density lipoprotein; MF, monofilament; NS, not significant; VPT,
vibration perception threshold.

with neuropathy at baseline, and the seven whose neuropathy remitted, respectively. Their baseline characteristics did not differ signiﬁcantly from the main cohort.

DISCUSSION
Graded MF, VPT, and SQ results in the diabetic cohort
were distinct from the comparator group without DM. The
normality and stability of pedal sensory testing results and
rarity of typical neuropathic symptoms in the group
without DM was maintained at 7 years. In contrast, only 30
diabetic participants at baseline and 21 of these at
follow-up preserved 2 g MF perception. It is also notable
that 7 of 27 participants with neuropathy at baseline remitted after 7 years—a ﬁnding recently reported in other
studies of nerve conduction and vibration perception.12 13
The follow-up results quantify the interactions between
height and serial metabolic control in development of
neuropathy. Our study extends the observations of previous studies in this group of purely type 2 diabetic participants without peripheral vascular disease, or previous
ulceration and including serial metabolic testing, recording of foot ulceration and a comparator non-diabetic
group.2 5 19 Of the nine participants who developed foot
ulceration, only one lacked any risk factors other than the
presence of DM. However, two had only impaired VPT,
and two only ischemia. This emphasizes the distinction
between sensory loss in assigning risk of foot ulceration,
and formal diagnosis of neuropathy which has conventionally relied on a double check of two characteristics of
4

disturbed sensation. Loss of perception of two or more 2–
8 g MF tests was signiﬁcantly greater in the diabetic participants which implies widespread sensory dysfunction in a
large proportion of this group of type 2 diabetic participants (138 of 168 at baseline). These changes also predicted impairment of protective sensation 7 years later.
One study of children with type 1 DM has conﬁrmed a
strong correlation between research standard graded MF
perception and nerve conduction studies in identiﬁcation
of early neuropathy but long-term follow-up was not
undertaken.23 Association of dyslipidemia, vascular
disease, and glycemia in development of neuropathy in
type 1 DM has been demonstrated.24 In order to replicate
these ﬁndings in DM annual review, research grade MF
and a rigorous standard operating procedure would be
necessary. The strength of our study derives from the welldeﬁned characteristics of the diabetic cohort; graded MF
assessment; and follow-up of sensory loss, neuropathy and
ulcer incidence. Clinical notes were searched for record of
ulceration in those lost to trial follow-up. One developed a
Charcot foot but no foot ulcers were recorded. Other
potential confounders include socioeconomic factors,
nutrition, and any effects of DM-related therapy. The ﬁrst
of these has been shown to affect amputation rate and
ulcer prevalence rather than neuropathy incidence. We
did not measure linolenic acid intake which has been
shown to be associated with diabetic peripheral neuropathy prevalence. Statin therapy has been shown to
improve DM complication rate including amputation.25–28
A weakness is that the cohort consisted exclusively of white
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Table 1 Anthropometric, metabolic, and sensory testing data in type 2 diabetic and comparison non-diabetic participants at
baseline
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MF grade

2

4

6

8

MF grade

2

4

6

DM baseline loss >1 MF (10 g
normal)
FU 10 g loss
Percent prediction of 10 g loss
χ2≥2 losses vs 1 or 0

113

58

40

29

DM baseline normal/one loss
(10 g normal)
FU 10 g loss
Percent prediction of 10 g loss

30

81

99 122

17
15
0.4

18
14
22
31
35
76
0.013
0.009
0.0001

3
11
10 13.5

8

15 21
15 17

Patients with loss of 10 g perception at baseline excluded.
DM, diabetes mellitus; FU, follow-up; MF, monofilament.

British participants. However, this ethnic group is at the
highest risk of diabetic foot ulceration and lower extremity
amputation in the UK.29 The number of incident ulcers
was only nine, implying that a larger cohort should be
recruited for more comprehensive analysis of ulcer development. Validation of neuropathy status by nerve conduction studies was not available to us or practicable in such a
large group. However, prediction of foot ulceration has
been shown to be closely linked to loss of MF perception
and or VPT. Both of these measurements and SQs are
readily and cheaply accessible in a wide range of healthcare settings but demand adequate training to be delivered with precision.
Associations between serial HbA1c levels and outcomes related to diabetic peripheral neuropathy have
been reported in participants with type 2 DM in several
studies,12 13 30 31 only one of which found a reduction in
progression with improved glycemia. Neuropathy in
patients with type 1 DM in the DCCT was signiﬁcantly
reduced in the intensive glycemic control group.32
Higher serial triglyceride levels in those who progressed
to neuropathy modiﬁed the strong predictive value of

Figure 2 Interaction of updated mean serial HbA1c and
serum triglyceride levels with sensory peripheral neuropathy
over 7 years in 151 type 2 diabetic participants. Z and X axis
division of groups is taken from mean triglyceride 2.1 mmol/L
and mean HbA1c 62.8 mmol/mol (7.9%) respectively. HbA1c,
glycosylated hemoglobin.

height in the linear model in our study. Ninety percent
of our participants were treated with statins which
resulted in an improvement in serum cholesterol levels
sustained over the 7-year follow-up period. Although
there was no metabolic threshold below which neuropathy did not occur, those below mean updated HbA1c
and serum triglyceride levels had a lower percentage
neuropathy at follow-up. This is consistent with the
hypothesis that the severity of the metabolic disturbance
in DM inﬂuences susceptibility to neuropathy. There is a
possibility that intense reduction in glycemia from diagnosis could improve peripheral nerve function.32
Similarly, an intervention to normalize serum triglycerides might have beneﬁcial effects on development of
neuropathy.33 Increase in serum triglyceride levels were
signiﬁcantly associated with 10-year lower extremity
amputation rates in a large cohort of patients with predominantly type 2 DM in the DISTANCE study.33
However, in our study participants who developed foot
ulcers did not have signiﬁcantly higher lipid levels than
those who did not. The ulcer group did have higher
HbA1c levels which might have increased susceptibility
to ulceration. It is also likely that environmental or
genetic factors unrelated to glycemia or lipid trafﬁcking

Figure 3 Difference in HbA1c between type 2 diabetic
participants with ulcers versus no ulcers on GLM analysis with
spline fitted to time ( p<0.0001, R2=0.0125, t=4.35). HbA1c,
glycosylated hemoglobin.
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Table 2 Baseline 2, 4, 6, and 8 g MF insensitivity (with normal 10 g at baseline) and association with 10 g loss at follow-up
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contribute to susceptibility to neuropathy. A clear
example of this in our study was height. The increased
risk of diabetic peripheral neuropathy in relation to
stature is striking and was ﬁrst shown in 1988.10 Body
stature should be taken into account as suggested in
modeling of the risk factors, such as serum triglyceride
levels in the present study (see online supplementary
ﬁgure S1). In addition, at least one example of
undeﬁned determinants of susceptibility to peripheral
diabetic neuropathy has been described. This concerns
the striking absence of peripheral neuropathy in
Alström syndrome participants despite severe hyperglycemia and hypertriglyceridemia from adolescence compared with weight and height and age-matched persons
with onset of type 2 DM in adolescence.34
In conclusion, this study has conﬁrmed that current
subjective clinical sensory testing by healthcare professionals, trained by the podiatrist to perform sensory
testing, can reliably evaluate progression and remission
of clinically determined peripheral sensory neuropathy
in those with type 2 DM. In particular, the data may be
used to perform power calculations preparatory to interventional studies in neuropathy and foot ulcer prevention. Loss of lesser weight MF perception, not currently
accepted as diagnostic of neuropathy or high risk does
predict subsequent loss of 10 g MF perception. If conﬁrmed, this ﬁnding may be incorporated in to clinical
trials of early neuropathy and broaden the diagnostic
criteria for high ulceration risk. These results endorse
the need for foot sensory testing to be performed well,
particularly in general practice annual diabetic review,
where training of all staff involved and a standard operating procedure are strongly recommended (Putting
Feet First-diabetes.org.uk). HbA1c levels and mean
serum triglyceride levels were potentially modiﬁable risk
factors and height a crucial inherent predictor of neuropathy. There are also likely to be as yet undiscovered
genetic or environmental inﬂuences which determine
susceptibility to diabetic peripheral neuropathy. Mean
HbA1c levels were higher in those who developed foot
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