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OBJECTIVE — To investigate longitudinally prognostic factors for foot ulceration in a large
population of diabetic patients with established neuropathy.

RESEARCH DESIGN AND METHODS — A double-blind multicenter study of a
potential new agent for diabetic neuropathy provided the opportunity for this 1-year investi-
gation since intervention demonstrated no efficacy in the condition. A total of 1,035 patients
with NIDDM and IDDM were included. Inclusion criteria were vibration perception threshold
(VPT) at the great toe =25 V in at least one foot and <50 V in both feet, normal peripheral
circulation, and no previous foot ulceration. VPT and clinical components of the Michigan dia-
betic polyneuropathy (DPN) score were assessed at baseline and subsequent visits.

RESULTS — After 1 year, the incidence of first foot ulcers for the total population was 7.2%.
Neuropathy parameters were the same between the treatment and placebo groups at baseline
and were unchanged at 1 year; therefore, baseline data were combined for multiple regression
analysis. VPT, age, and Michigan DPN scores for muscle strength and reflexes were significant
independent predictors for first foot ulceration (P < 0.01). For each 1-U increase in VPT val-
ues at baseline, the hazard of the first foot ulcer increased by 5.6%. Similarly, for each 1-U
increase in muscle strength and reflex components of the Michigan DPN scores, the hazard of
the first foot ulcer increased by 5.0%.

CONCLUSIONS — Tests of VPT and Michigan DPN scores for muscle strength and
reflexes are useful clinical predictors for foot ulceration in diabetic patients with established
neuropathy. The rate of subsequent ulceration in the following year was alarmingly high, how-
ever, despite standardized foot care education at baseline and regular follow-up visits.

common causes for hospital admis-

sion among diabetic patients, despite
increased awareness of this problem among
health care professionals in recent years
(1). Among a large survey of >6,000 ran-
domly selected patients attending diabetic
clinics, over 2% had active foot ulcers, and
2.5% were amputees (2). However, there
are few reports of the incidence of foot
ulceration in diabetic populations. The rate
of lower limb amputation is 15 times

Foot ulceration remains one of the most

higher in diabetic patients compared with
nondiabetic patients (3). Furthermore,
>50% of diabetic amputees need an
amputation in the contralateral limb within
4 years after the loss of the first leg (4).
Peripheral neuropathy has been demon-
strated as a strong risk factor for foot ulcer-
ation in many cross-sectional studies and is
present in >80% of affected patients (5-7).
Furthermore, a single-center survey demon-
strated that foot ulcers, primarily attribut-
able to neuropathy; are the cause of 50% of
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all hospital admissions for diabetic foot
complications (8). In prospective studies,
the three main independent predictors for
foot ulceration have been shown to be an
absent Achilles tendon reflex, impaired
monofilament pressure sensation, and
impaired vibration sensation (9,10). How-
ever, there are no published data regarding
independent predictors of foot ulceration in
large, multicenter populations of diabetic
patients with significant neuropathy.

RESEARCH DESIGN AND
METHODS

Study design

The present study was originally designed
as a double-blind randomized placebo-
controlled 2-year prospective multicenter
trial of the safety and efficacy of the study
drug Ro44-7190 (a derivative of carnitine)
in reducing the incidence of first foot ulcer-
ation in diabetic patients with peripheral
neuropathy. Patients were randomized (2:1
ratio) to receive either two 500-mg tablets
of Ro44—-7190 or two placebo tablets, each
three times daily. However, this trial was
discontinued after the 1st year as a result of
the failure of the pivotal studies to demon-
strate the efficacy of the product (unpub-
lished data). The present study therefore
provided an opportunity to determine the
annual incidence of first foot ulceration in
a large population of diabetic patients with
established neuropathy and also to investi-
gate, longitudinally, important prognostic
factors for foot ulceration in these patients.

Subjects

Patients were included in the study if they
were diagnosed with IDDM or NIDDM
according to World Health Organization
criteria, were ages 1870 years, were men or
nonpregnant women, had a vibration per-
ception threshold (VPT) =25 V on at least
one foot and =50 V on both feet (deter-
mined at the hallux by neurothesiometer),
and had at least one palpable pedal pulse on
each foot. The main exclusion criteria were
as follows: 1) past or present foot ulcers,
defined as any full-thickness skin lesion
that required treatment in hospital, with a
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general practitioner or chiropodist, exclud-
ing minor abrasions or blisters; 2) lower
limb amputation; 3) presence of any other
cause of diffuse peripheral neuropathy
(malignancy, alcohol abuse, drug abuse,
peripheral ischemia, anemia, known vita-
min B,, deficiency, or untreated hypothy-
roidism); 4) significant neurological
disorder other than diabetic polyneuropathy
(DPN) (e.g., stroke with significant neuro-
logical deficit, transient ischemic attacks,
multiple sclerosis, epilepsy, and dementia);
5) alcohol abuse or other drug dependence;
6) previous or present treatment with cyto-
toxic drugs and/or radiotherapy; 7) uncon-
trolled hypertension (systolic blood
pressure =175 mmHg or diastolic blood
pressure =105 mmHg); 8) renal disease
with serum creatinine >160 pmol/l.

This study was approved by the Man-
chester Health Commission Ethical Com-
mittee and ethical committees for all other
participating centers, and informed consent
was obtained from each of the subjects
studied.

Clinical measurements

Time to onset of the first foot ulcer was
defined as the number of days between start-
ing the study and a patients first foot ulcer
being found. At baseline and at every subse-
quent visit (weeks 13, 26, 39, and 52), a
thorough foot examination was performed
to determine presence of afirst or new ulcer.
If the patients suspected that they had an
ulcer between scheduled visits, they were
instructed to contact their investigator and
make an unscheduled visit to confirm the
ulcer. Routine medical/surgical treatment for
the ulcer was then subsequently performed,
and the patient made as many visits as
required for treatment. In addition, the total
number of foot ulcers developing in each
patient was determined, following foot
examinations every 13 weeks.

To ensure that all patients had the same
minimum level of understanding of foot
care, each patient was provided with a
standardized foot care education leaflet at
baseline, and the details in it were dis-
cussed. At every subsequent visit, the sub-
ject of foot care was raised, and patients
were reminded of its importance.

VPT was assessed at the great toe of
both feet in triplicate using a neurothe-
siometer (Biomedical, Newbury, OH) at
baseline and after 52 weeks. The severity of
DPN was determined at baseline and after
52 weeks using the clinical part of the
Michigan DPN score (11). This score has

three components: sensory impairment
(assessed by vibration perception at the
great toe using a tuning fork, 10-g Semmes-
Weinstein monofilament at the great toe,
and a pinprick on the dorsum of the great
toe); muscle strength testing (assessing fin-
ger spread, great toe extension, and ankle
dorsiflexion); and reflexes (assessing biceps
brachii, triceps brachii, quadriceps femoris,
and Achilles tendon).

Statistical analysis
The annual incidence rate of first foot
ulcers in the total population was deter-
mined by Life Table Analysis (12), which
makes use of information from discontin-
ued patients (i.e., patients withdrawn from
the study because of adverse events, inter-
current illness, or lack of compliance) for
the time during the study when they were
at risk and under observation. The method
assumes that discontinued patients would
have had a first foot ulcer occurrence at the
same rate as patients remaining on the trial.
First foot ulcer occurrence rates, which
do not include recurrences of the same foot
ulcer, were calculated at 13, 26, 39, and 52
weeks as follows:

Number of patients with
_ first foot ulcer between j — 1 and j
™ "Number of patients who neither
had first foot ulcer nor withdrew
from the study by the end of the
period correspondingtoj — 1

where r; is the rate of first ulcer occurrence
during the interval between scheduled vis-
its j — 1 and j. Patients withdrawn from the
study between the scheduled visits are con-
sidered to be at risk for the entire period
between scheduled visits j— 1 and j, yet are
excluded from the determination of rate of
first foot ulcer occurrence for subsequent
visits.

Cumulative first foot ulcer occurrence
rates were then calculated at 13, 26, 39,
and 52 weeks as follows (12):

Rk=1—-(1-r)(1—-—r)..»0-r

where Ry is the cumulative recurrence rate
for first foot ulcer rate by end of visit k The
Wald 2 statistic (13) was used to test the
null hypothesis of no association between
treatment and incidence of first foot ulcer.

The estimated incidence density of foot
ulceration was calculated as the ratio of the
number of new foot ulcers to the total time
at risk for each patient. This analysis takes

into account the recurrence of the same
foot ulcer and is epidemiologically relevant
for estimating the incidence of total num-
ber of foot ulcers in the diabetic population
(14). The total number of new foot ulcers
was obtained by summing the number of
new foot ulcers for each patient docu-
mented at each visit. The total time at risk
was obtained by summing the time elapsed
between the various visits for each patient.

To identify prognostic factors for foot
ulcer occurrence, multiple regression mod-
els were fit to the data for all patients in the
intent-to-treat group. Time to first foot
ulcer was analyzed using Cox proportional
hazards model, and the number of new
foot ulcers was modeled using log-linear
Poisson regression. For both models of
time to first foot ulcer and incidence of all
foot ulcers, the following were considered
potential explanatory variables: age at study
entry, sum of muscle strength and reflex
component of Michigan DPN scores at
baseline, sum of the 10-g monofilament
scores from the sensory component of the
Michigan DPN scores at baseline, sum of
the VPT scores at baseline, diabetes status,
race, economic status (classified from the
occupation of the main wage earner of the
household), and duration of diabetes at
study entry.

RESULTS — A total of 1,035 patients
were recruited into the study from 44 cen-
ters (29 from U.K., 9 from U.S., 6 from
Canada). The withdrawal rate was 20% (n
=206) for all patients over the 1-year study.
The majority of patients discontinued fol-
lowing occurrence of adverse events or
intercurrent illnesses during the clinical
trial. Other causes were non-cooperation,
failure to return to follow-up visit, and
other nonsafety events.

After 1 year, the efficacy of Ro44-7190
for preventing foot ulceration was demon-
strated to be negative (15). In addition, all
neuropathy parameters were the same
between treatment and placebo groups at
baseline and were unchanged at 1 year;
therefore, baseline data for all 1,035 patients
were combined to investigate incidence of
and predictive factors for first foot ulcera-
tion in a longitudinal analysis. The baseline
demographic characteristics of the total dia-
betic population are given in Table 1.
Although type 1 diabetic patients were over-
represented in this population, the distri-
butions of age and diabetes duration for all
patients stratified by diabetes type showed
no evidence of bimodality.
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Table 1—Demographic characteristics at
baseline

n 1,035

Female 25.4%

Type 1 24.6%

Race
Caucasian 94.8%
Black 2.0%
Oriental 3.9%
Other 2.8%

Age (years) 60 (23-70)

BMI (kg/m?2) 28.4 (16.9-84.7)

Data are n, %, or median (interquartile range).

Incidence of foot ulcers

Overall cumulative first foot ulcer occur-
rence rates for each 13-week interval are
shown in Table 2. The overall first foot
ulcer occurrence rate for the total popula-
tion after 1 year was 7.2%, and the greatest
increase in first foot ulcer rates was seen
between 13 and 26 weeks. The estimated
incidence density of new foot ulcers (which
includes recurrence of the same ulcer) in
the total population was 11.9% (Table 3).

Regression analyses

The time to first foot ulcer was modeled
using the Cox proportional hazards model,
using all variables described in methods.
Forward and backward proportional haz-
ards regression was performed to determine
a subset of variables with the most explana-
tory power. The final model for time to first
ulcer consisted of the following form:

hazard of foot ulcer for patient i
= baseline hazard X exp(0.0547 X VPTBL)
+ (0.0490 x DPNBL) — (0.0442 X AGE)

where VPTBL is the sum of the VPT scores
at baseline, DPNBL is the sum of the Michi-
gan DPN scores for muscle strength and
reflex at baseline, and AGE is age at study
entry. All variables in the model were sta-
tistically significant (P = 0.01). The hazard
of foot ulcer was found to increase with
increasing VPT scores at baseline and
increasing the Michigan DPN scores at
baseline. For each 1-unit increase in VPT
values at baseline, the hazard of first foot
ulceration was found to increase by 5.6%.
Similarly, for each 1-unit increase in the
muscle strength and reflex components of
the Michigan DPN scores at baseline, the
hazard of foot ulcer was found to increase
by 5.0%. In addition, age was found to
have a negative relationship with time to
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Table 2—First foot ulcer occurrence rates for overall treatment

Interval Patients at risk First foot ulcers

(weeks) for interval in interval ri R;
0-13 1,022 14 0.014 0.014
13-26 966 32 0.033 0.047
26-39 912 14 0.015 0.061
39-52 888 11 0.012 0.072

Total intent-to-treat patients is 1,035. r; is calculated as the ratio of the number of patients who had a first
foot ulcer to the number of patients at risk during the interval. R;, cumulative rate of first foot ulcer by end

of interval.

first foot ulcer (i.e., with increasing age, the
hazard of foot ulcer was found to decrease).

The number of new foot ulcers was
modeled using Poisson regression, using all
variables previously described. Variables
were removed from the model if the P value
from the Wald x2test was >0.05. The final
model for the incidence density of foot
ulceration consisted of the sum of the VPT
scores at baseline, the sum of the Michigan
DPN scores for muscle strength and reflex
at baseline, and age at study entry, with the
following form:

log (number of first foot ulcers for patient i)
= log (total time at risk for patient i)
+ (0.0588 X VPTBL) + (0.0467
X DPNBL) — (0.0501 X AGE)

All variables in this model were statistically
significant (P = 0.001). The log incidence
density was found to increase with increas-
ing baseline values for VPT and Michigan
DPN scores. For each 1-unit increase in
VPT values at baseline, the risk of foot ulcer
was found to increase by 6.1%. Similarly,
with each 1-unit increase in the muscle
strength and reflex components of the
Michigan DPN scores, the risk of foot ulcer
was found to increase by 4.8%.

Mean + SD values for the baseline VPT
and DPN, plus correlations of the ranks of
these neuropathy variables (Spearman’s
correlations) for time to first foot ulcer and
total number of new foot ulcers, are given
in Table 4.

CONCLUSIONS — We have pre-
sented a natural history study of foot ulcer-
ation in a large population of high-risk
diabetic patients with significant peripheral
neuropathy but without peripheral vascular
disease or previous foot ulcers. There are
only a limited number of reports, to date, of
the incidence of foot ulceration in diabetic
populations (1). However, we have demon-
strated that the annual incidence of first
foot ulceration for the population here is
very high (7.2%), highlighting the enor-
mous potential for foot problems in diabetic
patients with neuropathy. Furthermore, we
have also estimated a 12% incidence for all
new foot ulcers in this population, using
sample survey methodology (14). This high
level of foot ulceration may be inevitable
since peripheral neuropathy has been
demonstrated as a strong risk factor for foot
ulceration in many previous cross-sectional
and longitudinal studies, with neuropathy
present in >80% of diabetic foot ulcer
patients (5-7). Nevertheless, the annual
incidence of first foot ulcers shown here is
substantially higher than the 4.9% demon-
strated for a comparable population (n =
202) in a single-center study with similar
age, duration of diabetes, and neurological
status (VPT >25 V) (10). To our knowl-
edge, this is the first report of a longitudinal,
large multicenter study of the incidence of
and predictors for foot ulcers in diabetic
patients with neuropathy. The advantage of
this multinational, multicenter study design
is that it provides a generalized population

Table 3—Incidence of new foot ulcers for overall treatment

Number of new
foot ulcers

Person-years
at risk

Estimated incidence
density

Estimated SE of

incidence density 95% Cl

916.57 109

11.89

1.66 8.32-14.81

Total intent-to-treat patients is 1,022. The estimated incidence density is calculated as the total number of
new foot ulcers divided by the total person-years at risk X 100 and describes the annual incidence of foot

ulcer among 100 patients.
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Table 4—Baseline values and simple caelation analyses of the ranks of the predictive neu

ropathy variables

Baseline Total number of Time to first

variable Mean + SD  new foot ulcers P value foot ulcer P value
VPT (V) 30.7+7.2 0.1128 0.0003 —0.0348 0.266
DPNBL (score) 25.7+5.0 0.1074 0.0006 —0.0589 0.06

Total number of new foot ulcers and time to first foot ulcer determined by Spearman’s correlation coeffi-

cient. n=1,022.

of diabetic patients. In addition, our assess-
ment of the risk for foot ulceration in dia-
betic neuropathic patients may be more
accurate than the previous research con-
ducted mostly at single centers since, for
example, the effect of specialized health care
provision on foot outcomes at any one site
will be diluted (10,11). Quality control of
patient care/education in a multicenter
study of this nature, however, is essential
and is provided here by the standardized
diabetes foot care education received by all
patients in all centers plus regular follow-up
visits. The reasons for the higher incidence
of foot problems here are unclear, especially
as all patients received the standardized foot
care education to minimize the incidence of
foot ulcers, since targeted education may be
a key to reducing the incidence of foot
ulceration and amputation (16,17). Evi-
dence of a reduced incidence of lower limb
amputation, following a 1-h education ses-
sion for “high-risk” patients, plus a signifi-
cantly lower incidence of new foot
problems for type 2 patients as a result of an
intensive education program (18,19), sup-
ports this theory. In the present study, the
level of patient knowledge and compliance
was not assessed. However, it must be
remembered that even knowledgeable
patients will develop ulcers if their behavior
is not altered (20). It is important to stress
that other important risk factors for foot
ulceration were not documented in this
study, such as foot deformities, calluses, or
neuroarthropathy, or the number of patients
who were referred for chiropody or orthotic
services if required; all of which would have
significant impact on the ulceration rate.
Multiple regression analyses success-
fully demonstrated that VPT at the hallux,
plus the muscle strength and reflex com-
ponents of the Michigan DPN scores, were
positively correlated with time to first foot
ulcer and incidence density of ulceration.
These clinical parameters are independent
predictors for foot ulceration in these dia-
betic patients with established peripheral
neuropathy and no previous foot ulcera-

tion. These results confirm and extend the
findings of previous studies. It was demon-
strated, prospectively, that VPT can predict
those diabetic patients at increased risk of
foot ulceration and that a VPT >25V car-
ries a sevenfold risk of foot ulceration com-
pared with a VPT <15 V during a 4-year
follow-up period (10). In the present study,
we have shown that for patients with
significant neuropathy (i.e., VPT >25V), a
further 5-V deterioration in VPT is associ-
ated with a 28% increased hazard of first
foot ulceration. This has great clinical sig-
nificance as the risk of foot ulceration may
now be predicted in patients who have not
previously ulcerated. An absent Achilles
tendon reflex has also been demonstrated
as an independent predictor for foot ulcer-
ation in a case-control study (9), which
further supports the results of this study.
The advantage of the present study over
case-control design is that we can establish
with certainty that these neurological risk
factors identified for foot ulceration actually
precede the foot ulcer event.

In the present study, we have now
identified abnormal muscle strength, in
addition to abnormal reflexes, as a predic-
tive factor for ulceration, which, to date,
has not been described elsewhere. This
finding further clarifies the clinical signifi-
cance of motor abnormalities attributable
to symmetrical distal polyneuropathy in
the etiology of foot ulceration. In addition,
we have demonstrated that use of the sim-
ple, clinical tests of reflexes and muscle
strength described in the Michigan DPN
score (11) provides an alternative, conve-
nient method for identifying the patient
who is at risk for subsequent foot ulcera-
tion. Although clinical tests of muscle
strength are subjective and may signifi-
cantly underestimate the severity of muscle
weakness in the lower limb compared with
more objective measurements (21), the
results here indicate that muscle strength
testing is a sufficiently robust clinical tool.
The mechanism for this new finding may
only be speculated. Reduced muscle

strength, as determined by foot, knee, and
wrist movements, is related to presence of
neuropathy in long-term IDDM patients
(22). Indeed, subclinical damage to mus-
cular innervation is common in DPN, with
weakness and wasting developing in more
advanced cases. Propioceptive loss and pro-
gressive motor weakness may eventually
lead to gait abnormalities (23), which are
major contributory factors to increasing
pressures and loads on potential plantar
ulceration sites.

Age was found to have a negative rela-
tionship with time to first foot ulcer and inci-
dence density of foot ulceration (i.e., with
increasing age, the hazard of foot ulcer was
found to decrease). A possible cause of this
unusual observation may be a selection bias,
which selected out older patients who were
at greater risk for developing foot ulcers.
Indeed, the population has a large percent-
age of older patients (83% >50 years of age
at baseline), yet 95% of these patients did
not develop foot ulcers, compared with only
87% of patients <50 years of age who did
not develop foot ulcers. Thus, a lesser num-
ber of patients in the study are <50 years of
age but a greater percentage of these patients
have at least one foot ulcer. It appears that
the older patients who were randomized
into the study are those who were healthier
and had some protective mechanism against
foot ulcer occurrence.

The sum of the 10-g monofilament
scores measured in the right and left great
toe from the sensory component of the
Michigan DPN scores failed to predict foot
ulceration in the present study. Initially, this
was surprising since previous work has
demonstrated that patients who cannot feel
a monofilament of this force applied against
the plantar surface of the foot (avoiding areas
of callus) have a substantially higher risk of
developing ulceration of the foot (24-26).
Furthermore, McNeely et al. (9) have
demonstrated that the 10-g monofilament is
a significant independent predictor for foot
ulceration. In the latter study, cutaneous
pressure perception was measured at eight
standardized plantar sites, and the inability
to perceive pressure at any one of these sites
was classified as insensate. Neuropathic
ulceration occurs more frequently on plan-
tar surfaces of the foot, on the metatarsal
heads, and on the heel, compared to the
pulp of the toe (1), thus cutaneous pressure
perception determined at plantar sites may
be a more sensitive method of determining
foot ulceration risk than the measurements
made at the great toe in the present study.
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This may explain the lack of a positive rela-
tionship between monofilament scores and
time to onset of foot ulcer.

In conclusion, this multicenter study
has demonstrated that there is a high inci-
dence of foot ulceration in a population of
diabetic patients with established peripheral
neuropathy, despite the patients receiving a
high level of education. In addition, we have
identified a number of strong, independent
neurological risk factors for the development
of foot ulcers in these patients, which sup-
ports results of other smaller, single-center
studies (6,9,10). We can confirm that VPT
and reflex are important prognostic tests in
the clinical setting for identifying patients at
risk for foot ulceration. In addition, muscle
strength testing has been demonstrated as a
further simple clinical tool. Thus, the finding
of any of the following abnormalities will
lead to patients being identified to be at risk
for neuropathic foot ulceration: VPT >25V,
absent ankle reflexes, and significant muscle
weakness by clinical examination. Although
this may result in some patients being falsely
classified as being at risk for foot ulceration,
this overcaution is not harmful. These data
also highlight the fact that there is an urgent
requirement for further research into how to
lower the very high incidence of foot prob-
lems in diabetic patients with neuropathy;
since the conventional intervention of stan-
dardized education and regular patient fol-
low-up visits, which was employed in this
multicenter study, has failed to prevent foot
ulceration.
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