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Follow-up of advanced diabetic neuropathy
Useful variables and possible pitfalls

Introduction

Diabetes mellitus is one of the most common chronic
disorders affecting over 100 million people worldwide
[9]. The occurrence of peripheral diabetic neuropathy
(DN) depends on the duration of diabetes [17] and its
incidence is 60 % in diabetic patients [27]. DN is elec-
trophysiologically characterized as a combined neu-
ropathy with demyelination (slowing of nerve conduc-
tion velocities (NCV)) [26], prolonged distal latency
(DL) [28] and axonopathy (reduction of compound
muscle action potentials (CMAPs) and sensory nerve
action potentials (SNAPs)). Accordingly, electromyo-
graphic studies show neurogenic reorganization with
axon re-sprouting countervailing fiber loss. Sensory

NCV is sensitive to the detection of early neuropathies
[13], as is quantitative thermal sensory testing (QST)
and heart rate variability (HRV); the latter concerns au-
tonomic fiber involvement [2].A combination of several
neuro-physiological methods may be of importance,
since different classes of nerve fibers could be inhomo-
geneously affected in DN. NCV mainly reflects large
fiber function, QST tests thinly or unmyelinated sensory
C- and Aδ-fibers and heart rate variability assesses
parasympathetic reflexes.

Unless the underlying pathophysiology is reversed,
e. g. by pancreatic transplantation, DN should be
steadily but slowly progressing. In particular for treat-
ment studies, diagnostic variables have to allow assess-
ment of therapeutic effects within a restricted amount of
time. Clinical evaluation is subjective and does not nec-
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■ Abstract Background The
course of advanced diabetic neu-
ropathy (DN) is largely unknown.
Aim To find variables allowing the
follow-up of late stages of DN.
Methods Thirty diabetic patients
with DN were observed. Patients
were examined at intervals of 6
months over a period of 2 years.
The compound muscle action po-
tentials (CMAPs) were recorded in
extensor digitorum brevis (EDB)
and flexor hallucis brevis (FHB)
muscles. Clinical severity of DN,
nerve conduction studies (NCS),
quantitative sensory testing (QST)
and heart rate variability (HRV)
were evaluated. The data were com-
pared with age- and sex-matched
controls. Results All measures were
sensitive to the detection of DN.

Significant deterioration during
follow-up was exclusively found in
CMAP analysis of the EDB
(p < 0.05) and FHB muscles
(p < 0.03). NCS, QST and HRV re-
mained unchanged within the 2
years of observation. Coincidental
changes might occur, if only two
time points are chosen for follow-
up. Conclusion Our results indicate
that ongoing axonopathy predomi-
nates in advanced DN. Repeated
testing helps to minimize the im-
pact of coincidental or chance
changes in DN follow-up studies.

■ Key words diabetic neuropathy ·
compound muscle action potential
· nerve conduction velocity ·
quantitative sensory testing · heart
rate variability

0315_0320_Krämer_JON_1645  16.03.2005  12:30 Uhr  Seite 315

Petitioner - Avation Medical, Inc.
Ex. 1099, p. 315

Avation Medical, Inc. v. EMKinetics, Inc., IPR2024-01375



316

essarily reflect further nerve damage and might there-
fore be inappropriate for sensitive follow-up. Interest-
ingly, discrepancies between subjective clinical im-
provement and NCV have been reported [29]. Most
arguments dealing with this problem refer to the under-
lying further deterioration of DN. The failure of nerve
conduction studies (NCS) to detect therapy effects may
be connected with continuing deterioration of nerve
function. On the other hand, NCV may well be within
the pathological range before clinical symptoms of DN
occur, and further deterioration of NCV might require
10 years or longer [22].

The aim of this study was to analyse the course of late
DN. Our patients were neither treated with any “spe-
cific” medication aimed to slow the progression of DN
nor extensively treated with anti-diabetic medication.
We chose this type of patient because they represent the
most important patient group in neurological outpa-
tient clinics. Deterioration of neuropathy in these pa-
tients should be paralleled by similar changes in nerve
function tests. The identification of the most sensitive
diagnostic test could help in defining surrogate markers
for therapy effects in future trials. In order to achieve
stable results we investigated the patients 5 times over a
period of 2 years. Therefore we could exclude occasional
or seasonal variations, which would otherwise be misin-
terpreted as deterioration or improvement of DN. Motor
NCV were assessed, the CMAPs were recorded, thermal
and vibratory thresholds were measured,heart rate vari-
ability was tested and the clinical severity of DN was
analysed.

Materials and methods

■ Patients and controls

Thirty patients with signs of peripheral DN (17 men, 13 women) with
a mean age of 52.4 ± 2.5 years were investigated. Fourteen patients
suffered from insulin-dependent diabetes mellitus (IDDM), 16 pa-
tients from non-insulin dependent diabetes mellitus (NIDDM). The
mean duration of diabetes was 204.4 ± 24 months at the entrance of
the study. The investigations were performed over a period of 24
months. The patients were examined at the beginning and thereafter
in intervals of 6 months. The clinical severity of diabetic neuropathy
was analysed by medical history and neuropathy impairment score
(NIS) [7]. Diabetes control was assessed at the end of the study and
was found to be suboptimal with a mean HbA1C of 8.1 ± 0.34 %.

For normal values, 34 age- and sex-matched healthy controls were
tested (19 male,15 female,mean age 50.6 ± 2.2 years).Control subjects
were investigated once at the beginning of our follow-up study.We did
not perform re-testing in the normal subjects group since there was
no reason to suspect changes in nerve function.

Informed consent was obtained from all participants according to
the declaration of Helsinki and the study was approved by the local
ethics committee. All investigations were carried out in our tempera-
ture (23° C) and humidity (50 % relative humidity) controlled labora-
tory. The time for acclimatization for all subjects was at least 1 hour
before starting the study.

■ Nerve conduction studies

Nerve conduction studies were performed using standard surface
recording techniques. Motor NCV and peak to peak CMAP of the per-
oneal and tibial nerves were assessed. Sensory nerve conduction
velocity was not analysed systematically since only a minority of our
patients (n = 7, assessed orthodromically) had measurable sensory
nerve potentials in the lower extremities.

■ Quantitative sensory testing (QST)

Vibratory, cold and warm perception thresholds were measured. Cold
and warm perception thresholds were determined using a thermo-
tester (Somedic, Sweden). A 5 cm2 peltier element (thermode) was
placed on the dorsum of the right foot. The method of limits [12] was
employed to determine thermal thresholds in 6 consecutive measure-
ments for warm and cold perception. In order to reduce variability,
the first 2 measurements were excluded and the mean value of the re-
maining 4 was calculated.

Vibratory thresholds were assessed at the right medial ankle by an
electromagnetic Vibrameter (Somedic, Sweden) with a stimulus fre-
quency of 100 Hz.Vibration perception thresholds and vibration dis-
appearance thresholds were identified [10] and the vibratory thresh-
old (VT) was calculated as the statistical mean of 3 consecutive
measurements [12].

■ Heart rate variability

Cardiac autonomic neuropathy (CAN) was assessed by evaluation of
heart rate variability (HRV). HRV was recorded employing a Prosci-
Card®-analyser (ProScience, MediSyst, Linden, Germany). Seven sta-
tistical values were obtained during rest, deep respiration and Val-
salva maneuver while all subjects were resting in a comfortable seated
position [8]. CAN was diagnosed if the results of 3 or more of these
measures exceeded pre-determined normal values [31].For follow-up
statistics the variation coefficient to deep inspiration (VC) was se-
lected. This has been shown to be sensitive and hardly influenced by
the heart rate itself.

■ Statistics

Statistics were calculated using a SPSS (SPSS 10.1 for Windows,
Chicago, Illinois, USA) software package. In order to identify signifi-
cant differences within 2 years of follow up, a MANOVA for repeated
measurements was performed with 5 consecutive measurements dur-
ing follow up. Since sphericity could not be assumed in all data sets,
Greenhouse-Geisser correction was employed.

Additionally, t-tests were used to fix differences between single
measures of these follow-up investigations, in which MANOVA was
insignificant. Values which were found to be insignificant in time se-
ries analysis but showed significance in single t-tests were classified
as coincidentally significant.

All values are given as mean ± SEM. Statistical significance was
considered at p < 0.05.

■ Missing values

The number of subjects included in the different measurements
varies owing to the MANOVA requirement for complete data sets.
This implies that the whole follow-up measurement was discarded if
there was one missing value (e. g. heart rate variability could not be
assessed because of cardiac arrhythmia).
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Results

■ Clinical severity of DN

Clinical severity of diabetic neuropathy was analysed by
medical history and neuropathy impairment score (NIS)
[7]. The patients could be classified as follows: NIS 1
point: 6 patients, NIS 2 points: 17 patients, NIS 3 points:
7 patients. Despite the poor glycemic control, there was
no clinical worsening: NIS scores, sensory disturbances
(extension of hypesthesia and hypalgesia) and motor
symptoms remained stable within our observation pe-
riod.

Twenty-one patients suffered from neuropathic pain,
which was described as dysesthesia or lancinating pain
and 4 patients reported restless leg syndrome.

■ Nerve conduction studies

Motor NCV of the peroneal nerve within the patient
group was significantly slowed as compared with con-
trols (p < 0.001).Time series analysis revealed no further

deterioration within 2 years (F = 0.521, ns) (Fig. 1A) and
no difference between patients with IDDM and NIDDM
(F = 1.114, ns).

Tibial motor NCV also was significantly different be-
tween patients and controls (p < 0.001).As with peroneal
NCV, time course analysis neither detected any signifi-
cant changes within the follow-up period (F = 1.806, ns)
(Fig. 1C) nor between IDDM and NIDDM patients
(F = 1.39, ns).

CMAPs after peroneal and tibial motor stimulation
were reduced compared with recordings in normal sub-
jects (peroneal CMAP: p < 0.001, tibial CMAP:
p < 0.001). By contrast to NCV studies, within 2 years a
significant further and steady decline in CMAP ampli-
tudes in the extensor digitorum brevis muscle
(F = 3.129, p < 0.05) (Fig. 1B) as well as in the flexor hal-
lucis brevis muscle (F = 3.56, p < 0.03) (Fig. 1D) could be
detected. However, CMAP studies did not show a signif-
icant contrast between patients suffering from IDDM
and patients diagnosed with NIDDM (peroneal CMAP:
F = 1.752, ns; tibial CMAP: F = 0.161, ns).

Fig. 1 Plotted are the variations in time of the peroneal (A) and tibial (C) NCV and the corresponding CMAP (Extensor digitorum brevis (EDB) muscle: B and Flexor hallucis
brevis (FHB) muscle: D) within our patient series. Neither peroneal nor tibial NCV significantly changed within two years of follow-up. In contrast, a significant steady dete-
rioration of the CMAP of the peroneal supplied EDB (p < 0.05, MANOVA) and the tibial supplied FHB (p < 0.03, MANOVA) can be observed. Filled circles represent DN pa-
tients, open circles control subjects
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■ Quantitative sensory testing (QST)

Cold and warm perception thresholds (PT) were signif-
icantly decreased or increased, respectively in patients
compared with controls (ColdPT: p < 0.001, WarmPT:
p < 0.001), but differences between IDDM and NIDDM
patients were not found (ColdPT: F = 0.677,ns; WarmPT:
F = 0.846, ns). Standard deviations were high in the pa-
tients and therefore no significant deterioration could
be found during the following 2 years (ColdPT:
F = 0.543, ns, WarmPT: F = 0.879, ns) (Fig. 2). This also
applies to VT which was significantly increased in the
patients (p < 0.001); there was no difference between dif-
ferent patient groups recorded (F = 0.986, ns) and no
further change could be detected (F = 0.709, ns) (Fig. 3).

■ Heart rate variability (HRV)

CAN was diagnosed in 10 patients: 5 patients suffered
from IDDM and 5 patients were diagnosed with
NIDDM. This number was unchanged during the fol-
low-up. Accordingly, VC was reduced in patients
(p < 0.01) and repeated testing revealed no further dam-
age (F = 0.509, ns).

■ Assessment of “coincidentally significant” 
changes by t-tests

Those measures,which were insignificant in the time se-
ries analysis, were reassessed by comparing each single
investigation. Using this simplistic approach, significant
variations in tibial NCV, VC, ColdPT and VT can be de-

tected. We regard these results as incidental since the
time series analysis was insignificant in these variables.
Nevertheless, these coincidentally significant changes
represent a source of error in follow-up studies.

Discussion

Diabetic neuropathy is slowly progressive. In the present
study, we employed several neurophysiological investi-
gations assessing different classes of nerve fibers. We
found the CMAPs to be the only variable deteriorating
within a 2 year observation period while the patients re-
ported no further progression of their symptoms and
the neuropathy impairment score and the extension of
sensory and motor disturbances remained stable. This
means that peripheral axon loss is the predominant
pathological mechanism in advanced DN. Neither mo-
tor NCV, nor HRV, nor QST were sensitive in detecting
further changes in DN. These measures might have be-
come too severely deteriorated to be useful in follow-up
studies in advanced DN.

The progression of DN mostly shows a gradual wors-
ening but other courses do occur. Neuropathic symp-
toms in diabetes may be caused by axonopathy (reduced
CMAP) or demyelination (slowed NCV or prolonged
distal latency recordings, DL). Eventually axonopathy
and impairment of the myelin sheath result in progres-
sive fiber-loss and dying-back of the longest fibers in-
nervating distal limbs (centripedal pattern). There is
controversial debate about the major component of DN
and about the sensitivity of assessment of either ax-
onopathy or demyelination in diagnosis and follow-up
[1]. Patients with early diabetes are usually free of neu-
ropathic symptoms, but may present with slowing in

Fig. 2 Plotted are the differences from baseline temperature of warm (circles,
WDT) and cold (triangles, CDT) perception thresholds over time. No significant
changes within 2 years were recorded. Filled circles represent DN patients, open cir-
cles control subjects

Fig. 3 Plotted is the time dependency of the vibration thresholds at the right
internal malleolus in DN patients. No significant deterioration was observed. Filled
circles represent DN patients, open circles control subjects

0315_0320_Krämer_JON_1645  16.03.2005  12:30 Uhr  Seite 318

Petitioner - Avation Medical, Inc.
Ex. 1099, p. 318

Avation Medical, Inc. v. EMKinetics, Inc., IPR2024-01375



319

sensory NCV as an early symptom [13]. Further, NCV is
useful in this stage of DN, as a good test-retest reliabil-
ity has been proved [30]. This finding supports dysfunc-
tion of the myelin sheath to be one major pathomech-
anism of DN [11]. However, sensory and motor NCVs
deteriorate very slowly. The latency for the detection of
progression in NCV slowing has even been prolonged in
studies of advanced DN. Almost 10 years may be neces-
sary to detect further slowing of NCV in treated diabet-
ics [22].This time period would be unsuitable for the de-
tection of therapy effects.

Changes in distal nerves can provide the first evi-
dence of DN [23], while diabetic patients complaining of
neuropathic symptoms may have normal routine NCS.
In these patients, low sensory nerve action potentials
(SNAPs) can be recorded by near-nerve needle tech-
niques [19, 20], e. g. from interdigital nerves (IDN) [21].
This underlines the importance of axon loss (axonopa-
thy) in DN and argues in favor of additional analysis of
the action potentials after nerve stimulation. Elec-
tromyography may also be sensitive for the detection of
axon loss in diabetes [2]. However, EMG changes are
hard to quantify for follow-up purposes. Measurement
of CMAP with surface electrodes is more practical. De-
spite some variability, the results of our study emphasize
the possible predominance of axonopathy and the dete-
rioration of CMAP as one major surrogate of late DN
progression.

DN is a systemic disease and the majority of our pa-
tients were moderately affected (NIS: 2 points). The ab-
sence of clinical symptoms does not exclude changes in
the upper extremities. However, in our study we focused
on the lower extremities, where neuropathic symptoms
were pronounced in order to find suitable follow-up
variables representing clinically important nerve dam-
age. We abandoned a systematic assessment of sensory
NCV (SNCV), although this variable is known to be sen-
sitive in detecting DN. However, in advanced DN SNAPs
are often absent owing to degeneration of sensory fibers
[13]. Indeed, we were able to record SNAPs in only 7 pa-
tients.That is,SNCV is sensitive in early DN but less suit-
able in follow-up of advanced DN.

QST is a routine test for evaluation of small-fiber dys-
function [24], which is sensitive and reproducible [25].
The latter applies in particular to healthy subjects. In
DN, despite the use of QST for long term follow-up [5],
there might be a high variability of QST results in neu-
ropathy patients. Test – retest variation in VT was shown
to be larger than in NCV [18]. Despite assessing similar
fiber classes, there was a weak correlation between VT
and NCV in DN [4]. However, levels of variance of VT
(approximately 8 %) [30] are even lower than of thermal
thresholds (approximately 30 %) [3]. QST is known to be
sensitive in the detection of small-fiber damage in early
stages of DN. Since sensory fibers are easily damaged by
hyperglycemia, their impairment may be advanced even

in recently diagnosed DN. Because our patients suffered
from advanced DN, vibratory and thermal threshold
were already at the diagnostic limit at the entrance to
our study. This is why no further deterioration of ther-
mal and vibratory thresholds could be detected. These
findings corroborate our finding that QST is less suitable
for following up advanced DN.

Autonomic neuropathy emerges with increased du-
ration of diabetes and poor glycemic control. Even in
early stages of DN single parameters of HRV may be im-
paired [2]. Whether or not HRV may be useful for fol-
low-up of DN has been a matter of debate for a long
time. On the one hand, one previous study needed 9
years of observation to detect further HRV deterioration
[15]. This would be in accordance with our results. On
the other hand,a recent study suggested a significant de-
terioration of HRV within 2 years [14].Vagal nerve func-
tion, which is reflected by HRV, must be assessed indi-
rectly. Blood pressure, the heart rate itself and even
cardiovascular changes might interfere with heart rate
variation at different time points. Furthermore, HRV de-
pends on the patients’ active cooperation, e. g. deep
breathing. These points explain the extensive variation
of HRV and make this test less appropriate for follow-up
studies [16].

We used repeated re-testing in our investigation to
exclude or minimize seasonal, investigator, patient-re-
lated or chance variability. Our additional statistical
analysis shows that obviously consecutive measure-
ments have to be performed in order to avoid flaws.
There would have been several “coincidentally signifi-
cant” changes if just 2 time points had been chosen for
evaluation of follow-up. The analysis of the whole series
at all intervals eliminates such flaws since significant de-
terioration must include all measurements. We strongly
believe that poor internal control is one of the major
sources of the considerable variability of follow-up stud-
ies [6]. As discussed above, most parameters of nerve
function remained unchanged for 2 years. This time pe-
riod is further extended, if the patients are intensively
treated. NCV may deteriorate during conventional ther-
apy [34]. However, if intensified diabetes treatment be-
comes the standard, DN may occur later and progress
more slowly. Because of this development, the demand
for more sensitive tools to reliably analyse nerve damage
in any stage of DN will increase. CMAP may be an ob-
jective marker of deterioration detecting changes in ad-
vanced DN within a reasonable time. This should help in
planning future studies.
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