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Abstract

Aims To evaluate the impact of peripheral neuropathy on bone health in people with type 2 diabetes mellitus (T2DM).
Methods Participants with T2DM were grouped according to the presence of peripheral neuropathy as assessed by vibra-
tion perception threshold (VPT). Recruitment ensured groups were balanced for age, sex and body mass index (BMI). Bone
health was measured by calcaneal quantitative ultrasound (QUS) and compared between groups. Calcaneal QUS parameters
were correlated across the cohort with VPT and other prespecified variables.

Results Thirty-four participants (17 per group) were included with mean age 68 + 12 years, 47% male, with median BMI
29.9 (IQR 26.9-32.7) kg/m. The peripheral neuropathy group had significantly lower mean Stiffness Index (87 + 12 versus
101 +16, p=0.01), Speed of Sound (1542 +28 versus 1574 +34 m/s, p <0.01), and a trend towards lower Broadband Ultra-
sound Attenuation (113 + 10 versus 120+ 12 dB/MHz, p=0.07). Pedal bone health asymmetry was not a significant feature
in those with peripheral neuropathy. All calcaneal QUS parameters correlated negatively with VPT, although significance of
the relationship with Broadband Ultrasound Attenuation was nullified if controlled for diabetes duration or time on insulin.
Broadband Ultrasound Attenuation showed independent negative correlation with diabetes duration.

Conclusions People with T2DM and peripheral neuropathy have poorer bone health as measured by calcaneal QUS than
those without peripheral neuropathy, independent of age, sex and BMI.

Keywords Type 2 diabetes mellitus - Peripheral neuropathy - Bone health - Bone density - Fracture - Calcaneal quantitative
ultrasound

Introduction

Poor bone health is increasingly recognised as a complica-
tion of type 2 diabetes mellitus (T2DM). The pathophysi-
ological mechanisms are complex and contentious, with obe-
sity and insulin resistance observed to have varied effects on
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bone, and oxidative stress and microvascular disease likely
detrimental to bone health in the later stages of T2DM [1, 2].
A recent meta-analysis found that T2DM is associated with
significantly increased risk of hip and vertebral fractures
[3]. Of particular interest, the greatest elevation of fracture
risk in T2DM was seen at the foot, where relative risk was
37% higher than comparator populations without T2DM,
raising the potential involvement of peripheral neuropathy
in fracture predisposition. Reported predictors of fracture are
generally surrogates of disease severity, such as older age,
longer diabetes duration, higher glycosylated haemoglobin
and insulin use. Therefore, unravelling the contribution of
peripheral neuropathy to fracture risk is problematic in large
epidemiological studies.

There are potential adverse effects of peripheral neu-
ropathy both extrinsic and intrinsic to bone that may con-
tribute to increased fracture risk. Extrinsically, falls risk
is increased in T2DM [4] and proprioceptive loss and gait
disorders secondary to peripheral neuropathy are thought to
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partly mediate this risk [5]. However, the literature suggests
increase risk of fracture in T2DM is independent of falls.
Intrinsically, the neuropeptides substance P and calcitonin
gene-related peptide (CGRP) regulate bone turnover in vitro
[6, 7]. In rodent models, selective injury to peripheral neu-
rons is associated with reduced bone density, strength and
unfavourable microarchitecture [8].

A particular conundrum is presented by Charcot neu-
ropathic osteoarthropathy (or Charcot foot). Typically the
condition presents unilaterally, an observation not explained
by traditional Neurovascular and Neurotraumatic theories
of the pathophysiology [9]. While the neuropathic foot is
clearly susceptible to trauma, the majority of individuals
who develop Charcot foot do not recall a distinct injury [10].
Focal osteopenia can be demonstrated in the acute Charcot
foot [11]. However, it is unclear whether a baseline asym-
metry in bone health precedes onset of the condition giving
rise to its typically unilateral presentation.

If bone is intrinsically altered by peripheral neuropathy,
one might anticipate measurable changes clinically. Dual-
energy X-ray absorptiometry (DXA) is considered the gold
standard for measurement of central bone density; however,
it is not clinically validated for measuring pedal bone. In
contrast, calcaneal quantitative ultrasound (QUS) is specifi-
cally designed to measure bone health at the heel and is port-
able, affordable and easy to use [12]. Utility for fracture risk
prediction in T2DM is comparable to bone densitometry,
and therefore this tool has potential application in screening
[13]. Vibration perception threshold (VPT) is widely recom-
mended in screening for clinically relevant diabetes-related
peripheral neuropathy [14, 15]. Assuming clinically meas-
urable deleterious effects on bone requires well-established
denervation, subtle pre-clinical disease detectable using
more invasive techniques (e.g. nerve conduction studies,
tissue biopsy) may be less relevant.

This study aimed to evaluate bone health using calcaneal
QUS in people with T2DM and peripheral neuropathy, as
compared to a T2DM group without peripheral neuropathy.
Of importance, participant selection was designed to reduce
confounders commonly unaccounted for in previous studies.

Methods

Participants were ambulant adults with T2DM attending
St Vincent’s Hospital Sydney Diabetes Clinics between
2018 and 2020. Exclusion criteria included previous oste-
otomy or surgical fixation involving the foot, previous major
lower limb amputation, non-weight bearing for a period of
2 months or greater during the past year, any antiresorp-
tive therapy during the past 12 months and/or a greater
than 5-year cumulative exposure, pre-existing diagnosis of
peripheral arterial disease and/or impalpable pedal pulses,
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heel ulceration at the site of QUS probe and/or greater than
Texas Classification 1A foot ulceration, current foot infec-
tion and/or fracture, and acute or chronic Charcot neuro-
pathic osteoarthropathy.

Two participant groups were recruited, those without
and those with peripheral neuropathy. Clinical records were
screened according to the eligibility criteria and previous
documentation of peripheral neuropathy. The latter was
used to guide recruitment, ensuring similarity in age, sex
and body mass index (BMI) between groups. All potential
participants were provided with details of the study, and, if
interested, they were recruited. Signed informed consent was
obtained. Final group allocation was based on the average of
bilateral VPT with peripheral neuropathy defined at or above
25 V. The threshold of 25 V is commonly used in clinical
studies to indicate high risk of foot ulceration [16], and a
VPT above this threshold is abnormal irrespective of age
[17]. The sample size was set at 20 participants per group
based on previous similar studies [18]; however, ultimately
the COVID-19 pandemic hindered recruitment.

Data collection was cross sectional, with all assessments
and measurements performed in a single visit by the same
investigator (JL). First, clinical data were collected includ-
ing demographics, diabetes history, fracture history, age of
menopause (if relevant), current medications, previous expo-
sure to antiresorptive, corticosteroid or hormone therapies,
calcium and vitamin D supplementation, smoking status,
alcohol consumption and physical activity (assessed by
International Physical Activity Questionnaire) [19]. Second,
anthropometry and foot sensation were assessed, including
4-point monofilament and VPT using methods outlined by
Boulton et al. (2008) [20]. VPT was measured by calibrated
Biothesiometer, Bio-Medical Instrument Co (Ohio, US).
Blood was collected for calcium, magnesium, phosphate,
parathyroid hormone level, 25-hydroxyvitamin D and gly-
cosylated haemoglobin.

Bilateral QUS was performed using the Lunar Achilles
EXP II, GE Healthcare (Wisconsin, US). This device reports
Speed of Sound (SOS) and Broadband Ultrasound Attenua-
tion (BUA), and amalgamates both measures in computing
the Stiffness Index (SI). Each foot was measured twice by
the same investigator (JL) with repositioning.

Statistical analysis

Paired measurements were used to assess reliability and
precision. Reliability was analysed by intraclass correlation
coefficients (ICC) with 95% confidence intervals (CI) using
a two-way mixed effects model with absolute agreement.
Precision was analysed using coefficients of variation (CV)
[21], which were then standardised to the variance of meas-
urements within the study population [22]. The 95% CI for
CVs were determined by bootstrapping.
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Bilateral QUS measurements were averaged for each par-
ticipant to allow comparison of SOS, BUA and SI between
groups. Outliers were excluded from subsequent analysis
if the SI was more than 1.5 times the interquartile range
above the upper quartile. Remaining values were normally
distributed and therefore group means compared using inde-
pendent-samples t-tests.

The absolute difference between feet for each partici-
pant and QUS parameter was also calculated. These val-
ues were non-normally distributed, and therefore medians
were reported and compared using Mann—Whitney U tests.
Association of QUS parameters with VPT was evaluated
using Pearson correlation across both groups combined.
Previous meta-analyses have associated age, BMI, diabe-
tes duration, HbA1lc and time on insulin with bone health
[3, 23]. Therefore, partial correlation was used to examine
the robustness of the association between QUS parameters
and VPT, controlling for aforementioned covariates in turn.
In addition, while not the primary aim of this study, the
same variables were correlated with QUS parameters as an
exploratory analysis.

Statistical analysis was conducted using SPSS Statistics
for Macintosh, version 25 (IBM Corp, Armonk, NY, USA).
Bootstrapping was performed on R Studio for Macintosh,
version 1.4.1106 (R Studio, Boston, MA, USA). Figures
were created on GraphPad Prism for Macintosh, version
9.1.0 (GraphPad Software, San Diego, CA, USA). Ethics
approval for the study was obtained from the St Vincent’s
Hospital Sydney Human Research Ethics Committee (refer-
ence number HREC/17/SVH/116) and the study was con-
ducted in accordance with the Declaration of Helsinki.

Results

Screening of consecutive clinical records identified 52
potential participants. Following formal eligibility assess-
ment, one potential participant was excluded due to the pres-
ence of internal ankle fixation, 9 declined participation, and
7 did not return contact. Thus, 35 individuals were studied:
17 without peripheral neuropathy and 18 with peripheral
neuropathy. One outlier in the peripheral neuropathy group
was excluded from further analysis (SI 1.7 times the inter-
quartile range above the upper quartile), representing a male
participant who had used testosterone for 10 years.
Participant characteristics are summarised in Table 1.
Those with peripheral neuropathy were more likely to be
using insulin (82% versus 41%, p=0.01) and have other
microvascular complications (77% versus 35%, p=0.02).
Intraobserver reliability was excellent for all QUS param-
eters in this cohort. The intraclass correlation coefficients
were 0.98 (95% CI 0.96-0.99) for SOS, 0.96 (95% CI
0.92-0.98) for BUA and 0.995 (95% CI 0.99-1.00) for SI.

Intraobserver precision was well within ranges previously
reported [12]. Coefficients of variation for SOS, BUA and
SI were 0.3%, 2.0% and 1.3% respectively. Corresponding
standardised coefficients of variation were 3.2%, 4.8% and
1.8%.

As illustrated in Fig. 1, bone parameters measured by
QUS were poorer in the peripheral neuropathy group. In
particular, SI and SOS were significantly lower, and a trend
towards lower BUA was observed. Asymmetry between feet
was not statistically significantly greater in those with as
compared to those without peripheral neuropathy. Median
difference between feet for SI was 3.0 (1.0-7.5) in those
without neuropathy and 7.0 (2.3-11.5) in those with neu-
ropathy (p =0.15). The respective figures for SOS were 6.1
(2.4-13.9) m/s versus 11.5 (2.2-19.9) m/s (p =0.63) and for
BUA 3.7 (1.8-8.3) dB/MHz versus 6.0 (2.2-9.1) dB/MHz
(p=0.43).

Significant correlations between all QUS parameters and
VPT were seen across the cohort. Pearson correlation coef-
ficients () were —0.54 (»p =0.001) for SOS, —0.40 for BUA
(p=0.02) and —0.52 for SI (p =0.002). Figure 2 shows the
correlation of SI with VPT. Significant correlation of VPT
with SOS and SI remained with partial correlation analy-
ses to control for confounders. In contrast, the relationship
between VPT and BUA was no longer significant if con-
trolled for diabetes duration (r=—0.33, p=0.07) or time
on insulin (r=—0.43, p=0.05). There were no statistically
significant correlations between SOS or SI and age, BMI,
diabetes duration, HbAlc or time on insulin. Broadband
Ultrasound Attenuation correlated significantly with diabe-
tes duration (r = —0.37, p=0.03) but not with the other
variables.

Discussion

In this study, we demonstrated that people with T2DM and
peripheral neuropathy have poorer bone health than those
without peripheral neuropathy, as measured by calcaneal
QUS. As groups were similar with respect to age, sex and
BMLI, the association appears to be independent of these fac-
tors. When VPT was considered as a continuum, there was
a significant negative correlation with all calcaneal QUS
parameters, primarily driven by SOS. Pedal bone health
asymmetry was not more pronounced in those with as com-
pared to those without peripheral neuropathy.

Previous studies evaluating the impact of peripheral neu-
ropathy on bone health in T2DM have shown incongruous
results [24]. On the one hand, significant association of neu-
ropathy with fracture risk has been demonstrated in people
with T2DM over the age of 50 [25, 26]. Of note, these stud-
ies were retrospective and neuropathy was identified as a
predictor in multivariate analyses. On the other hand, several
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Table 1 I.Da.r.ticipant No neuropathy (n=17) Neuropathy” (n=17)  p-value

characteristics grouped

according to the presence of Demographics

peripheral neuropathy Age (years) 68 (£12) 67 (£13) 0.84
Gender (men) 8 47%) 8 47%) 1.00
Ethnicity (Caucasian) 14 (82%) 15 (88%) 0.63
Diabetes
Duration (years) 18 (+9) 21 (£12) 0.40
Insulin use 7 (41%) 14 (82%) 0.01%*
Time using insulin (years) 6 (3-15) 7 (3-14) 0.82
Duration of neuropathy symptoms (years)  — 5 (2-10) -
Other microvascular complication/s (35%) 13 (77%) 0.02%*
Any macrovascular complication/s 3 (18%) 8 47%) 0.07
Bone
Previous low trauma fracture 3 (18%) 4 (24%) 0.67
Time post-menopause (years, for women) 21 (£12) 18 (£10) 0.58
Previous antiresorptive use 0 0 -
Calcium supplement 4 (24%) 1 (6%) 0.15
Vitamin D supplement 9 (53%) 10 (59%) 0.73
Family history of osteoporosis 1 (6%) 0 -
Social
Smoking (past/current) 8 47%) 7 41%) 0.73
Alcohol (> 1SD/day) 5 29%) 5 29%) 1.00
Physical activity (MET-min/week) 1210 (960-1750) 990 (500-1390) 0.22
Clinical
Body mass index (g/cm?) 29.3 (24.8-32.0)  30.5  (28.8-32.5) 0.39
Waist circumference (cm) 106 (x14) 108 (x£12) 0.72
Monofilament (4/4 bilaterally) 12 (71%) 2 12%) <0.001*
Biothesiometry (V) 16 (12-22) 39 (31-44) <0.001*"
Biochemistry
HbAlc (%) 7.2 (=1.2) 7.7 (=1.2) 0.21
HbA ¢ (mmol/mol) 55 (=13) 61 (=13) 0.21
Corrected calcium (mmol/L) 2.37 (£0.12) 2.38 (£0.13) 0.74
25-OH vitamin D (nmol/L) 61 (=16) 60 (x21) 0.86
Parathyroid hormone (pmol/L) 5.1 (£24) 4.5 (£1.8) 0.44

*Statistically significant difference between groups at p <0.05

#Peripheral neuropathy defined by vibration perception threshold >25 V

Parametric data mean (SD); nonparametric data median (IQR); other data n (%)
SD standard drink (10 g alcohol); MET metabolic equivalent of task

studies have reported on bone outcomes using dual-energy
X-ray absorptiometry (DXA), X-ray morphometry, QUS or
peripheral quantitative computed tomography, with only two
suggesting unfavourable outcomes in people with neuropa-
thy [27, 28].

While the literature on bone health in type 1 diabetes mel-
litus (T1DM) is plentiful, studies dedicated to investigating
bone outcomes in people with peripheral neuropathy and
T2DM are less prevalent. Many have included individuals
with both TIDM and T2DM. The pathophysiology of these
conditions is clearly very distinct, as are the proposed del-
eterious effects of diabetes on bone health. For instance,
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the peak incidence of T1DM onset is in adolescence, which
impacts on the accrual of peak bone mass [29]. Additionally,
the deficiency of anabolic hormones, particularly insulin,
insulin-like growth factor-1 and amylin, is thought to con-
tribute to poorer bone health in people with TIDM [30, 31].

In contrast, T2DM is a state of hyperinsulinaemia at onset
of the disease and osteoblasts in T2DM may exert resistance
to the effects of anabolic hormones [32, 33]. Bone health is
also likely to be adversely affected by advanced glycation
end-products, increased marrow adiposity and diminished
incretin effect [34-36]. As much of the existing evidence
has arisen from large population cohorts and retrospective
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analyses, matching or adjusting for confounders is often
not possible. For example, the presence of peripheral arte-
rial disease, Charcot foot, vitamin D deficiency or previous
antiresorptive use would be anticipated to have independent
effects on bone.

Our study specifically recruited people with T2DM, and
balanced groups for age, gender and BMI. Further, detailed
eligibility criteria reduced many of the aforementioned
confounders. Some characteristics did differ between the
groups, in particular insulin use and coexisting microvas-
cular complications. It is interesting that insulin use was
higher in the peripheral neuropathy group despite similar

diabetes duration and BMI. As with the prevalence of coex-
isting diabetes complications, this is likely to be a marker of
disease severity and needs to be considered in interpreting
our findings. Although not a significant finding in our study,
physical activity as measured by the International Physical
Activity Questionnaire was previously reported to be lower
in those with peripheral neuropathy [37], which could influ-
ence bone health.

The key findings on calcaneal QUS were lower SOS and
SI in the peripheral neuropathy group. SOS is thought to
be more representative of bone density, given the speed of
ultrasound transmission is impeded by the bone mineral
content. In contrast, BUA theoretically incorporates assess-
ment of bone quality or microarchitecture as the refraction
of ultrasound reflects the degree of porosity. Our data there-
fore suggests the overall SI, which is an amalgamation of
SOS and BUA, was primarily driven by lower bone density.
Further, asymmetry was not a significant feature in those
with peripheral neuropathy. This supports the hypothesis
that osteopenia is a consequence of rather than a predis-
posing factor to acute Charcot foot [9]. In our experience,
significant asymmetry on calcaneal QUS is primarily seen
in acute Charcot foot and situations where preferential load-
ing occurs, for example in elite athletes (unpublished data).

The Health ABC Study included 2200 individuals
between 70 and 79 years of age, with approximately 20 per
cent prevalence of diabetes mellitus [28]. Type of diabe-
tes mellitus was not specified. Peripheral nerve function
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was assessed by monofilament, VPT and peroneal motor
nerve conduction velocity and amplitude, with the results
used to group participants in quartiles. Lower total hip bone
mineral density using DXA and calcaneal BUA using QUS
were associated with poorer nerve function. The interesting
exception was VPT for calcaneal BUA, for which there was
no significant association. Our study used VPT to define
peripheral neuropathy and BUA was also not significantly
different between groups.

By contrast, two prior studies combining people with
T1DM and T2DM did not report a significant association
between peripheral neuropathy and bone health using QUS.
Piaggesi et al. (2002) using the same VPT cut-off of 25 V
found SOS and BUA to be comparable in those with (n=14)
or without (n=13) neuropathy, noting approximately 30%
in each group had T1DM [38]. Urine deoxypyridinoline,
a marker of bone resorption, was higher in the group with
neuropathy. Chakrabarty et al. (2004) studied people at the
time of diabetes diagnosis, with 23% prevalence of TIDM,
and a vast age range from 11 to 70 years. Only BUA was
measured, and no correlation was seen with peripheral neu-
ropathy [39].

More recent studies dedicated to T2DM have used high-
resolution peripheral quantitative tomography (HR-pQCT)
to assess bone quality. Microvascular disease was associated
with higher cortical porosity, and lower cortical volumetric
BMD and cortical thickness at the distal radius [40, 41], with
a trend towards higher cortical porosity at the distal tibia
[41]. The results are not directly comparable to the current
study given the prevalence of peripheral neuropathy amongst
those with microvascular disease was low or unspecified,
and the definition of peripheral neuropathy varied.

The major strength of our study was the similarity
between groups in terms of key determinants of bone health,
specifically age, sex and BMI, and careful use of exclusion
criteria to reduce confounders. The groups were well char-
acterised with respect to both diabetes characteristics and
peripheral neuropathy, as compared to retrospective popula-
tion-based studies. A single investigator performed all meas-
urements ensuring consistency, and very high QUS reliabil-
ity and precision was proven. Given the absence of blinding,
the relatively subjective assessment of VPT was recorded
prior to calcaneal QUS measurement, which is objective.
Power was limited by the relatively small number of partici-
pants, although the sample size per group was not dissimilar
to previous comparable studies. The cross-sectional study
design does not allow for exploration of causality. There
was a potential for selection bias, although all eligible clinic
attendees were approached within the limits of the study
methodology. Finally, only post-menopausal women were
recruited, primarily given that peripheral neuropathy as a
time-dependent complication of T2DM is more common in
this age group.
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More studies are needed to investigate the impact of
peripheral neuropathy on bone health in T2DM using care-
fully characterised cohorts. Assuming our findings are repro-
ducible, several clinically relevant hypotheses are raised.
Peripheral neuropathy may partly explain the higher risk of
pedal fractures in T2DM as compared to the general popula-
tion and also contribute to the complex pathophysiology that
underlies Charcot foot. Bone health may simply be a marker
of disease severity and detrimental effects of hyperglycaemia
on bone. However, perhaps poor pedal bone health is a mani-
festation of microvascular ischaemic disease, denervation,
hyperinsulinaemia and/or insulin resistance.

We have previously proposed that QUS may have utility
in bone health screening [13]; however, this data now sug-
gests one would need to simultaneously screen for periph-
eral neuropathy. Peripheral measures of bone health are
less likely to be representative of general bone health when
peripheral neuropathy is present. In this case, central DXA
may be more relevant. While we have previously shown that
QUS is predictive of any low trauma fracture in T2DM [13],
specific relevance to foot fracture and Charcot foot predic-
tion would require further evaluation. Of interest, if QUS
could be used to identify those at greatest risk of Charcot
foot prior to its onset, there may be opportunity for preventa-
tive action. Finally, it is unclear whether interventions com-
monly used in managing osteopenia reduce fracture risk in
T2DM, particularly if peripheral neuropathy is contributing
to bone health deterioration.

Conclusions

Peripheral neuropathy in T2DM seems to be associated
with poorer bone health as measured by calcaneal QUS,
independent of age, sex and BMI. Across the spectrum of
VPT, there is a robust negative correlation with calcaneal
QUS parameters, driven by SOS. Finally, the presence of
peripheral neuropathy does not appear to lead to greater
asymmetry in pedal bone health. Larger studies in clini-
cally well-defined longitudinal cohorts are required to better
understand the relationship between peripheral neuropathy
in T2DM and bone health.
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