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Objective. Osteolysis and low bone mineral density (BMD) are underappreciated
consequences of several chronic diseases that may elevate the risk for fracture. The
purpose of this study was to assess tarsal BMD associated with acute inflammation (ie,
inflammatory osteolysis) in individuals with chronic diabetes mellitus (DM), periph-
eral neuropathy (PN), and recent-onset neuropathic (Charcot) arthropathy (NCA) of
the foot.

Research Design and Methods. This was a case-control study of 32 people
(11 men, 21 women) with DM, PN, and NCA of the foot or ankle. The subjects with
DM, PN, and NCA were compared with 64 age-, sex-, and race-matched control
subjects (24 men, 40 women) without DM, PN or NCA. Within the first 3 weeks of
cast immobilization, BMD was estimated in both calcanei using quantitative ultra-
sonometry. Acute inflammation was confirmed by comparing skin temperature dif-
ferences between the feet of the subjects with DM, PN, and NCA and the feet of the
control subjects.

Results. Skin temperature differences averaged 6.7°F (SD�4.0°F) (involved foot
minus noninvolved foot) in the feet of the subjects with DM, PN, and NCA compared
with 0.0°F (SD�1.3°F) in the feet of the control subjects. Calcaneal BMD averaged
384 mg/cm2 (SD�110) in the involved feet and 467 mg/cm2 (SD�123) in the
noninvolved feet of the subjects with DM, PN, and NCA and 545 mg/cm2 (SD�121)
in combined right and left feet of the control subjects.

Conclusions. Inflammation in individuals with DM, PN, and NCA may contribute
to or exacerbate a rapid loss of BMD. Inflammatory osteolysis may be a prominent
factor responsible for both the spontaneous onset of neuropathic fracture and the
insidious and progressive foot deformity that is the hallmark of the chronic Charcot
foot.
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Osteolysis (bone loss) is an un-
derappreciated consequence
of a number of chronic dis-

eases that may elevate the risk for
fracture. In some individuals with di-
abetes mellitus (DM) and peripheral
neuropathy (PN), repetitive trauma
may combine with exaggerated bone
loss to manifest in serious pedal com-
plications such as acute neuropathic
(Charcot) arthropathy (NCA) that
can leave the foot deformed and un-
stable for weight bearing.1,2

Neuropathic (Charcot) arthropathy
is an insidious, noninfective, and
progressive destruction of bones and
joints, resulting in pathological frac-
tures, dislocations, or subluxations.
There have been 2 dozen or more
chronic diseases in which neuro-
pathic fractures and joint changes
have been described.1 Since a 1936
report by Jordan,3 DM has been rec-
ognized as the primary disease in
which NCA most often occurs. De-
spite the prevalent conditions in
which NCA can develop, the etio-
genesis of acute NCA in the foot re-
mains poorly understood. The con-
temporary view is that acute NCA is
an amalgam of PN, unperceived and
repetitive trauma, acute inflamma-
tion, and an underlying propensity
for bone weakness.1

The purpose of this matched case-
control study was to assess the extent
of osteolysis that may accompany
acute inflammation in individuals with
DM, PN, and NCA of the foot.

Research Design and
Methods
We group-matched 64 control sub-
jects (24 men, 40 women) for age,
sex, and race with 32 case subjects
(11 men, 21 women) with DM, PN,
and an acute, unilateral inflamma-
tion due to recent-onset NCA. The
control subjects had no history of
trauma to either foot. All case sub-
jects had been previously diagnosed
with DM, had PN confirmed at their

initial physical therapy visit, and had
an arthropathy for which they were
seeking treatment and either were
being followed in our weekly dia-
betic foot clinic or were referred to
our physical therapy service for to-
tal contact cast immobilization over
a 36-month period.4 Inclusion cri-
teria for the case subjects included
a radiograph-confirmed overt frac-
ture or joint change (subluxation
or dislocation) consistent with NCA
and no evidence of local infection,
osteomyelitis, or advancing cellulitis.
Three of the 32 subjects had accom-
panying plantar ulceration. The plan-
tar ulcer was remote from the pri-
mary fracture or joint dysfunction in
2 subjects and was directly beneath
the fracture location in 1 subject.

All case subjects’ Charcot arthropa-
thy was temporally staged as Eichen-
holtz acute or subacute stage5 by
history, clinical examination, and
standard radiographs. The average
duration of time prior to seeking
therapy for their arthropathy was de-
termined by interview and subject
self-report. On average, most sub-
jects delayed seeking treatment for 4
to 7 weeks prior to their initial visit
for cast immobilization. Forty-three
percent of the subjects reported that
their current arthropathy was their
first onset, whereas 57% of the sub-
jects reported at least one prior on-
set in the same foot location or in a
different location within the same
foot. No subject with DM, PN, and
NCA had been diagnosed with renal
or hepatic osteodystrophy, none
stated they were current smokers,
and none had taken oral steroids
within the past 2 years. Female sub-
jects were not receiving hormone re-
placement therapy or oral contra-
ceptive therapy.

Neuropathy, Inflammation, and
Pedal Bone Mineral Density
The presence or absence of PN was
not a strict inclusion or exclusion
criterion for the case subjects at the

outset of our study. Similar to the
diagnosis of DM, PN was a common
impairment that characterized all of
our case subjects. The presence or
absence of PN was assessed in each
subject at the initial physical therapy
visit or visit to our diabetic foot
clinic. We assessed light touch (pres-
sure) at 7 locations on the plantar
surface of each foot (dorsal midfoot,
first, third, and fifth metatarsal heads;
and medial and lateral midfoot and
central hindfoot) was assessed using
a single-thickness (5.07/10-g) Semmes-
Weinstein monofilament.6 Subjects
who were unable to accurately sense
the 5.07 monofilament at any one of
7 locations were graded as absent
protective sensation and were con-
sidered to have PN.

To confirm the presence of inflam-
mation, we assessed the skin temper-
ature at the same 7 locations on each
foot using an Exergen infrared der-
mal thermometer (model DT1001*).7

The interval of time from onset of
symptoms to skin temperature as-
sessments in the subjects with DM,
PN, and NCA varied, although it was
estimated from the subjects’ verbal
reports to be 4 to 7 weeks prior to
the initial physical therapy visit and
the start of therapy (casting) in the
majority of subjects.

All subjects were asked to remove
their socks and footwear and to rest
comfortably on an examination table
for at least 15 minutes prior to assess-
ing skin temperature. We performed
3 trials of skin temperature assess-
ment at each of 7 locations in the
foot in a standardized, ordered se-
quence.7 The 3 measurements taken
at each location were averaged to
obtain a single average skin temper-
ature for each foot location. The av-
erage skin temperature difference at
each site in the noninvolved foot
(without NCA) was subtracted from

* Exergen Corp, 400 Pleasant St, Watertown,
MA 02472.
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the corresponding skin temperature
in the involved foot (with NCA) of
the subjects with DM, PN, and NCA
and expressed as an average skin
temperature difference. In the con-
trol subjects, the same procedure
was used, subtracting the right foot
temperature from the corresponding
locations on the left foot. All skin
temperatures were recorded in de-
grees Fahrenheit. Core body temper-
ature was assessed at the mouth
using Tempa-Dot,† and room temper-
ature was recorded immediately
prior to the first skin temperature
assessment of each subject using the
Exergen thermometer.

During the same visit as the skin tem-
perature assessment, we assessed
several measures of bone quality,
including estimating bone mineral
density (BMD) of both feet in each
subject using quantitative ultra-
sonometry (QUS) (Sahara Clinical
Bone Sonometer‡). Ultrasound mea-
sures included the speed of sound
(SOS, in meters per second), broad-
band ultrasound attenuation (BUA,
in decibels per megahertz), quantita-
tive ultrasound index (QUI, or the
slope of the BUA:SOS measures), es-
timated bone density (BMD, in milli-
grams per square centimeter), and
T-score (the number of standard de-
viation units above or below the
norm for a young, adult female pop-
ulation).8 Bone quality indicators, in-
cluding SOS, BUA, and QUI, are be-
lieved to represent several bony
microarchitectural properties such
as trabecular geometry, thickness,
and stiffness parameters that, inde-
pendently of BMD, correlate with
dual-energy x-ray absorptiometry
(DXA)–derived BMD and relative
fracture risk.8

The same research assistant (KLB)
performed all skin temperature and
QUS assessments. Two trials of each
subject’s calcaneus were performed
using the standard sequence of the
right foot, left foot, right foot again,
then left foot again. Measurements
obtained during the 2 trials of each
foot were averaged and expressed as
a single value for each calcaneus.
The precision of BMD estimates in
the heel has been reported to be
excellent using ultrasonometry.9 Our
sonometer was calibrated according
to the manufacturer’s instructions
before each subject visit. We have
previously assessed the reliability
and precision of all of the bone qual-
ity measures.10 Coefficients of varia-
tion (CVs) from 8 measures over a
4-week period on a cadaver foot-
phantom ranged from 0.2% for SOS,
1.9% for QUI, 3.5% for BUA, and
2.2% for estimated BMD.10 Intraclass
correlation coefficients (3,1) calcu-
lated from test-retest measurements
at a 1-week interval in 20 subjects
who were healthy ranged from .86
for BUA, .96 for SOS, .97 for QUI,
and .97 for estimated BMD.10

All subjects read and signed an in-
formed consent statement prior to
their participation. Subjects were not
remunerated for their participation.

Data Analysis
The cohort characteristics of age,
height, body mass, BMI, and shoe
size were assessed using a t test for
independent samples. The Kruskal-
Wallis nonparametric test was used
to assess equivalency of sex, race,
and frequency of neuropathy in each
cohort. The skin temperature differ-
ences at the 7 locations in the feet of
in the subjects with DM, PN, and
NCA were averaged and compared
with those of the control subjects
using t tests for independent sam-
ples. The BMD, SOS, BUA, and QUI
measurements and T-scores of the
calcaneus in the involved foot were
compared with those of the nonin-

volved foot in the subjects with DM,
PN, and NCA and with the average of
both heels in the control subjects
using a one-way analysis of variance.

Results
The physical characteristics of each
cohort are shown in Table 1. Group
matching procedures for age, sex,
race, and shoe size were successful,
as baseline physical characteristics
were not significantly different be-
tween the cohorts. Body mass, BMI,
and the presence of PN were greater
and more prevalent in the subjects
with DM, PN, and NCA than in the
control subjects.

Room temperature remained rela-
tively constant over the data collec-
tion phase of this study. The average
room temperature was 72.4°F
(SD�4.3°F) during all assessments.
Core body temperature averaged
98.1°F (SD�0.6°F) for all subjects
with DM, PN, and NCA and 97.9°F
(SD�0.9°F) for the control subjects
(P�.200, Tab. 1).

Foot skin temperature differences
were significantly greater in the sub-
jects with DM, PN, and NCA com-
pared with the control subjects. The
average skin temperature difference
was 6.7°F (SD�4.0°F) higher in the
involved foot of the subjects with
DM, PN, and NCA compared with an
average of 0.0°F (SD�1.3°F) for the
control subjects (P�.00, Tab. 2).
There was no significant difference
in absolute skin temperatures be-
tween the control subjects’ feet and
the noninvolved foot of the subjects
with DM, PN, and NCA at any of the
plantar sites except the dorsal sur-
face of the midfoot, where absolute
skin temperatures averaged 85.9°F
(SD�3.4°F) in the feet of the control
subjects and 82.7°F (SD�4.8°F) in
the noninvolved foot of the subjects
with DM, PN, and NCA (P�.00, data
not shown). These lower average
skin temperatures in the nonin-
volved foot of the subjects with DM,

† 3M Health Care, 3M Center, Building 275-
4W-02, St Paul, MN 55144-1000.
‡ Hologic Inc, 35 Crosby Dr, Bedford, MA
01730.
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PN, and NCA compared with the
control subjects’ feet may reflect
early, mild vascular involvement in
people with DM, PN, and NCA.

The means and standard deviations
for the ultrasound measures are sum-

marized in Table 2. All bone quality
measurements were significantly
lower in the feet of the subjects with
DM, PN, and NCA than in the control
subjects’ feet (P�.00 for all vari-
ables, Tab. 2). The SOS averaged
1.2% lower, the BUA averaged 20.6%

lower, and the QUI averaged 18.8%
lower in the feet of the DM, PN, and
NCA subjects than in the control sub-
jects’ feet.

In the subjects with DM, PN, and
NCA, the mean BMD was 384 mg/
cm2 (SD�110) in the calcaneus of
the involved foot and 467 mg/cm2

(SD�123) in the calcaneus of the
noninvolved foot (P�.000). The cal-
caneal BMD of the right and left feet
(combined) of the control subjects
averaged 545 mg/cm2 (SD�121)
(F�19.1; df�2,125; P�.005; Fig. 1).
The calcaneal BMD of the involved
foot was 18% lower than that of the
noninvolved foot (absolute decrease
of 83 mg/cm2) in the subjects with
DM, PN, and NCA and 29% lower
than the calcaneal BMD of the con-
trol subjects’ feet. The calcaneal
BMD of the noninvolved foot in the
subjects with DM, PN, and NCA was
14% lower than the calcaneal BMD of
the control subjects’ feet (P�.002).

The average T-scores for the in-
volved foot (average��1.81, SD�
0.9) and the noninvolved foot (aver-
age��0.95, SD�1.1) in the subjects
with DM, PN, and NCA and for
both feet (combined) of the control
subjects (average��0.33, SD�1.09)
are illustrated in Figure 2. The in-
volved foot had a significantly lower
T-score compared with the nonin-
volved foot and the control subjects’
feet (P�.000). The noninvolved foot
had a lower T-score than that of the
control subjects’ feet (P�.006).

According to World Health Organiza-
tion criteria for classification of
T-scores,8 in the subjects with DM,
PN, and NCA, 24% of the women and
18% of the men were classified as
osteoporotic, 62% of the women and
64% of the men were classified as
osteopenic, and 14% of the women
and 18% of the men were classified
as having normal pedal BMD. In the
control subjects, 1 woman (1.5%)
and no men (0%) was classified as

Table 1.
Physical Characteristics of Subjects With Diabetes Mellitus (DM), Peripheral
Neuropathy (PN), and Recent-Onset Neuropathic (Charcot) Neuropathy (NCA) and
Control Subjectsa

Characteristic
Subjects With DM,

PN, and NCA (n�32)
Control Subjects

(n�64) P

Age (y) 55�11 51�16 .252

Height (cm) 172.2�13.4 170.7�10.0 .526

Body mass (kg) 100.5�23.3 73.9�14.5 .000

Body mass index (kg/m2) 33.8�6.3 25.3�4.0 .000

Sex (male/female) 11/21 24/40 .765

Race (white/black/Asian) 28/4/0 58/4/2 .681

Neuropathy (able to sense 10-g
monofilament)

0 64 .000

European shoe size (cm) 42�4 41�3 .434

Body temperature (°F) 98.1�0.6 97.9�0.9 .200

Diabetes type (1/2) 9/23 NA NA

Diabetes duration (y) 18�13 NA NA

Involved foot (left/right/both) 25/6/1 NA NA

Arthropathy location 1 hindfoot, 14 midfoot,
8 forefoot, 5 ankle,
4 mixed

NA NA

Duration of inflammation present prior
to seeking treatment (wk)

4�3 NA NA

a Data are means (�SD). NA�not applicable.

Table 2.
Ultrasonic Bone Measures and Skin Temperature Differences in Subjects With
Diabetes Mellitus (DM), Peripheral Neuropathy (PN), and Recent-Onset Neuropathic
(Charcot) Neuropathy (NCA) and Control Subjectsa

Variable
Subjects With DM,

PN, and NCA (n�32)
Control Subjects

(n�64) P

Estimated BMD (mg/cm2) 425�123 545�121 .000

SOS (m/s) 1,526�31 1,544�135 .000

BUA (dB/MHz) 59.9�21.8 75.4�16.6 .000

QUI 79.7�19.6 98.2�19.4 .000

T-score (SD units) �1.38�1.10 �0.33�1.1 .000

Foot skin temperature difference (°F) 6.7�4.0 0.0�1.3 .000

a Data are means (�SD). All values for subjects with DM, PN, and NCA are for involved foot with NCA
and noninvolved foot without NCA combined; control subjects’ values represent right and left feet
combined. SOS�speed of sound; BUA�broadband ultrasound attenuation; QUI�quantitative
ultrasound index) or “stiffness,” a unitless linear combination representing the slope of the BUA:SOS
measures; T-score is the number of standard deviation units from the average value obtained from a
reference sample of 20- to 29-year-old white female subjects.
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osteoporotic, 11% of the women and
8% of the men were classified as os-
teopenic, and 80% of the women and
79% of the men were classified as
having normal pedal BMD.

Discussion
Subjects with DM, PN, and NCA had
reduced pedal bone quality and esti-
mated density in both feet (combined)
and in the involved foot and non-
involved foot (when analyzed sepa-
rately) compared with the control
subjects’ feet. In addition to esti-
mated BMD, bone quality indicators
(eg, SOS, BUA, and QUI) represent-
ing bony microarchitectural proper-
ties of trabecular bone were lower in
the calcaneal bones of the subjects
with DM, PN, and NCA compared
with the control subjects’ feet.

Interestingly, calcaneal BMD and
T-scores were lower in the nonin-
volved foot of the subjects with DM,
PN, and NCA compared with control
subjects’ feet. Despite lower BMD in
the noninvolved foot, the absolute
skin temperatures were similar to (or
lower than) control subjects’ abso-
lute skin temperatures, suggesting
that the presence of DM and PN may
reduce tarsal BMD preceding and in-
dependent of elevated foot tempera-
tures. However, we cannot rule out
the possibility that a local inflamma-
tory increase in an involved foot of
the subjects with DM, PN, and NCA
may have contributed to a circulat-
ing systemic stimulus for bone loss in
the contralateral noninvolved foot.

Some investigators have shown a di-
rect, positive association between el-
evated body mass and higher bone
mass at all skeletal sites,11 suggesting
that an elevated body mass may be
osteoprotective against low-trauma,
fragility fractures. Our subjects with
DM, PN, and NCA were obese (some
markedly), based on the World
Health Organization classification.12

Despite a significantly greater body
mass and being classified as obese,
our subjects with DM, PN, and NCA
had a significantly lower pedal bone
density, with T-scores indicating a
greater prevalence of osteopenia or
osteoporosis even prior to cast im-
mobilization compared with our

control group. The mechanism me-
diating the loss of osteoprotection
against low-trauma, fragility fractures
is yet unknown. An elevated level of
circulating inflammatory cytokines
such as tumor-necrosis factor-alpha,
interleukin-1 or interleukin-613 com-
bined with neuropathy-induced un-

Figure 1.
Quantitative ultrasound-derived bone mineral density in the calcaneus of the foot
without arthropathy and in the calcaneus of the foot with arthropathy of the subjects
with diabetes mellitus, peripheral neuropathy, and recent-onset neuropathic (Charcot)
neuropathy and in the calcaneus of the left foot and the calcaneus of the right foot
(combined) of the control subjects. Data are mean (and SD). Asterisk indicates different
than foot without arthropathy; P�.000 for all comparisons.

Figure 2.
T-scores in the calcaneus of the foot without arthropathy and in the calcaneus of the
foot with arthropathy of the subjects with diabetes mellitus, peripheral neuropathy, and
recent-onset neuropathic (Charcot) neuropathy and in the calcaneus of the left foot and
the calcaneus of the right foot (combined) of the control subjects. T-score represents
the number of standard deviations below the mean T-score of a reference sample of 20-
to 29-year-old white female subjects. Data are mean (�SD). Asterisk indicates different
than foot without arthropathy; P�.000 for all comparisons.
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coupling of bone osteoblastic and os-
teoclastic rates may likely combine
to favor a net pedal bone loss.14

The presence of acute inflammation
accompanying onset of NCA may
directly or indirectly mediate the loss
in pedal bones. Excessive bone loss
due to joint inflammation has pre-
viously been reported in inflamma-
tory conditions such as rheumatoid
arthritis,15,16 although often over-
looked as a complication to chronic
DM, PN, and diabetic foot disease.
Inflammation-mediated bone loss in
rheumatoid arthritis can occur inde-
pendent of chronic steroid use.17,18

Inflammation-induced bone loss has
previously been demonstrated to be
quite rapid as well as profound. Ar-
mour et al19 have shown a dramatic
14% reduction in trabecular and cor-
tical BMD at the tibial metaphysis of
mice only 21 days after the induction
of systemic inflammation. We ob-
served a comparable 18% reduction
in calcaneal BMD in the foot with
acute inflammation compared with
the noninvolved foot in our subjects
with DM, PN, and NCA.

Bone loss in the feet of our subjects
with DM, PN, and NCA appeared to
be cumulative and most likely the
result of several synergistic factors.
Individuals with chronic DM and
peripheral somatic and autonomic
neuropathy are known to lose bone
at rates faster than age-related de-
clines.20 Menopause-related bone
loss exceeds age-related bone loss
during the first 5 years after meno-
pause, as women typically can lose
as much as 15% of their bone mass
in the first decade after meno-
pause.21,22 In our study, 21 of the
32 subjects with DM, PN, and NCA
were women. Upon routine ques-
tioning at the time of QUS assess-
ments, these subjects indicated they
either had undergone premature
menopause or were irregularly men-
struating for several years prior to
onset of their arthropathy. When an-

alyzing our cohort with DM, PN, and
NCA for sex differences, we could
not detect greater inflammation (ie,
a greater difference in foot skin
temperatures) or greater osteolysis
in women compared with men in
our small sample of subjects. In our
subjects with DM, PN, and NCA,
women had an average foot skin
temperature difference of 6.1°F
(SD�4.4°F), and men had an average
foot skin temperature difference of
7.7°F (SD�3.8°F) (P�.156, nonsig-
nificant). Women in this group had
an average calcaneal BMD of 370
mg/cm2 (SD�94) in the involved
foot compared with men’s aver-
age calcaneal BMD of 409 mg/cm2

(SD�136), an average of 9.5% lower
(P�.204, nonsignficant). Early meno-
pause in the women in this group
may have played an indirect, permis-
sive role in pedal osteolysis.

Another factor that could have af-
fected our results was physical inac-
tivity. Although we did not assess
this factor directly, our subjects with
DM, PN, and NCA may have experi-
enced a prolonged period of physi-
cal inactivity prior to onset of their
NCA that resulted in disuse-induced
osteopenia, thereby contributing to
the cumulative bone loss that we ob-
served. Maluf and Mueller23 reported
that subjects with DM and PN with
or without a recurrent plantar ulcer
walked an average of 46% and 22%
fewer daily steps, respectively, com-
pared with control subjects without
DM or PN. For additional discussion
of physical inactivity in this popula-
tion, see the related articles by Le-
Master et al24 and Deshpande et al25

in this issue. Synergistic factors such
as early menopause, disease-related
(chronic DM and PN) decline, phys-
ical inactivity, and inflammation-
mediated bone loss most likely com-
bined for the significant reductions
in pedal BMD that we observed.
Despite our matched case-control
design, we are unable to attribute
the profound loss of pedal bone en-

tirely to the local acute inflamma-
tory responses in NCA because
other factors may have synergisti-
cally contributed.

Pedal Inflammation as a
Biomarker of Osteolysis
and NCA Outcomes
The duration and severity of pedal
inflammation are likely 2 key factors
contributing to the rapid osteolysis
in people with acute arthropathy of
the foot.7,26 As is typical in patients
with neuropathy, many of our sub-
jects had reported an onset of minor
trauma several weeks prior to seek-
ing and initiating their medical treat-
ment.4 It is quite common that sub-
jects with DM and loss of protective
sensation may experience several
weeks of exaggerated inflammation
of their foot, resulting in accelerated
bone resorption. As we assessed only
skin temperature on their initial
physical therapy visit prior to initiation
of treatment with total contact cast
immobilization, it is likely that the in-
flammatory response may have been
further elevated and prolonged.

The persistence and magnitude of
pedal inflammation have been used
as clinical biomarkers of healing in
the acute and subacute stages of
Charcot arthropathy in previous
studies.7,26 Armstrong and Lavery26

recommended a skin temperature
difference at involved sites or the
entire foot of no more than 1°C
(1.8°F) as the maximum difference
for 2 consecutive weeks in order to
transition patients with neuropathy
from cast immobilization to remov-
able cast boots and then an addi-
tional 4 weeks of skin temperature
equilibrium to transition to therapeu-
tic footwear in order to prevent NCA
recurrence. Although these guide-
lines may serve the clinician regard-
ing local inflammation, more study is
needed to determine the effect of
acute inflammation and utility of skin
temperature elevations on the mag-
nitude and timing of pedal osteolysis
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as well as the outcomes after acute
NCA.

Whether pedal inflammation, as indi-
cated by skin temperature monitor-
ing, reflects bone and joint healing
or predicts the amount of bone lost
in all the tarsals and metatarsals has
not been adequately studied. Mc-
Crory et al27 studied 6 subjects with
acute Charcot midfoot fractures and
concluded that skin temperatures
are much too variable and not clini-
cally useful because they do not cor-
relate with standard, weight-bearing
radiographic evidence of fracture
healing or progression. Standard ra-
diographs are notoriously poor indi-
cators of bone density as well as
acute bone loss, and bony changes
become evident on radiographs only
after well-established disease.28

The results of our study suggest that
pedal inflammation, as indicated by
local skin temperature elevations,
may be associated with QUS-derived
calcaneal bone loss; however, the
extent to which inflammation re-
flects bone loss in all of the tarsals
and metatarsals remains the focus of
future study.29,30 We speculate that
pedal osteolysis may be a key bi-
omarker that can predict outcomes
after NCA, particularly the onset of
fixed foot deformities.30

Sequelae of Osteolysis and
Clinical Implications
Inflammation-mediated pedal osteol-
ysis may have residual sequelae long
after resolution of the acute and sub-
acute stages of arthropathy healing.
Bony destruction and collapse of the
longitudinal and transverse arches of
the foot often result in severe foot
deformities that can leave the foot
unstable for normal weight bearing,
require custom-fabricated footwear
and bracing, and lead to plantar ul-
ceration (Fig. 3).1,2 (Also see the re-
lated article about neuropathic ulcers
by Mueller et al31 in this issue.) In
turn, chronic nonhealing ulceration and

Figure 3.
Weight-bearing radiographs (lateral view in radiograph A and oblique view in radio-
graph B) of a 57-year-old man with type 2 diabetes mellitus, peripheral neuropathy, and
an acute neuropathic (Charcot) arthropathy of the right midfoot with accompanying
midfoot ulceration. Arrow in radiograph A indicates severely dislocated head of the talus
and reduced angle of the calcaneus. Arrow in radiograph B indicates plantar ulceration
beneath the calcaneus.
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the presence of severe foot defor-
mity can lead to serious pedal infec-
tions, necessitating a lower-
extremity amputation.32 Secondary
osteolysis may be the prominent fac-
tor that accounts for both the spon-
taneous onset of neuropathic frac-
ture and the insidious and
progressive foot deformity that is the
hallmark of the chronic Charcot
foot.2,33,34 Unfortunately, a threshold
for pedal bone density associated
with clinical outcomes after NCA has
yet to be identified, and whether a
BMD threshold for neuropathic frac-
ture truly exists warrants further
study.30

Low tarsal bone density may influ-
ence clinical decision making. The
method and length of the immobili-
zation, the weight-bearing status dur-
ing immobilization and the period
immediately after healing, the need
for future bracing, and the selection
of therapeutic footwear, inserts, and
shoe modifications can be affected
by low BMD, resulting in an elevated
fracture risk. The rehabilitation spe-
cialist should use caution when re-
turning individuals with a recently
healed NCA and low pedal BMD to
full weight bearing in order to pre-
vent recurrence of NCA.

Another consideration is the long-
term necessity for assistive devices,
bracing, and therapeutic footwear to
prevent future foot deformities,
which must be addressed long after
resolution of the acute inflamma-
tory stage of the arthropathy. In some
cases where surgery is required, the
rapid loss in bone mass may influence
the operative decisions of the ortho-
pedic surgeon specialist and perhaps
the outcomes of patients in the post-
operative stage. Prolonged delays in
fracture healing can result in high non-
union or malunion rates.2,5,35 Similarly,
a reduction in bone mass could influ-
ence the method of surgical fixation.
The use of internal fixation devices
may be compromised by low bone

mass.35 The use of external fixation
and strict non–weight bearing may be
required for extended periods of time
and may well be a necessary alter-
native to the use of internal fixation
devices. In some cases of traumatic
dislocation and displaced fractures, a
prolonged inflammatory stage with
accompanying bone loss may delay
surgical stabilization efforts, resulting
in further delays in arthropathy
healing.5,35

The National Osteoporosis Founda-
tion estimates that 28 million Amer-
icans have osteoporosis from pri-
mary and secondary bone loss,
resulting in approximately 1.5 mil-
lion fractures of the spine and ex-
tremities annually.36 It is not known
whether these estimates include in-
dividuals with DM and PN. Individu-
als with chronic DM, PN, and NCA of
the foot have profound regional
bone loss, resulting in an elevated
risk of neuropathic foot fracture. The
average T-score of the involved foot
in our subjects with NCA was �1.8
standard deviations below that of a
young, adult female reference popu-
lation (Fig. 2). According to World
Health Organization criteria, individ-
uals with BMD values in this range
are classified with osteopenia.37 The
National Osteoporosis Foundation
recommends that drug therapy be
initiated for all patients with T-scores
of �1.5 or lower.36 Early reports38–40

suggest that bone antiresorptive agent
(eg, intravenous pamidronate—a
bisphosphonate) administered early
in the acute inflammatory phase of
NCA improved healing outcomes.
Newer bone anabolic agents41 with
or without bisphosphonate thera-
pies have not yet been reported for
NCA but hold great promise as phar-
macological therapies in concert with
traditional off-loading therapies.

At the least, all individuals with DM
and PN should be routinely assessed
and therapeutic strategies to arrest sec-
ondary osteolysis should be instituted

to prevent the bony and joint deformi-
ties that form the hallmarks of the
chronic Charcot foot.42,43 Assessing or
screening for pedal bone loss using
QUS42 or DXA43 can be readily accom-
plished for individuals with DM, PN,
and NCA, who are at high risk for
lower-extremity amputation.

Conclusion
Pedal NCA is a well-known compli-
cation of chronic DM and PN; how-
ever, the inflammation and the asso-
ciated osteolysis have been largely
underappreciated by many rehabili-
tation specialists. Individuals with
chronic NCA of the foot have an ex-
aggerated and prolonged inflamma-
tion that may combine with other
factors such as DM or PN to induce a
regional osteolysis compared with
age-, sex-, and race-matched controls
without diabetes. This rapid and pro-
found osteolysis can result in an ele-
vated fracture risk and may contrib-
ute to the insidious and progressive
foot deformity that is the hallmark of
the chronic Charcot foot.
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