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Abstract

Background Fractures of the talus in the elderly are rare
and usually result from high-impact injuries, suggesting
only minor age-related bone structure changes. However,
total ankle replacement failures with age often result from
talar subsidence, suggesting age-related bone loss in the
talus. Despite a number of histological analyses of talar
microarchitecture, the effects of age and sex on talar
microarchitecture changes remain poorly defined.
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Questions/purposes The aim of this study was to analyze
changes or differences in the trabecular microarchitecture
of the talus with regard to (1) age and (2) sex.

Methods Sixty human tali were harvested from 30
patients at autopsy of three different age groups (2040,
41-60, 61-80 years). The specimens were analyzed by
radiography, micro-CT, and histological analysis. Given
that there was no difference between the left and right
talus, static histomorphometric parameters were assessed in
three regions of interest of the right talus only (body, neck,
head; n = 30).

Results The talar body, neck, and head were affected
differently by age-related changes. The greatest loss of
bone volume with age was seen in the talar body (estimate:
—0.239; 95% confidence interval [CI], —0.365 to —0.114; p
< 0.001). In the talar neck (estimate: —0.165; 95% CI,
—0.307 to —0.023; p = 0.025), bone loss was only mod-
erate and primarily was the result of reduction in trabecular
thickness (estimate: —1.288; 95% CI, —2.449 to —0.127; p
= 0.031) instead of number (estimate: —0.001; 95% ClI,
—0.005 to —0.003; p = 0.593). Bone structure changes
were independent of sex.

Conclusions Age-related bone structure changes pre-
dominantly occur in the talar body, which poses a potential
risk factor for total ankle replacement loosening. The
moderate changes in the talar neck might explain the per-
sistent low incidence of talar neck fractures with age.
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Clinical Relevance Our findings suggest that before total
ankle replacement implantation, careful patient selection
with dual-energy xray absorptiometry evaluation may be
necessary to reduce the risk of talar implant subsidence.

Introduction

The talus has a unique internal architecture as a result of its
distinguished function as a “bony meniscus” bearing and
transmitting the total weight of the body through the bone.
The talus has no attachments of muscles, or fasciae, which
could support the absorption of applied loads [2, 27]. Hence,
its microarchitecture reflects its sole ability to endure great
compressive and tensile forces during walking, running, and
jumping distributing them from the talus to the adjacent
bones and therefore varies in different regions of interest
(ROIs) [4, 34, 39]. Because the talar body has a pronounced
subchondral bone lamella, enormous axial loading forces
resulting from high-impact injuries are necessary to cause
talar fractures [21, 27, 36]. Talar body fractures account for
only 10% to 20% of all talus fractures [6, 15, 27]. In contrast,
the talar neck is a place of decreased resistance to injury
compared with the talar body or head as a result of a weaker
cortical shell. This may explain its involvement in almost
50% of all talar fractures [29, 33]. Overall, although fractures
of the talus account for fewer than 1% of all bony fractures
[27] and 3% to 6% of all foot fractures [1], they constitute
serious injuries [3]. After a talar fracture, avascular necrosis
is a major complication potentially leading to posttraumatic
arthritis and chronic pain in turn potentially leading to ankle
fusion or total ankle replacement [3, 20].

Sufficient bone stock is a prerequisite for durability of
total ankle replacements [14]; supporting this idea is the fact
that one of the most common reasons for implant failure is
talar subsidence resulting from periprosthetic osteolysis
from polyethylene wear or direct mechanical insufficiency of
the underlying bone stock [19, 40]. Therefore, given that the
mean patient age at total ankle replacement implantation is
between 50 and 60 years, knowledge of a potential age effect
on bone quality of the talus is of paramount importance [23,
42]. It is noteworthy that the anatomical partner of the talus
for conferring the contact energy of the foot to the ground,
the calcaneus, displays age-related changes in its microar-
chitecture similar to the proximal humerus or the distal
radius [7, 8, 37]. Although there have been a number of
histological analyses of talar microarchitecture, the effects of
age and sex on talar microarchitecture changes remain
poorly characterized [4, 18, 21, 34, 39].

We therefore sought to analyze changes or differences in
the trabecular microarchitecture of the talus with regard to
(1) age and (2) sex.

@ Springer

Materials and Methods
Autopsy Specimens and Sample Preparation

Sixty tali were harvested from 30 age- and sex-matched
patients at autopsy within 48 hours after death (five women
and five men each per age groups 20-40 years [younger],
41-60 years [mid-age], 61-80 years [older]) ruling out any
major decay of bone structure quality. All bone donors died
in accidents or of acute disease. Iliac crest biopsies were
obtained from all autopsy cases to exclude any metabolic
diseases known to affect the skeleton. Review of hospital
records and whole-body autopsy reports were used to
exclude individuals with bone cancer, diabetes, glucocor-
ticoid medication, severe kidney disease, periods of longer
immobilization, or donors on other drugs known to affect
calcium metabolism. No specimens with osteoarthritis
were included in the study group. A 4-mm central slice of
the talus was sectioned in the sagittal plane using a dia-
mond-coated band saw (Exakt, Norderstedt, Germany).
Before further preparation, one section of each age group
was exemplarily scanned by micro-CT (uCT40; SCANCO
Medical AG, Bruettisellen, Switzerland) with an in vitro
scanning protocol (55 kVp, 145 pA, 200-ms integration
time) resulting in an isotropic voxel size of 18 pum to
visualize three-dimensional bone histomorphometry. After
documentation on contact radiographs, the specimens were
subjected to an undecalcified infiltration process, ground to
a thickness of 1 mm, and stained using a modification of
the von Kossa method [13, 31]. ROIs were defined by two
lines: (1) running from the distal border from the inflow of
the arteria sinus tarsi to the caudal end of the facies ar-
ticularis navicularis; and (2) running from the distal end of
the trochlea tali (facies articularis superior) to the distal end
of the facies articularis calcanea posterior. These two lines
divide the specimens into three ROIs (body, neck, and
head; Fig. 1). Depending on the macroscopic size of the
individual talar ROI analyzed, the ROIs were located in the
same position and therefore individually varied in size.
Informed consent was obtained from the family members
after comprehensive information on all connected issues.
This study was approved by the Ethics Committee of the
Hamburg Chamber of Physicians and was carried out
according to existing rules and regulations of the Univer-
sity Medical Center Hamburg-Eppendorf (PV3486).

Histomorphometry

Two- and three-dimensional analysis was carried out by
dark and light field microscopy using a stereo microscope
(Zeiss GmbH, Gottingen, Germany) on the ground speci-
mens according to ASBMR standards [17]. Cortical bone
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Fig. 1 A contact radiograph of the talus depicts the three regions of
interest in the sagittal plane (bar = 1 cm).

as well as the subcortical region (I mm trabecular bone)
was omitted from the histomorphometric analysis. The
following parameters were analyzed: bone volume fraction
(%), trabecular number (mm_l), trabecular thickness (pm),
and trabecular separation (mm).

Statistical Methods

Statistical analysis was carried out using IBM® SPSS®
Statistics 19 (SPSS Inc, Chicago, IL, USA). Preliminary
analysis revealed no statistically significant difference
between the right and left talus in any of the outcome vari-
ables. Hence, we report the results of the right talus only (n=
30). Mean values £ SDs are reported for all parameters.
Multivariate analyses of covariance were conducted to
determine the influence of age and sex each as a metric
variable on the microarchitecture of the talus. Subsequent
separate linear regression with the presentation of estimates
of their corresponding 95% confidence intervals was used to
determine the association between metric variables. To study
the extent of microarchitectural changes at different ages,
age was also defined as a categorical variable with regard to
younger, mid, and older age. Student’s t-test was used to
report mean differences and percentage changes. Univariate
analysis of variance and Tukey’s honestly significant dif-
ference post hoc assessment were used for comparison of
different ROIs within the same age group. All tests were two-
sided and a p value of < 0.05 was considered significant.

Results
Histomorphometry

Histological analysis revealed an age-related bone loss,
which affected the body, neck, and head differently

(Fig. 2). There was no association between bone structure
changes and sex (Table 1).

Bone Volume Fraction

Bone volume was highest in the talar head and lowest in
the talar body, which reached statistical significance in the
older age group (p = 0.027; Table 2). Hence, the age-
related percentage bone volume decrease was highest in the
talar body (estimate: —0.239; 95% confidence interval
[CI], —0.365 to —0.114; = 0.35; p < 0.001) and moderate
in the neck (estimate: —0.165; 95% CI, —0.307 to —0.023;
P 0.17; p < 0.05) and head (estimate: —0.170; 95% CI,
—0.326 to —0.014; = 0.15; p < 0.05; Table 3; Fig. 3).
Comparing the younger and mid-age groups, bone loss was
similar for all ROIs (body 16%, neck 9%, head 16%). In
contrast, the additional bone loss between the mid- and
older age groups varied in the different ROIs but the dif-
ferences did not attain statistical significance (body —19%,
neck —8%, head —3%; Fig. 4).

Trabecular Number

The talar neck demonstrated the significantly lowest
number of trabeculae in the younger and mid-age groups
(each p < 0.05; Table 2). There was no age-related loss of
trabecular number in the talar neck or head (r2 = 0.01) but
in the talar body (estimate: —0.006; 95% CI, —0.011 to
—0.001; r* = 0.15; Table 3; Fig. 3), which was higher in
the older than in the mid-age group (Fig. 4). This again did
not attain statistical significance.

Trabecular Thickness

In the younger age group, plates were the predominant
structural element in the neck and head, whereas in the
body, rod-like structures characterized the trabecular
microarchitecture. There was a transition of small inter-
anastomizing plates coming from the talar body to
regularly arranged thicker plates to the talar head. An
age-related thickness loss in all ROIs, which was greatest
in the talar body (1r2 = 0.37, neck = 0.16, head =
0.19, all p < 0.05; Table 3; Fig. 3), was detected. In the
head and neck, the trabecular thickness decrease was
similar among different age groups (Fig. 4). In contrast,
in the body, the trabecular thickness decrease was sig-
nificantly higher between the younger and mid-age
groups (—14.3%, p = 0.045) but only moderate higher
between the mid- and older age groups (—8.3%, p =
0.156; Fig. 4).
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34 year old female

72 year old female

Fig. 2A-D Two-dimensional and three-dimensional illustrations of
the age-related bone visualize the structural deterioration of the talus.
The left panel indicates the two sets of plate-like trabeculae running
from the trochlea tali to the (1) calcaneal facet and (2) to the neck and
head of the talus in a 34-year-old woman (A, 1 mm thick, undecalcified,
von Kossa-stained block grinding; bar = 1 cm). Three-dimensional
visualization reveals the various structural characteristics of the
respective ROIs: the body, the neck, and the talar head (B, nCT40

image, bone at the surface if colored red; bar = 1 cm). In contrast, the
right panel demonstrates the predominant bone loss in the talar body of a
72-year-old woman (C, 1 mm thick, undecalcified, von Kossa stained
block grinding; bar = 1 cm). However, despite age-related bone loss,
three-dimensional visualization reveals the intact structural integrity of
the talar neck and head (D, pCT40 image, bone at the surface if colored
red; bar = 1 cm). The structural characteristics of the individual regions
of interest are highlighted in the magnifications again (bar = 5 mm).

Table 1. Association among histomorphomtric parameters, age (metric), and sex after analysis of covariance and its corresponding p values

ROI Independent variable BV/TV (%) Tb.N (mm™ ") Tb.Th (um) Tb.Sp (mm)
Body Age 0.001 0.036 0.001 0.017
Sex NS NS NS NS
Neck Age 0.028 NS 0.031 NS
Sex NS NS NS NS
Head Age 0.027 NS 0.008 NS
Sex NS NS NS NS

ROI = region of interest; BV/TV = bone volume fraction; Tb.N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular separation;

NS = nonsignificant.

Trabecular Separation

Trabecular separation was significantly higher in the talar
neck when compared with the head and body in the younger

@ Springer

and mid-age groups (p < 0.05; Table 2). There was no age-
related increase of trabecular separation in the neck or head
(neck 1> = 0.07, head r* = 0.05) primarily as a result of a
constant trabecular number. Trabecular separation increased
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Table 2. Histomorphometric analysis of the talus (mean £ SD)

ROI Age group BV/TV (%) Tb.N (mm™!) Tb.Th (um) Tb.Sp (mm)
Body Younger 26.25 + 5.39 1.41 + 0.17° 185.18 =+ 25.95™ 0.532 + 0.099"
Mid-age 22.07 + 4.74 1.39 + 0.147 158.88 + 28.68™* 0.569 + 0.094"
Older 18.02 + 6.40* 1.24 + 0.34 142.16 + 21.26™% 0.741 + 0.351
Neck Younger 28.11 + 6.07 1.04 £ 0.117% 263.21+ 38.90" 0.685 & 0.114™*
Mid-age 25.56 + 6.69 1.00 £ 0.14"% 252.46 =+ 48.82* 0.760 % 0.165™*
Older 23.49 £ 6.08 1.08 + 0.19% 219.80 + 59.73* 0.736 £ 0.176
Head Younger 31.01 £ 6.02 1.38 + 0.20° 22530 + 35.21™1 0.515 £ 0.115%
Mid-age 26.73 £ 7.29 127 £ 0.157 209.41 + 48.26* 0.590 =+ 0.123%
Older 25.89 + 6.64* 1.37 £ 0.20 187.49 + 31.00* 0.558 =+ 0.130

* Interage group p < 0.05 compared with body after analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) post hoc
test; Tinterage group p < 0.05 compared with neck after ANOVA and Tukey’s HSD post hoc test; iinterage group p < 0.05 compared with head
after ANOVA and Tukey’s HSD post hoc test; ROI = region of interest; BV/TV = bone volume fraction; Tb.N = trabecular number; Tb.Th =

trabecular thickness; Tb.Sp = trabecular separation.

Table 3. Linear regression analysis between histomorphometric parameters of the talus and age (years)

ROI Parameter Intercept Estimate (95% confidence interval) p value
Body BV/TV (%) 36.343 —0.239 (—0.365 to —0.114) < 0.001
Tb.N (mm ") 1.640 —0.006 (—0.011 to —0.001) 0.033
Tb.Th (pm) 220.043 —1.167 (—1.763 to —0.571) < 0.001
Tb.Sp (mm) 0.293 0.006 (0.001-0.012) 0.014
Neck BV/TV (%) 33913 —0.165 (—0.307 to —0.023) 0.025
Tb.N (mm™") 1.096 —0.001 (—0.005 to 0.003) NS
Tb.Th (pm) 309.297 —1.288 (—2.449 to —0.127) 0.031
Tb.Sp (mm) 0.597 0.003 (—0.001 to 0.006) NS
Head BV/TV (%) 36.343 —0.170 (—0.326 to —0.014) 0.034
Tb.N (mm ") 1.400 —0.001 (—0.006 to 0.003) NS
Tb.Th (pm) 263.727 —1.131 (—2.024 to —0.238) 0.015
Tb.Sp (mm) 0.467 0.002 (—0.001 to 0.005) NS

ROI = region of interest; BV/TV = bone volume fraction; Tb.N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular separation;

NS = not significant.

significantly in the talar body with advancing age (estimate:
0.006; 95% CI, 0.001-0.012; r* = 0.20; p = 0.014; Table 3;
Fig. 3).

Discussion

Given its importance in the ankle and the severe conse-
quences when injuries occur, it is important to understand
the unique architecture of the talus. The subsidence of the
talar component in total ankle arthroplasty is an important
reason for implant failures in older patients, which leaves
open the question as to whether some age-related changes
do occur. Despite previous descriptions of the talar mic-
roarchitecture, these studies were either just descriptive in
nature [4, 21, 34] or focused on the evaluation of the talar
body only [18, 26, 39] without consideration of age- or

sex-related differences. In this study, we were able to show
an age-related talar bone loss, which predominantly affects
the talar body rather than the neck or head, regardless of sex.

This study has some limitations. First, we quantified
trabecular structure in the sagittal plane only; previous
reports described the talar microarchitecture in sagittal,
coronal, and horizontal planes [4, 39]. As a result of
specimen destruction during histological preparation, there
was no additional bone stock available for the analysis of
other planes. However, the transition of trabeculae from the
talar body to the head and neck or to the calcaneal facet
transferring the load was demonstrated following tensile
and compression forces [4, 10]. Therefore, the evaluation
of only one plane was needed to study age- and sex-related
changes of the talar body, neck, and head simultaneously.
The potential gain of information by the analysis of addi-
tional planes is limited and was previously performed for
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Fig. 3 The slopes of the depicted regression analyses of the
histomorphometric parameters and age for the respective ROIs (talar
body, neck, and head) are represented by the black solid lines. In red

Age (years)

the 95% confidence intervals are illustrated. BV/TV = bone volume
fraction; Tb.N = trabecular number; Tb.Th = trabecular thickness;
Tb.Sp = trabecular separation.

Fig. 4 Percentage changes of younger vs. mid-age mid-age vs. older
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descriptive reasons only [4]. Given that the analysis of
additional planes would also increase the number of cases
needed, which might ethically be hard to justify, we chose
to study the sagittal plane only. Second, despite the review
of all medical records to exclude bone-affecting diseases
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and medication, there was no assessment of areal bone
mineral density to diagnose osteoporosis according to
World Health Organization standards. However, after
evaluating iliac crest biopsies, no severe bone structure
deterioration was observed in any of the bone donors in this
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series. This was supported by the fact that even in the older
age group, no significant differences between males and
females were observed appreciating that osteoporosis pri-
marily affects postmenopausal women [32]. Third, there
were no cases with osteoarthritis (OA) in the study group
although the most common indications for implantation of
total ankle arthroplasty are posttraumatic arthritis and pri-
mary OA [30]. The impact of OA on subchondral bone is
well established, especially in the femoral head and the
proximal tibia. An increased bone volume fraction, tra-
becular number, trabecular separation as well as bone
mineralization were described and therefore a stabilizing
effect for implant duration is conceivable [11, 16, 28].
Jordan et al. [28] have also found an increased trabecular
area at the intertrochanteric femoral neck in patients with
OA compared with healthy control subjects. With respect
to standard ASBMR histomorphometric parameters, other
reports were not able to demonstrate intertrochanteric dif-
ferences between patients with OA and control subjects
[17, 22, 44]. Therefore, in contrast to the recognized impact
of OA on subchondral bone, the effect of OA on bone
regions deeper to the affected articular bone region is not
well established. Modern surgical techniques attempt to
preserve as much bone as possible at implantation. None-
theless, to create a large bone-implant interface, parts of
the subchondral bone plate are resected and bone regions
deeper to the subchondral bone plate are responsible for
implant stabilization. Hence, next to the accepted influence
of implant design and surgical technique on implant sur-
vival, mechanically sufficient bone stock is needed for
long-term total ankle arthroplasty survival [30]. Accord-
ingly, the age-related changes of bone deeper to the
subchondral lamella might influence the long-term stability
of the total ankle arthroplasty.

Our observations suggested an age-related talar bone
loss. This is consistent with results of other skeletal sites
such as the distal radius, proximal humerus, and the cal-
caneus [7, 8, 37]. Interestingly, the extent of structural
changes differed among the three ROIs. The greatest bone
loss was seen in the body resulting from a transition of
mainly plate-like to more rod-like trabeculae. Instead, in
the neck and head, the trabeculae remained plate-like with
increasing age. Here, the transfer of vertical loading forces
into tensile forces while standing and walking might have
prevented major age-related bone deteriorations. Hence,
the ROI-specific bone loss might be the result of different
mechanical loading conditions [5, 7, 35]. Because the
distribution of compressive and tensile forces through the
talus does not severely change with age, we speculate that
the differently sized volumes of interest might be respon-
sible for the greater bone loss in the body [34]. At first
glance, the nearly unimpaired bone structure of the talar
neck seemed contradictory given that the femoral neck has

a similar weight-transmitting function and an age-related
degradation of the femoral neck was reported [10, 12].
Age-related cortical trabecularization and thinning were
attributed to a higher risk of hip fracture in the elderly [9,
10]. However, talar neck fractures have a low incidence at
older age and are primarily seen in patients with a high-
impact trauma [25, 36]. In contrast to the femoral neck, the
cortical bone of the talar neck is rather small [4, 34].
Therefore, plate-like trabeculae rather than the cortical
shell most probably contribute to bone strength. Given that
the number of trabeculae was not changed with age and
thickness decreased only moderately, the overall structural
integrity of the talar neck was principally preserved with
age. Next to a reduced exposure to high-impact sports or
accidents, the basically preserved bony architecture might
explain the persistent low incidence of talar neck fractures
in older people. By contrast, total ankle replacement, which
has become more popular as a comparable degree of pain
reduction and even better function than common ankle
arthrodesis was shown [24, 38], may be affected by the
changes we observed to the talar body. The most common
complication after ankle replacement is aseptic loosening,
with 55% with subsidence of the talar component into the
talar body being one of the main reasons for failure [19, 41,
43]. The age-related changes we observed may help to
explain this finding.

This study failed to find a sex-specific difference, which
is in accordance with histomorphometric results of the
calcaneus as one partner of load transmission of the talus
where also no differences between males and females were
observed [37]. In contrast, sex-specific bone structure dif-
ferences have been primarily found in less mechanically
loaded skeletal sites such as the humeral head or the distal
radius [7, 8].

Our study demonstrated that the talus is subjected to
age-related bone structure changes, which primarily affect
the talar body rather than the neck or head, and are inde-
pendent of sex. The modest structural deterioration of the
talar neck may explain the unchanged incidence of talar
neck fractures with age. By contrast, the distinctive loss of
bone volume in the talar body may constitute a relevant
risk factor for increased failure of the talar component in
total ankle replacement and suggest careful patient selec-
tion with dual xray absorptiometry evaluation to ensure
long-term success for implant survival.
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