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Introduction: Vertebral deformities in elderly people are conventionally termed “fractures”, but their onset is
often insidious, suggesting that time-dependent (creep) processes may also be involved. Creep has been
studied in small samples of bone, but nothing is known about creep deformity of whole vertebrae, or how it
might be influenced by bone mineral density (BMD). We hypothesise that sustained compressive loading can
cause progressive and measurable creep deformity in elderly human vertebrae.
Methods: 27 thoracolumbar “motion segments” (two vertebrae and the intervening disc and ligaments) were
dissected from 20 human cadavers aged 42–91 yrs. A constant compressive force of approximately 1.0 kN
was applied to each specimen for either 0.5 h or 2 h, while the anterior, middle and posterior heights of each
of the 54 vertebral bodies were measured at 1 Hz using a MacReflex 2D optical tracking system. This located
6 reflective markers attached to the lateral cortex of each vertebral body, with resolution better than 10 μm.
Experiments were at laboratory temperature, and polythene film was used to minimise water loss.
Volumetric BMD was calculated for each vertebral body, using DXA to measure mineral content, and water
immersion for volume.
Results: In the 0.5 h tests, creep deformation in the anterior, middle and posterior vertebral cortex averaged

4331, 1629 and 614 micro-strains respectively, where 10,000 micro-strains represents 1% loss in height.
Anterior creep strains exceeded posterior (Pb0.01) so that anterior wedging of the vertebral bodies
increased, by an average 0.08° (STD 0.14°). Similar results were obtained after 2 h, indicating that creep
rate slowed considerably with time. Less than 40% of the creep strain was recovered after 2 h. Increases in
anterior wedging during the 0.5 h creep test were inversely proportional to BMD, but only in a selected
sub-set of 20 specimens with average BMDb0.15 g/cm3 (P=0.042). Creep deformation caused more than
5% height loss in four vertebrae, three of which had radiographic signs of pre-existing damage.
Conclusion: Sustained loading can cause progressive anterior wedge deformity in elderly human vertebrae,
even in the absence of fracture.
© 2009 Elsevier Inc. All rights reserved.
Introduction

With increasing age, many people become shorter and develop a
hunched back. Some height loss and deformity is attributable to
intervertebral disc degeneration, but most of it occurs in the vertebral
bodies [1]. It is customary to refer to vertebral “deformities” and to
classify them as shown in Fig. 1. “Anterior wedge” deformities are the
most common [2,3] especially in mid-thoracic and thoracolumbar
levels, and they contribute to senile kyphosis or “dowager's hump”
[4,5]. Vertebral deformities can cause pain, disability and loss of self-
esteem [6–9], in men as well as women [3,10].

Vertebral deformities are often assumed to represent fractures, but
the insidious nature of their onset in many elderly people [5], and the
fact that a distinct fracture plane is not always visible on radiographs,
suggests that gradual time-dependent “creep” processes may con-
).
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tribute. Creep is continuing deformation under constant load.
Intervertebral disc creep is responsible for the diurnal variation in
human stature [11] and in spinal mobility [12], and is attributable to
the slow expulsion of water from the proteoglycan-rich disc matrix
[13]. Disc creep is entirely recoverable when the disc is unloaded
because the proteoglycans suck the water back in again [14].

The possibility of comparable vertebral creep deformation is
largely unexplored. Creep deformity of animal vertebrae was reported
in a recent study [15] but was mostly attributable to the cartilage
endplate. Other experiments have measured time-dependent defor-
mations in small samples of cortical [16–19] and trabecular [20–23]
bone subjected to sustained or repetitive loading. The mechanism of
bone creep deformation is unclear, but could involve collagen fibre
slipping as observed in tendons after prolonged loading [24]. It has
recently been suggested that “non-traumatic vertebral fractures may
be related to long-term creep effects because the trabecular bone does
not have sufficient time to recover mechanically from creep deforma-
tions accumulated by prolonged static or cyclic loading” [22]. The

mailto:M.A.Adams@bris.ac.uk
http://dx.doi.org/10.1016/j.bone.2009.05.015
http://www.sciencedirect.com/science/journal/87563282


Fig. 1. The three common types of thoracolumbar vertebral deformity: A — anterior
wedge; B — biconcave; C — crush. Reproduced with permission from Rao and
Singrakhia [45].

Fig. 2. Apparatus for applying static compressive loading to cadaveric thoracolumbar
motion segments. The motion segment is secured in two cups of dental plaster and the
compressive load is applied by means of two low-friction rollers. The height of the rear
roller could be decreased to position the specimen in 2° of flexion during 2 h creep tests.
Three reflective markers (black dots) indicate the superior and inferior margins of each
vertebral body. Compressive loading was applied perpendicular to the mid-transverse
plane of the disc.
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possibility that creep could contribute to the gradual deformation of
vertebrae is supported by the curious finding that human vertebrae
appear to gain height if they are unloaded for a year as a result of
spinal fixation [25].

Age is likely to influence vertebral creep, not only because elderly
vertebrae are weaker and less dense [26], but also because old and
degenerated intervertebral discs concentrate loading on to the
anterior region of the vertebral body whenever the spine is flexed
[27,28], and this is the least dense and weakest part of most elderly
vertebrae [27]. This raises the fascinating possibility that vertebral
creep, arising from sustained spinal loading in some stooped posture,
could contribute to anterior wedge deformities (Fig. 1) and senile
kyphosis.

The purpose of the present experiment is to investigate for the first
time the phenomenon of creep in whole human vertebrae. We
hypothesise that creep deformity is measurable in the laboratory, and
is greater anteriorly than posteriorly so that affected vertebrae
develop an anterior wedge-shaped deformity.

Materials and methods

Cadaveric material

Human thoracolumbar spines were removed within 72 h of death
from 20 cadavers. Death was unrelated to any condition known to
affect bone metabolism, and none of the subjects had experienced
prolonged bed rest prior to death. Spines were dissected into 27
“motion segments” consisting of two vertebrae and the intervening
disc and ligaments, and subsequently stored at −20 °C. The first 9
motion segments to be tested (Group A) had an average age of 75 yrs
(range 48–91 yrs). Four were male and 5 were female, and the
following spinal levels were included: T8/9 (1 specimen), T9/10 (1),
T12/L1 (2), L1/2 (2), L2/3 (2) and L4/5 (1). The next 18 motion
segments (Group B) had an average age of 67 yrs (range 42–89 yrs).
Nine were male and 9 female, and the following spinal levels were
included: T7/8 (1), T9/10 (2), T10/11 (5), T11/12 (3), T12/L1 (1), L1/2
(2), L2/3 (2) and L3/4 (2). Grade of disc degeneration was assessed
from macroscopic features evident at dissection after testing, using
the first four points of a scale of 1–5 which emphasizes tissue integrity
[29,30]. Volumetric bone mineral density (BMD) was calculated for
each Group B vertebral body, after testing, using DXA tomeasure bone
mineral, and water immersion to measure volume. (Group A vertebral
bodies were used for other purposes after testing.)

Mechanical testing apparatus

Each motion segment was secured in two cups of dental plaster in
such a manner that compressive loading could be applied evenly to its
outer surfaces but without the vertebral bodies being deeply
embedded (Fig. 2). Loading was applied by a hydraulic material
testing machine (Dartec-Zwick-Roell, England) operating in “load-
control”. Two low-friction rollers of variable height allowed compres-
sion to be applied to a specimen maintained at some constant angle of
flexion or extension. The use of this apparatus to simulate physiolo-
gically-reasonable loading has previously been justified [31]. An initial
period of compressive creep loading (300 N for 15min) was applied in
order to reduce post-mortem disc hydration to typical physiological
levels [13]. All experiments were performed at room temperature,
with polythene filmwrapped around the specimen to keep its surface
wet (Fig. 3).

Creep loading

Each specimenwas subjected to a constant compressive load, with
the load being applied initially in a linear fashion over 5 s. ‘Elastic
deformation’ was defined as all deformation recorded during load
application (3–8 s) and during the first 2 s after load application.
‘Creep deformation’ was measured as the continuing deformation
during the following period of static loading. Group A motion
segments were positioned in 2° of flexion (to simulate a slightly
stooped posture in life) and compressed for 2 h with an average
compressive stress of 0.85 MPa (equivalent to an average force of
1.1 kN) to simulate moderate muscle forces in standing posture [32].



Fig. 3. Motion segment during creep loading. Three reflective markers indicate the
superior and inferior margins of each vertebral body in its anterior, middle and
posterior regions. Polythene film kept the surface of the specimen wet.

Fig. 4. MacReflex data (unsmoothed) showing deformations of the posterior, middle
and anterior vertebral body during the first 50 s of creep tests. (A) This specimen
showed typical deformations of several thousand micro-strains. Note the considerable
random errors. Compressive strains are shown as positive, so the posterior vertebral
body appears to increase slightly in height when loading is applied, possibly as a result
of pin-movement artifact. (B) Much larger deformations occurred in four Group B
vertebrae, including this one (female, aged 52 yrs, T11/12). “Elastic” deformations were
defined as those occurring during load application (3–8 s) and during the following 2 s,
and “creep deformation” was defined as all deformation after 10 s. These deformations
are labelled for the anterior vertebral body.
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They were allowed to recover for a further 2 h under a load of 100 N,
which was sufficient to maintain the slight flexion. Testing conditions
were similar for the 18 Group B motion segments (which were tested
after the Group A results had been analysed), but several details were
changed in order to give added insight into the creep process. Group B
specimens were positioned in 0° of flexion, and all were compressed
with 1.0 kN for 0.5 h and allowed to recover under a nominal load of
3 N. The small (2°) difference in postural angle between Groups A and
B is sufficient to influence stress distributions in the discs [33,34] and
so might alter creep deformations in the adjacent vertebrae.

Measuring bone creep deformation

Vertebral deformations in the sagittal plane were monitored at
1 Hz using an optical 2D MacReflex systemwith one camera (Qualisys
Ltd., Goteborg, Sweden), which located the centres of 6 reflective
markers glued to map pins inserted into the lateral cortex of each
vertebral body (Figs. 2 and 3). Two markers each defined the anterior,
middle and posterior height of each vertebral body, and deformations
were expressed as a proportion of vertebral height at zero load, at the
start of testing. Measuring vertebral deformations only in the sagittal
plane increases the accuracy of this system: previous experiments
have shown that it can locate the centre of each marker with in-plane
resolution better than 10 μm, and is capable of measuring very small
bending movements (approximately 0.01°) of the neural arch relative
to the vertebral body [31,35]. Data were subjected to a 30-point
moving-average digital smoothing in order to reduce random noise.

Intradiscal stresses, and neural arch load-bearing

Deformations of vertebral bodies depend on what proportion of
the applied compressive force they actually resist, and this in turn
depends on neural arch load-bearing. In order to quantify the latter,
we pulled a miniature pressure transducer through each loaded
intervertebral disc, summed the measured stresses over area to obtain
a force, and then subtracted this force from the applied force. Neural
arch load-bearing was then expressed as a % of applied load. This
technique has been validated previously [36] and does not interfere
with vertebral body mechanics.

Statistical analysis

A repeated measures mixed ANOVAwas used to detect differences
in creep strains between the three different regions of the vertebral
body (within subject factor) and between specimens with discs of
different degrees of degeneration (between subject factor). Matched-
pair t-tests were used to examine differences between creep and
residual strains. Linear regression was used to examine the influence
of age.

Results

Typical MacReflex measurements of vertebral deformation are
presented in Fig. 4A. These “raw” data reveal random scatter in the
measured marker positions which was later reduced by smoothing. In
some specimens, close analysis of the raw data suggested paradoxical
movements between individual markers which would be difficult to
explain in terms of bone strain, and which could have been caused by
artifacts such as bending of themarker pins under load. However, such
artifacts were uncommon, and inconsistent. An example is shown by
the lowest graph in Fig. 4A, which suggests that the posterior height of
the vertebral body increased slightly during creep loading. Six
vertebrae showed an increase in height, usually in the posterior
cortex. Random errors generated by the MacReflex system caused
considerable scatter in the raw data (Fig. 4A), but this was less
apparent in four Group B specimens that showed very high
deformations (Fig. 4B).

Smoothed MacReflex data is shown for a typical 2 h (Group A)
creep test in Fig. 5. The three graphs show strains (deformations) of
the anterior, middle and posterior regions of the vertebral body
cortex. In each region there was an initial elastic deformation,
followed by a gradually-increasing creep deformation. The rate of



Fig. 5. Creep deformation and recovery curves (after smoothing) for a typical 2 h creep
test. (Male, aged 80 yrs, L2.) The three graphs show deformation (strains) in the
posterior, middle and anterior vertebral body of one of the specimen's two vertebrae.
Elastic (ɛel), creep (ɛcr) and residual strains (ɛres) are labelled for the anterior vertebral
body.

Fig. 6. Sagittal plane radiograph of a Group B motion segment before testing (anterior
on right). Trabecular bone behind the lower endplate of the upper vertebra appears to
be disturbed, suggesting pre-existing endplate damage. This was one of the four
vertebrae that showed combined elastic and creep deformations greater than 50,000
micro-strains (5% height loss). (Female, aged 52 yrs, T11/12.)
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creep deformation slowed with time, but equilibrium was rarely
reached in 2 h. Load removal caused an immediate increase in
height, which then changed little during the following 2 h, so that a
residual strain persisted after testing. Creep and elastic deformations
in Figs. 4 and 5 were greatest in the anterior vertebral body, and
least in the posterior vertebral body.

Results for Group A specimens are summarized in Table 1.
Vertebral body deformations are expressed in micro-strain, where
10,000 micro-strains represent 1% loss in height. Features noted in
Figs. 4 and 5 are shown to be consistent findings. Creep strains during
2 h were comparable in size to initial elastic deformations. Elastic and
creep deformations were greater in the anterior vertebral body
compared to the posterior (Pb0.01). No consistent or significant
differences were noted between strains in the inferior and superior
vertebra in each motion segment (Table 1) or between thoracic and
lumbar vertebrae, presumably because strains are normalised for
initial size. Residual strains in the anterior, middle and posterior
cortex of all 18 vertebrae were less than the respective creep strains
(Pb0.05), averaging 71%, 64% and 61% of it.

For Group B specimens, results for superior and inferior vertebrae
were pooled. Four specimens that showed very high creep and elastic
deformations (in combination exceeding 5% strain) were removed as
outliers. Average elastic and creep deformations of these four
vertebrae were 33,082 (SD 7859) and 28,625 (SD 3549) micro-
strains, respectively. Close examination of the pre-test radiographs of
these four vertebrae suggested pre-existing damage in three of them
Table 1
Elastic and creep strains in the vertebral body recorded during the 2 h creep tests on 18
vertebrae (9 motion segments) in Group A.

Bone strain (μstrain)

Anterior Middle Posterior

Upper vertebra (n=9)
Elastic deformation 1885a±1104 1469±986 1246±723
Creep deformation 3133a±2283 2192±2154 1204±976
Residual deformation 2540a±1592 1046±1420 794±447

Lower vertebra (n=9)
Elastic deformation 2018a±2983 1494±638 1675±1305
Creep deformation 2867a±2527 1048±1120 1164±1026
Residual deformation 1727a±1088 1017±1079 655±1140

Values refer to themean±SD. Units aremicro-strains, where 10,000micro-strains=1%
deformation. For convenience, compressive strains are positive.

a Significantly different from posterior deformations (Pb0.01).
(Fig. 6). The remaining 32 Group B results (Table 2), which refer to
0.5 h creep tests, show greater creep deformations in the anterior
vertebral body compared to the posterior (Pb0.01), even though these
specimens were loaded in pure compression. Specimen age, and grade
of disc degeneration, had no significant influence on creep or elastic
strains in Group B specimens, although therewas a tendency for creep
deformation of the anterior and middle regions of the vertebral body
to be higher adjacent to severely degenerated discs.

Greater creep deformation anteriorly increased the anterior
wedging of the vertebral bodies. In the 2 h Group A tests performed
in 2° of flexion, anterior wedging increased by an average 0.09° (STD
0.13°, n=18). In the 0.5 h Group B tests in pure compression, this
angle increased by an average 0.08° (STD 0.14°, n=32).

Bone mineral density (BMD) of the 36 vertebral bodies subjected
to 0.5 h creep tests averaged 0.14 (SD 0.04) g/cm3. BMD appeared to
have little influence on creep deformation (PN0.05) if all 32
specimens (i.e. omitting the 4 outliers) were considered, but this
could have been because of stress-shielding of the vertebral body by
the neural arch in some specimens [27,36]. Calculations based on our
intradiscal pressure measurements indicated that neural arch load-
bearing in Group B specimens varied between 0% and 42% (mean
14%). If we consider separately those 23 vertebral bodies from
specimens with neural arch load-bearing b20%, then anterior
vertebral body wedging during creep showed a tendency to increase
when BMDb0.15 g/cm3 (Fig. 7). This became significant (P=0.042) if
two vertebrae with suspected damage (and neural arch load-bearing
b20%) were included. Using a power-law relationship did not improve
the correlation between vertebral wedging and BMD.

When creep strains in both vertebral bodies of Group B motion
segments (less the 4 outliers) were summed and compared with
creep deformation in the disc (measured by the MacReflex system
from the same markers) it was found that bone contributed 24%, 11%
and 3% of creep height loss by the anterior, middle and posterior
regions of the motion segment, respectively. Evidently, most creep
Table 2
Elastic and creep strains in the vertebral body recorded during the 0.5 h creep tests on
32 Group B vertebrae (18 motion segments, with 4 outliers excluded).

Bone strain (μstrain)

Anterior Middle Posterior

Elastic deformation 6936±12,045 3014±8389 3879±6358
Creep deformation 4331a±6761 1629±5976 614±2768
Total (elastic+creep) 11,268a±16,879 4644±13,187 4494±8105

Values refer to themean±SD. Units aremicro-strains, where 10,000micro-strains=1%
deformation. For convenience, compressive strains are positive.

a Significantly different from posterior deformations (Pb0.01).



Fig. 7. Increased anterior wedging of the vertebral body during 0.5 h creep loading
appeared to depend on volumetric BMD. Data is presented for all specimens in which
neural arch load-bearing was less than 20%, and so would not have interfered greatly in
the creep process. In vertebral bodies with BMDb0.15 g/cm3, anterior wedging
increased as BMD decreased, but this was significant only if two specimens were
included (solid symbols) which may have been damaged prior to testing (r2=0.21,
P=0.042, n=20).
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deformation occurs in the disc, but the contribution from vertebral
bone is not insignificant in elderly specimens, especially anteriorly.

Discussion

Summary of findings

The smooth nature of the creep deformation graphs (Figs. 4B and 5)
indicate a slow continuous mechanism of vertebral height loss that
justifies the term “creep”. Creep is greatest in the anterior vertebral
body, even under pure compressive loading, so that the bone develops
an anterior wedging deformity. Results therefore support our hypoth-
esis: they show that sustained compressive loading can cause
progressive and measurable creep deformity in elderly human
vertebrae.

Strengths and weaknesses of the study

The main strength of the present study is that it was performed on
elderly human vertebrae that were loaded in a natural manner by an
adjacent intervertebral disc. Another strength is the use of a non-
contact strain-measuring device with sufficient sensitivity to detect
very small vertebral deformations, albeit in two dimensions.

Themainweakness is that the studywas performed on dead tissue,
which is incapable of remodeling, and at room temperature. There is
no reason to believe that death per se can substantially alter the
mechanical properties of bone, although post-mortem blood clotting
can probably hinder the flow of water through the vertebral endplate
[14]. Post-mortem frozen storage has little if any effect on the known
elastic properties of bone [37], but it could conceivably affect bone's
time-dependent properties which are poorly understood (see below).
Time-dependent visco-elastic strains increase in many materials at
increasing temperature, so it might be anticipated that vertebral creep
would be faster in living people (at 37 °C) than in the present
experiments. However, these were preliminary experiments investi-
gating a new phenomenon, and we suggest that testing at laboratory
temperature is an acceptable first step, especially considering that the
introduced artifact almost certainly reduced the size of the novel
phenomenon investigated. Also, the fact that the rate of creep
deformation slowed markedly during the testing period (Fig. 5)
suggests that creep rate is not the most important consideration:
rather it is creep strain at equilibrium (if such an equilibrium exists)
that would determine the extent of vertebral creep deformity in living
people. Equilibrium strain may be less affected by temperature than
creep rate. Creep recovery also could depend on temperature and on
the presence of circulating blood, so the incomplete recovery noted in
the present experiments is an unreliable guide as to what might
happen in-vivo. Despite these problems, the experiment demon-
strates that whole human vertebrae do creep, and indicates lower
bounds for the size of the phenomenon in living people.

Relationship to other studies

No previous experiment has considered creep deformation in
whole human bones, although time-dependent deformations have
been studied in small pieces of cortical or trabecular bone, as
described in the Introduction. Themajority of these other experiments
concerned tissues from young animals, and “creep” was usually
equated with the residual strain following cyclic loading, which may
not be entirely valid [23] because residual strains would include the
effects of damage sustained at higher (peak) loads, and the effects of
dynamic fatigue. Nevertheless their results are broadly compatible
with those of the current study. For example, Yamamoto et al.
performed creep tests for up to 35 h on small samples of trabecular
bone from human vertebrae, and found that “creep” (residual) strains
approached an equilibrium, when they were similar in magnitude to
the initial elastic strains [22]. Creep and elastic strains were also
similar to each other in the present experiment (Tables 1 and 2) and
the rapid decrease in creep rate with time (Fig. 5) suggests that creep
deformation would not have increased greatly if the tests had been
more prolonged.

Explanation of results

Bone creep deformation is greater in the anterior region of the
vertebral body because bone here has reduced BMD, and its trabecular
organisation is often disrupted, so the tissue is weaker and less able to
resist applied loading [27]. Small angles of flexion can concentrate
compressive stress on the anterior vertebral body if the intervertebral
disc is degenerated [27,28] but this is unlikely to have had much
influence because flexion was not required to create anterior wedging
in the Group B specimens, which were tested in pure compression.
Severe disc degeneration concentrates compressive loading on to the
adjacent annulus [38] (and hence on to the adjacent vertebral cortex)
and this could explain the tendency for increased bone creep
deformation adjacent to grade 4 discs. It seems likely that pre-existing
damage in four of the Group B specimens lead to exceptionally high
creep and elastic deformations. These outliers give insights into the
mechanisms of vertebral creep, which is currently being followed up.
The immediate increase in specimen height when the applied load
was removed (Fig. 5) probably represents recovery of the initial elastic
deformation, whereas the persisting residual strain after 2 h suggests
only 30–40% recovery of creep strain.

The underlying mechanism of bone creep is not clear, but some
inferences can be made from the present results. Firstly, the
smoothness of the creep deformation curves (Figs. 4B and 5) indicates
that the continuing deformation does not represent a series of minor
fractures, although a long series of micro-fractures to individual
trabeculae remains a possibility. Secondly, the lack of substantial creep
recovery suggests that fluid flow is unlikely to be the dominant
mechanism underlying bone creep (as it is in articular cartilage and
intervertebral discs) because fluid flow is readily reversible when
loading is removed. Thirdly, the finding that vertebral creep
deformation is more rapid in the relatively weak anterior region
suggests that creep is a threshold phenomenon that becomes
substantial only when local tissue strength (and BMD) falls below
some critical value, as suggested by Fig. 7. This in turn raises the
possibility of creep occurring as a slippingmechanismwithin the bone
matrix once some internal resistance is overcome. Slipping could
conceivably occur between adjacent bone lamellae, or at the cement
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lines. Creep causes the total (elastic+creep) deformation in the
anterior vertebral body (Table 2) to exceed the elastic yield strain of
trabecular bone [39], suggesting that creep may involve plastic
deformation of the matrix. The present experiment actually measured
strain in the vertebral cortex rather than in trabecular bone, but it is
likely that bothwould deform in a similar manner because yield strain
does not differ greatly between cortical and trabecular bone [40].

Previous experiments give additional insights into possible creep
mechanisms. Compressive creep (residual deformation) of cortical
bone specimens differs from tensile creep, and shows some cha-
racteristics of being a threshold phenomenon [16,18]. Residual
strains following static and cyclic compressive loading of human
trabecular bone are similar to each other, suggesting a single
underlying mechanism, and full recovery of such creep deformation
probably take 20 times longer than the period of loading (even at
37 °C) [22]. Residual strains in human cortical bone are associated
with damage caused by the continuous accumulation of internal
microcracks [19], especially when loading rates are slow [41].
Taking all of this evidence into account suggests that the gradual
vertebral deformity observed in the present experiment (Fig. 5)
was predominantly due to microcracking of the bone matrix, which
throws increased loading on to the collagenous component of the
matrix which then creeps by relative gliding and rearrangement of
microfibrils.

Clinical implications

Living people do adopt fixed spinal postures for 0.5–2 h, for
example when driving, although it is more usual to apply cyclic
loading to the back. In living tissues, some of the effects of bone creep
can be reversed by cell-mediated remodeling processes, as observed
in young rats [42]. However, elderly human bone has a greatly reduced
ability to remodel microdamage [43] so that some creep deformity
could accumulate over time. Despite uncertainty over the time-scale,
the present experiment shows that deformity of elderly human
vertebrae cannot always be attributed to fracture, and that continuous
creep processes at the microscopic level can contribute to deformity.
Elderly people should be encouraged not to adopt stooped postures
for long periods of time, because spinal flexion increases loading of the
anterior region of the thoracolumbar vertebral bodies [27,44] and
could lead to anterior wedge deformity even if spinal loading
remained below the levels required to cause fracture. For the same
reason, vertebral deformity could possibly be minimised by wearing
orthoses that inhibit spinal flexion.

Unanswered questions and future research

Currently we are investigating how creep deformation is acceler-
ated in the presence of vertebral (micro)damage, and by body
temperature. Future work should explore the molecular mechanisms
of bone creep, and longitudinal studies on patients are required to
assess the impact of creep in living vertebrae.
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