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A B S T R A C T

Purpose: Bone responds to mechanical loading by increasing bone mineral density (BMD) and/or bone area to
enhance bone strength at the site of the greatest strain. Such localised adaptation has not been demonstrated at
the spine. The aim of this study is to determine if BMD and/or bone mineral content (BMC) differs between
dominant (ipsilateral to bowling/throwing arm) and non-dominant sides of the vertebrae in cricket fast bowlers,
and whether this asymmetry differs according to stress fracture or disc injury history. A further aim was to
determine if regional BMD and BMC in the lumbar spine differ between fast bowlers, other cricketers, rugby
players and non-active controls, to highlight the site-specific response of lumbar vertebra to unilateral activity.
Methods: 23 fast bowlers, 14 other cricketers, 22 rugby players and 20 controls underwent an antero-posterior
(AP) and lateral DXA scans of their lumbar spine to assess BMD, BMC and area. A custom analysis measured BMD
and BMC of the dominant and non-dominant sides (lateral 33%) of the AP lumbar spine. BMD and BMC were
compared between groups, injury status, vertebrae and sides using ANOVA.
Results: Analysis of medical records showed that 6 fast bowlers had a history of lumbar stress fracture.
Significantly greater BMD and BMC was found in the L4 non-dominant vertebra compared with the dominant
vertebra in fast bowlers. BMD and BMC differed significantly according to vertebra, side and group, with fast
bowlers having significantly greater BMD and BMC at the L3 and L4 non-dominant vertebra compared with other
groups (L3: 13.3%–45.3%, L4: 15.7%–44.0%) compared with other groups. Fast bowlers who never suffered
lumbar stress fracture had 3.6% and 1.7% greater BMD in the dominant and non-dominant sides of lumbar
vertebrae respectively compared with those who did suffer lumbar stress fracture, but evidence of this was
weaker (P=0.08).
Conclusion: The lumbar spine responds to a unique unilateral high loading activity through site-specific in-
creased bone mass at the site of most strain. Fast bowlers had increased lumbar BMD, particularly on the non-
dominant side of L4, although this adaptation was less marked in those with history of lumbar stress fracture.
Site-specific low bone mineral density within the lumbar side may be implicated in the aetiology of lumbar stress
fracture.

1. Introduction

Cricket fast bowling is a unique unilateral movement pattern de-
fined by extreme multi-planar trunk movements> 125% of active
range of motion [1], high vertical ground reaction forces in excess of 7
times body weight at front foot contact [3] and high match work-
loads> 2400 deliveries in a season [4], contributing to a large lumbar
load, where peak lumbar forces can exceed 20 N/kg−1 and peak lumbo-
pelvic moments can exceed of 10 Nm/kg−1/m−1 per delivery in all
three directions [5].

Bone is a remarkable material capable of responding to its me-
chanical environment to balance the efficiency of locomotion with
strength of the bone [6]. This response may be governed by a ‘me-
chanostat’ [7] which optimises mass and architecture of bone through
modelling [8] and remodelling [9] processes to ensure that typical local
peak bone strains are minimized to keep strains below the micro-
damage threshold, preventing acute or fatigue fractures [10]. Where
typical peak mechanical strains exceed the microdamage threshold,
microdamage can escape usual repair, accumulating and coalescing,
increasing fragility and increasing the risk of sustaining a stress fracture
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[11].
Site-specific response of bone to a stressful mechanical environment

can be observed in male tennis and baseball players, whose playing
arms demonstrate significantly greater BMD and BMC of up to 24% and
45% respectively compared with their non-playing arms [12–19]. This
response was suggested to be due to the osteogenic effect of the muscles
surrounding the shoulder, elbow and wrist acting upon the bones of the
arm, producing a large mechanical strain, stimulating a response [20].
The response of the lumbar spine to stressful mechanical environment
can be observed in male rugby players, who demonstrate significantly
elevated BMD and BMC at the lumbar spine than a control population
[21,22] in response to the high bilateral forces sustained by the trunk
during collisions, tackling and while scrummaging [23,24].

While it is known that cricketers demonstrate significantly greater
lumbar spine BMD than physically active controls, lumbar BMD and
BMC did not differ between fast bowlers, batters or spin bowlers [25].
However, this study had few participants per group, and participants
were all young adults (mean age of 22 years), and may not have
reached peak bone mass or elite playing status. Incidence of lumbar
stress fracture (LSF) is high in fast bowlers, with up to 67% having a
history of LSF across their career [26]. LSF are most prevalent at the
fourth and fifth lumbar vertebra (66% of all incidence), with 93% of all
LSF occuring at the neural arch on the non-dominant side (contralateral
to bowling arm, [27]). This unilateral injury may be a result of the
increased stress placed on this area, with a finite element analysis es-
timating that stresses within the neural arch on the non-dominant side
of L4 are up to 10% greater than on the dominant side [28]. This
suggests that fast bowlers may exceed the microdamage threshold of
the L4 and L5 non-dominant lumbar spine possibly as a result of local
maladaptation to their extreme mechanical environment. The inability
of bone to respond to its mechanical environment has been suggested to
be a risk factor to stress fracture in endurance runners [29]. Another
common injury in fast bowlers are injuries to the intervertebral discs of
the lumbar spine, with up to 61% of fast bowlers demonstrating ab-
normalities on MRI [30].

It is not known whether a site specific response to mechanical
loading is present in the lumbar spine of fast bowlers, or if mala-
daptation is a risk factor to LSF or disc injuries in fast bowlers. The aim
of this study was to determine if BMD and/or BMC differs between
dominant and non-dominant sides of the vertebrae in cricket fast
bowlers, if whole and regional BMD and BMC differs between different
groups, and whether BMD and BMC differs according to stress fracture
or disc injury history.

2. Methods

2.1. Experimental design

The study was cross-sectional, with measurements being made
during one visit to the laboratory. The study was approved by the
Loughborough University Ethics Advisory Committee and National
Research Ethics Service (NRES). All participants provided written in-
formed consent and ethics was obtained from both the National
Research Ethics Service and Loughborough University Ethics Approvals
(Human Participants) Sub-Committee.

2.2. Participants

Participants included 37 elite male cricketers (23 fast bowlers, 14
other cricketers (11 batters, 2 wicketkeepers, 1 spin bowler), 22 rugby
players and 20 control participants. Inclusion criteria for the cricketers
were participation in national senior or developmental squads. Fast
bowlers were defined as those who the wicketkeeper would usually
“stand back”. Inclusion criteria for the rugby players were to regularly
train or compete at least 3 times a week for at least the last six months
and compete in a minimum of university standard. Inclusion criteria for

the controls were no regular participation in high impact or loading
resistance exercise. Exclusion criteria for all participants were any
disease or medication that affects bone health; any conditions that may
contraindicate X-ray exposure and no known current LSF, current
lumbar bone stress or known unusual pathological changes (healed
fractures, osteophytes, arthritic changes) to the lumbar spine which are
known to affect BMD or BMC in the regions of interest. Rugby players
were selected for comparison due to the known high bilateral lumbar
spine BMD and BMC [21,22], while other cricketers were selected as it
is likely they have a similar training volume to the fast bowlers.

2.3. Measurements

BMC and BMD were determined using dual X-ray absorptiometry
(DXA) on a GE-Lunar Prodigy densitometer (GE, Madison, WI, USA).
Lumbar spine scans were conducted in anteroposterior (AP) and lateral
positions using standard positioning protocols, and whole vertebral
(L1–L4) and lateral (L3) BMD (g/cm2), BMC (g) and area (cm2) were
analysed (Lunar enCORE v17.0). Custom analysis of AP scans was used
to split each vertebra into dominant (ipsilateral to bowling/throwing
hand) and non-dominant sides of the lumbar spine. Rectangular custom
regions of interest were added to the lateral 33% of each lumbar ver-
tebral body, to exclude the mineral rich spinous process which can vary
in their position, and BMD and BMC of these regions were calculated
(Fig. 1A). To discriminate the vertebral body and posterior elements, a
lateral scan was used. BMC, BMD and area of the L3 vertebral body and
posterior elements was measured. The L3 vertebra was selected as L2
and L4 are often occluded by ribs or the pelvis, respectively. A custom
region of interest was defined to include the whole vertebral body, with
superior and inferior borders at the midpoint of the interventebral
space. To include posterior elements, a further region of interest was
defined with top and bottom borders parallel to the spinous process to
include the entirety of the posterior elements (Fig. 1B). Repeatability of
each analysis was determined using repeat scans in 20 participants on
the same day with repositioning and demonstrated precision (RMS-SD,
%CV) of L1–L4 BMD (0.006 g/cm2, 0.41%) and BMC (1.308 g, 1.43%),
lateral L3 vertebral body BMD (0.027 g/cm2, 2.66%) and BMC (0.251 g,
2.15%), L3 posterior elements BMD (0.025 g/cm2, 2.85%) and BMC
(0.269 g, 2.50%), and all custom unilateral regions of interest BMD
(0.024–0.035 g/cm2, 1.79–2.42%) and BMC (0.182–0.271 g,
2.78–3.63%). Body fat percentage and fat free mass was determined
from a whole body DXA scan. LSF history and unusual pathological
changes was determined from England and Wales Cricket Board med-
ical records with any diagnosis confirmed by MRI, CT or SPECT CT
scans. A bone-specific physical activity questionnaire (BPAQ) was used
to determine current, previous and total bone loading [31].

2.4. Statistical analysis

All statistical analyses were performed within SPSS v.23 (IBM,
USA). One-way ANOVA determined if group or injury status differed in
lumbar spine (L1–L4, lateral vertebral body or posterior element) BMD,
BMC and area, with post-hoc Bonferonni correction determining dif-
ferences between groups. Two-way mixed repeated measures ANOVA
determined within and between group and between injury differences
between dominant and non-dominant sides of the lumbar spine. A
further one-way ANOVA was used if vertebral side had a significant
interaction with group or injury, with a post-hoc Bonferonni correction
to determine specific differences. Age and fat free mass were used as
covariates to control for related changes in BMD and BMC in compar-
ison between groups, while no covariates were used to compare within
groups. If the assumption of normality was violated, a post-hoc Mann
Whitney U test was used, with 0.05 divided by the number of tests
being run to control for Type 1 error. Cohen's d (or r for non-parametric
data) was calculated to determine the effect size of the difference be-
tween groups [32].
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3. Results

3.1. Participant characteristics and injury history

Of the 23 fast bowlers, 6 had a history of LSF and 7 had a history of
lumbar disc injury. Of the 14 other cricketers, 5 had a history of lumbar
disc injury. Characteristics of participants in each group can be found in
Table 1.

3.2. Whole lumbar vertebrae

There was a significant effect of group on L1–L4: BMD, BMC, Z and
T scores, and previous, current and total BPAQ (P < 0.01,
ηρ2= 0.37–0.78), with significant differences between groups even
after adjustment for fat free mass and age (Table 1). No significant ef-
fect of stress fracture or disc injury history was observed for age, height,
body mass, any BPAQ, whole or lateral vertebra variable (P > 0.05,
Supplementary File A).

3.3. Lumbar spine asymmetry (dominant v non-dominant)

BMD and BMC differed between vertebrae, and vertebral side in fast

bowlers (P < 0.01, ηρ2= 0.40–0.43) but not other groups, with
greater BMD and BMC on the non-dominant side of the spine compared
with the dominant side. The magnitude of BMD and BMC asymmetry
increased with each vertebral level from L1 to L4 (BMD: 1.0%, 3.9%,
8.9% and 14.6%, BMC: 1.6%, 4.4%, 9.9% and 18.1% respectively).
There was significant difference between sides at L4 (P≤ 0.01,
d= 0.98–1.01, Figs. 2A and B). Differences between sides did not ex-
ceed 2.0% in BMD or 5.9% in BMC at any vertebral level in any of the
other groups (P > 0.05).

3.4. L3 vertebral body and posterior element

L3 vertebral body and posterior element BMD were significantly
greater in fast bowlers, other cricketers and rugby players compared
with controls (17.4%–47.8%, P≤ 0.02, d= 1.03–1.78). L3 vertebral
body BMC was significantly greater in both fast bowlers and rugby
players compared with controls (26.1%–26.9%, P≤ 0.03,
d= 0.86–0.96) but only fast bowlers had significantly greater BMC
within the posterior elements than controls (33.3%, P < 0.01,
d= 1.20, Table 2).

Fig. 1. Regions of interest used on the AP (A) and lateral (B) lumbar spine DXA scan.

Table 1
Mean (SD) age, height, body mass, body fat, whole vertebral measures and previous bone loading of fast bowlers, other cricketers, rugby players and controls.

Fast bowlers Other cricketers Rugby Controls

Age (years) 24.58 (3.93)b 27.85 (3.73)b,⁎ 21.27 (1.32) 21.56 (2.03)
Height (m) 1.88 (0.08)⁎ 1.82 (0.06) 1.86 (0.07)⁎ 1.79 (0.06)
Body mass (kg) 88.6 (9.85)b,⁎ 82.7 (7.27)b 100.4 (11.06)⁎ 76.8 (9.10)
Body fat % 15.9 (3.83) 16.0 (3.63) 17.2 (7.06) 20.6 (9.47)
Fat free mass (kg) 74.72 (8.37)b,⁎ 69.87 (6.48)b,⁎ 83.05 (7.88)⁎ 60.71 (6.11)
L1–L4 BMD (g/cm2) 1.56 (0.16)⁎ 1.43 (0.13)⁎ 1.47 (0.09)⁎ 1.20 (0.13)
L1–L4 BMC (g) 114.49 (14.68)a,b,⁎ 98.14 (9.90)⁎ 107.02 (10.58) 79.06(12.35)
L1–L4 Area (mm2) 73.57 (7.62) 68.75 (4.48) 72.76 (6.01) 65.52 (6.27)
L1–L4 Z-score 2.45 (1.24)⁎ 1.57 (1.08)⁎ 1.58 (0.85)⁎ −0.13 (1.08)
L1–L4 T-score 3.23 (1.38)⁎ 2.07 (1.06)⁎ 2.47 (0.78)⁎ 0.26 (1.02)
Previous BPAQ 53.56 (36.24)b 35.00 (19.90)b 94.19 (26.86)⁎ 39.81 (23.56)
Current BPAQ 6.21 (1.86)b 7.87 (1.93)b 21.09 (3.63)⁎ 3.74 (5.70)
Total BPAQ 28.73 (18.62)b 22.58 (9.54)b 57.54 (13.46)⁎ 21.72 (13.11)

a Significantly different to other cricketers.
b Significantly different to rugby.
⁎ Significantly different to controls (P < 0.05). Statistical tests between groups included fat free mass and age as covariates.
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3.5. Comparison of lumbar spine asymmetry between groups

There was a significant interaction between vertebra, side and
group in BMD and BMC (P < 0.01, ηρ2= 0.16–0.17) even after

adjustment for age and fat free mass. Analysis of dominant and non-
dominant sides of the lumbar vertebrae demonstrated significant dif-
ferences between groups in BMD and BMC (P < 0.01, ηρ2= 0.27–0.55,
Fig. 2A and B). Significantly greater BMD and BMC was identified in
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Fig. 2. Mean (±95% CI) of (A) regional vertebra BMD (g/cm2) and (B) regional vertebra BMC (g) between fast bowlers, other cricketers, rugby players and control
participants. *denotes significantly (P < 0.01) different to ipsilateral side. Covariates were not used in analysis within groups.

Table 2
Mean (SD) BMD (g/cm2) and BMC (g) of L3 vertebral body and posterior elements in fast bowlers, other cricketers, rugby players and controls.

Fast bowlers Other cricketers Rugby Control

Vertebral body BMD 1.00 (0.11)⁎ 0.98 (0.09)⁎ 1.02 (0.13)⁎ 0.77 (0.16)
Vertebral body BMC 13.73 (1.84)⁎ 12.36 (1.53) 14.15 (2.14)⁎ 9.78 (2.70)
Posterior elements BMD 1.10 (0.15)⁎ 1.04 (0.12)⁎ 0.98 (0.14)⁎ 0.83 (0.14)
Posterior elements BMC 14.51 (2.17)⁎ 13.10 (1.65) 13.23 (1.98) 10.28 (2.06)

⁎ Significantly different to controls (P < 0.05). Statistical tests between groups included fat free mass and age as covariates.
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fast bowlers compared to rugby players at the non-dominant L2, L3 and
L4, (13.4%–33.3%, P < 0.01, d=1.20–1.59) with no significant dif-
fernences on the dominant side. Fast bowlers also had significantly
greater BMD compared with other cricketers at the non-dominant L3
and L4 (13.3%–15.7%, P < 0.01, d= 1.00–1.03) with no differences
on the dominant side, and significantly greater BMC at the non-domi-
nant L2, L3 and L4 (13.5%–20.1%, P < 0.05, d=0.91–1.01), and at
the dominant L3 (14.8%, P=0.02, d=0.82). All active groups had
significantly greater BMD in all custom areas of the lumbar spine
compared with controls (17.1%–44.4%, P < 0.05, d= 1.15–1.83).
Fast bowlers demonstrated significantly greater BMC at all custom areas
compared with controls (24.3%–45.3%, P < 0.01, d= 0.98–1.46),
other cricketers had significantly greater BMC at the non-dominant L2,
L3 and L4 (19.9%–22.0%, P < 0.05, d=1.02–1.17) and dominant L1
than controls (17.8%, P=0.02, d=1.04), and rugby players have
significantly greater BMC at the dominant (18.2%, P=0.03, d=0.84)
and non-dominant L1 than controls (20.1%, P=0.04, d=0.80). No
significant differences were found between other cricketers and rugby
players for any lumbar spine regional area (P > 0.77).

3.6. Lumbar asymmetry and injury

The interaction between side, vertebra and stress fracture status on
BMD approached significance (P=0.08), with the non-LSF fast bowlers
demonstrating greater BMD on both dominant and non-dominant sides
of the vertebra (3.6% and 1.7% respectively, Supplementary File A). No
significant interaction was found between side, vertebra and stress
fracture history on BMC (P=0.34). There was no significant interac-
tion between side, vertebra and disc injury history on BMD or BMC in
fast bowlers (P=0.61, P=0.77) or other cricketers (P=0.28,
P=0.13).

4. Discussion

The main new finding of this study is the site specific greater bone
mass within the lumbar vertebra in response to a unilateral activity.
Fast bowlers had greater BMD and BMC on the non-dominant side of
the spine compared with the dominant side, specifically at L4 where
BMD and BMC of the non-dominant side were significantly greater
(14.6% and 18.1% respectively).

This site-specific adaptation can be further demonstrated by the
comparison to rugby players, who had comparable whole L1–L4 BMD
to cricketers. Fast bowlers had significantly higher BMD and BMC than
rugby players at the non-dominant side L2, L3 and L4 (13.4%–33.3%
greater) of the spine but not at the concurrent dominant side. A similar
pattern was seen between fast bowlers and other cricketers with fast
bowlers demonstrating significantly higher BMD at the non-dominant
side L3 and L4 (13.3%–20.1%) and but no significant differences at the
concurrent dominant side. While both fast bowlers and rugby players
had significantly greater BMD and BMC in the lateral vertebral body
compared to controls (26.1% - 29.4%), and greater BMD in the pos-
terior elements (33.9% - 47.8%) only fast bowlers had significantly
greater BMC in posterior elements compared with controls (33.27%).
Fast bowlers thus had localised increases in BMD and BMC on the non-
dominant side and in the posterior vertebral elements.

4.1. Activity specific adaptation

The extreme lumbar movements of fast bowling, which include
contralateral side flexion, ipsilateral rotation and extension, occurring
near simultaneously with each other [1] and with high vertical ground
reaction forces [3], eliciting large compressive, torsional and shear
forces upon the non-dominant side of the lumbar spine [5,33,34]. These
forces may be transmitted to the lumbar spine via the musculature
surrounding the lumbar spine, which attach to the posterior elements of
the lumbar spine, and these forces are then transmitted from the

posterior elements to the vertebral body via the neural arch [35]. The
neural arch is known to be highly adapted, with the pars interarticularis
having the greatest amount of cortical bone within the posterior ele-
ments [36], while the pedicles have thick cylindrical walls with a
hollow centre, both of which provide resistance to the strains placed
upon these areas [35]. The forces involved during fast bowling are
likely to put great bone strain upon these areas, triggering the model-
ling and remodelling response to reduce the strain upon the bone [6],
possibly resulting in the site-specific bone mass increase seen in the
non-dominant side and posterior elements of the fast bowlers lumbar
spine in this study.

Cricket fast bowlers demonstrate unique asymmetric musculature of
the lumbar spine which works in synergy in order to achieve stabili-
zation of the spine and prevent injury [2]. The cross sectional area of
the quadratus lumborum, multifidus and erector spinae were all sig-
nificantly greater on the dominant side of the spine (4.5–7.2%, [2,37],
and attach to processes at the posterior elements on the same side of the
vertebra. As the increments in BMD and BMC were seen at the non-
dominant side, this may suggest that the action of these muscles may not
be the major contributor to the bone adaptation observed in fast
bowlers. The psoas major, however, has greater cross-sectional area on
the non-dominant side of the lumbar spine (4.0%, [2,37]), and this side
specific hypertrophy may drive the osteogenic response seen in the non-
dominant side of the lumbar spine. Despite having minimal contribu-
tion to extension and flexion of the lumbar spine [35], it is known that
the psoas major exerts large compressional loads upon the lower
lumbar spine through its attachements on the transverse process of each
lumbar vertebra [38]. It is known that elite fast bowlers demonstrate
knee and hip extension during front foot contact, when vertical ground
reaction forces are high [3], and which may attenuate this force into the
lumbar spine via the psoas major, possibly contributing to the site
specific adaptation observed in fast bowlers.

Previous research has demonstrated significantly greater BMD and
BMC in the playing arm of male tennis and baseball players of up to
24% and 45% respectively [12–19], similar to the BMD increases, but
much larger than the BMC increases observed on the non-dominant L4
in fast bowlers. It may be that the playing arm of the tennis or baseball
players and the non-dominant side of the lumbar spine of the fast
bowler have a similar magnitude of bone strain increase compared with
the opposing side, resulting in a similar BMD response. Differences in
BMC between cricket fast bowling, tennis and baseball may come from
the weight bearing nature of the lumbar spine, thus reducing asym-
metry. In comparison, the non-dominant arm of a tennis player is only
required during two handed shots, while in baseball it is only required
when batting. Differences in BMC may also arise from the type of
loading required in each activity. To hit top spin ground strokes in
tennis, or to throw a baseball, a large torsional force is produced in the
playing arm by the muscles acting on the shoulder, elbow and wrist
[13,39] which elicits an increase resistance to torsional forces through
periosteal expansion, endosteal contraction, cortical mass and thickness
[19,40]. It may be that the torsional forces sustained by the lumbar
spine during fast bowling are less than those sustained by the playing
arm of tennis or baseball players, but instead has a greater contribution
of shear and compressive forces [5], which may be less osteogenic [41].
Further differences may arise from the shape of the bones, the bones in
the arm are long bones, while the vertebra are irregular and may adapt
in a different fashion to mechanical loading.

4.2. Site specific adaptation and injury

The stress fracture group had less bone mineral density on the
dominant and non-dominant sides of the lumbar spine compared with
control fast bowlers (3.6% and 1.7% respectively), although this was
not significant (P=0.08). The non-dominant pars interarticularis is the
most common site for LSF in fast bowlers, and this may suggest that an
inability to locally adapt sufficiently to the strain involved with fast
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bowling may contribute to stress fracture. Alternatively the reduction in
BMD may alternatively be a consequence of a previous stress fracture,
which often have prolonged healing times [42]. Given the small
number of stress fractures in this study this finding demonstrates the
need to examine the aetiology of LSF in larger studies. Reduced bone
mineral accrual may be affected by intrinsic factors such as maturity
status, hormonal status, previous bone stress injury, bone geometry,
muscular fatigue, vitamin D status and calcium homeostasis and ex-
trinsic factors such as technique, workload, nutrition, cardiovascular
fitness, muscle strength, endurance and flexibility, energy availability,
pharmaceutic use and footwear [43–45].

4.3. Strengths and limitations

Strengths of this study are the unique cohort of elite cricket fast
bowlers, who were scanned on the same DXA scanner. Limitations of
this research are that as a cross-sectional study, it cannot demonstrate
causality and cofounding variables such as prior injury could influence
findings, although both players with stress fracture and those without
demonstrated a similar asymmetric adaptation to fast bowling. Further,
while it is possible that pathological changes could also cause this
adaptation, this group of elite fast bowlers undergo regular screening
and have a minimum of 1 MRI per year, so any pathological changes
would have been noted and resulted in exclusion from the current
study. A further limitation is the small number of stress fracture cases.
With a larger cohort it may be possible to observe statistically sig-
nificant changes in their regional BMD and BMC compared with fast
bowlers who have not suffered stress fractures. Fast bowlers and other
cricketers were significantly older than rugby players which may affect
results as bone mass continues to increase until approximately 30 years,
by age 19 however approximately 95–97% of total bone mineral and
area has been accrued [46]. The sub-elite status of rugby players may
have effected comparisons between groups as L1–L4 BMD are less than
those found previously by 5% [22]. DXA provides a two-dimensional
projection of a three-dimensional structure, which means the depth of
bone cannot be directly measured, so DXA derived BMD is areal rather
than volumetric [47], causing smaller bones to have a lower areal BMD
than larger bones, even when volumetric BMD is the same [47–50]. The
lateral scan of the lumbar spine uses a soft tissue reference region that
may less accurately reflect the soft tissue overlying the bone, particu-
larly for the posterior vertebral elements, affecting the attenuation
characteristics and hence the estimated BMD and BMC [51]. However,
soft tissue composition was similar between all the active groups, so
this error should not invalidate comparisons between these groups.

4.4. Future research

Future research should investigate larger cohorts of LSF cases to
determine if bone mineral accrual differs between LSF cases and con-
trols, and prospective studies with baseline data taken pre-stress frac-
ture are needed to determine if the lower BMD and BMC is causative or
a consequence of stress fracture. Further research should explore the
interaction between internal and external risk factors to LSF.
Understanding the relationship between fast bowling technique, ver-
tical ground reaction forces and regional bone mineral density and
content will help determine which movements during fast bowling
place the greatest strain upon the lumbar spine and could be used to
inform safe adaptation of the lumbar spine to fast bowling.

4.5. Conclusion

Fast bowlers had localised increases in lumbar spine BMD and BMC,
particularly on the non-dominant side and in the posterior vertebral
elements. This study has demonstrated the remarkable ability of bone
to respond within the lumbar vertebra to a high lumbar loading uni-
lateral activity through site specific increases in bone mass. The ability

of bone to respond to this loading may be implicated in the aetiology of
lumbar stress fractures in fast bowlers.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.07.030.
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