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Abstract

Purpose To investigate whether upright magnetic resonance imaging (MRI) has a role in defining thoracolumbar spine
pathology in elite gymnastics.

Methods A prospective cross-sectional observational study of National Senior and Junior Artistic gymnasts in three MRI
positions (standard supine, upright flexed and extended positions). Two specialist musculoskeletal radiologists independently
analysed images with neutral as a baseline with the effects of flexion and extension reported in line with Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement.

Results Forty (18 males) gymnasts aged 13-24 years with a mean (SD) of 32 (5.3) training hours per week consented with
75% showing MRI abnormalities. Degenerative disc disease (DDD) was evident in 55% participants with vertebral end plate
(VEP) changes in 42.5%. Spondylolysis was present in 40% with an additional 17% showing chronic bilateral complete L5
pars defects. 23% participants demonstrated different MRI findings in upright flexion compared to neutral.

Conclusion Findings suggest a high levels of MRI abnormalities in elite gymnastics including altered disc morphology and
posterior element abnormalities. High prevalence of T11/12 DDD and VEP changes reflects the thoracolumbar junction
being a transition zone. Upright MRI and varying spine position offer promise for enhanced visualisation of posterior ele-
ment abnormalities.

Keywords Lumbar spine - Elite gymnastics - Pathology - Upright MRI - Prospective

Introduction

The prevalence of low back pain (LBP) in gymnastics is
high with reports of 85% in male and 65% in female artistic
gymnastics [1]. The unique physical challenges of gymnas-
tics with repetitive multi-directional movements with up to
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13 times body weight on landing, place extreme stresses
on the spine contributing to high rates of LBP [2]. Lumbar
spine MRI studies of gymnasts have demonstrated a high
prevalence of abnormalities, including degenerative disc
degeneration, facet joint and posterior bony element stress
changes [3].

Altered disc morphology is dependent on the type of
components present (degeneration, vertebral endplate
changes and herniations) to determine how tissues carry
out load bearing and multi-directional movement [4]. Point
prevalence estimates of degenerative disc disease (DDD)
have ranged from 63% [3] to 75% [1] in gymnastic popula-
tions although the extent of the disc pathologies remains
unknown.
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Research findings indicate athletic populations are pre-
disposed to posterior element abnormality due to hormonal
influences [5], and progression from pars interarticularis
stress reaction through spondylolysis to spondylolisthesis
is common in adolescent athletes [6]. Moreover, posterior
element abnormalities are commonly observed at multi-
ple thoracolumbar levels in cricketers [7]; however, stud-
ies involving elite gymnasts are scarce. Two MRI studies
of elite female gymnasts found 16% in spondylolysis and
16% spondylolisthesis (n=19) [2] and spondylolisthesis
in 37% (n=38) [8]. One radiographical study reported low
prevalence of spondylolysis (5.6%) and no evidence of spon-
dylolisthesis in female elite gymnasts (n=18) [9]. Different
imaging modalities may explain the variation in findings.

Standard supine lumbar MRI is widely considered the
gold standard for investigating LBP, although the emergence
of upright MRI offers capability to scan in a full flexed or
extended spine offering the potential for visualisation of
abnormal findings, meaning that it is different from normal
or usual findings that are seen with conventional supine posi-
tion [10]. It is not known whether upright MRI has a role
in detailing altered disc morphology or posterior element
abnormality of the thoracolumbar spine.

Knowledge of prevalence data regarding MRI abnormali-
ties in elite gymnasts is important to aid understanding of
potential injury mechanisms to use this data to inform the
development of management strategies and approaches to
training.

Study aim

To investigate thoracolumbar spine MRI findings in elite
artistic gymnasts to:

Objectives

1. Establish the prevalence of altered disc morphology (e.g.
DDD) and posterior element abnormalities (e.g. spon-
dylolysis).

2. Investigate the influence of thoracolumbar spine position
(standard supine, upright flexed, upright extended) on
MRI findings.

Methods
Study design

A prospective cross-sectional upright MRI observational
study involves senior musculoskeletal radiologists, mus-
culoskeletal rehabilitation researchers and an experienced
physiotherapist. The study is reported in accordance with
the Strengthening the Reporting of Observational Studies

@ Springer

in Epidemiology (STROBE) statement [11] (Appendix 1).
The University of Birmingham Research Ethics committee
granted approval for this study.

Setting

Data collection from consenting participants was at a sin-
gle upright MRI imaging centre across two dates (May and
October 2017).

Participants and study size

Inclusion criteria were a non-probability consecutive sample
[12] of sixty-six elite male and female gymnasts, aged 12-26
within the British Gymnastics (BG) National Artistic Senior
and Junior squads who were eligible for selection for the
Tokyo Olympic Games in 2020.

Variables and definitions

DDD (DDD with anterior ring apophyseal injuries) was
classified using the Pfirrmann grading of asymmetry in disc
structure, distinction of nucleus and annulus, signal intensity
and height [13]. Disc herniations were described as circum-
ferential bulge (>50% disc circumference); broad-based
herniation (25-50% disc circumference); focal herniation
(<25% disc circumference); and extrusion or sequestration
[14]. Examining vertebral end plate (VEP) involved Modic
et al.’s classification types 1-3 [15]. Spondylolysis was
defined as stress reaction with bone marrow oedema with
no fracture line in the pars interarticularis or pedicle, and
spondylolisthesis as stress fracture and sliding of the verte-
brae [16]. Facet joint arthropathy described as bone remod-
elling +facet joint effusions was classified using a grading
system (0-3) with normal as grade 0 [17].

Data collection and measurement

MRI investigation was performed by a radiographer inde-
pendent of the study team using a 0.5 Tesla MR Open sys-
tem (Paramed, Genova, Italy) comprising sagittal T2 and
STIR (short tau inversion recovery) and axial T2-weighted
sequences (approximately 45’ /participant). The three posi-
tions were standard supine (SS), upright flexed position
(UFP) and upright extended position (UEP).

Images were interpreted on a standard PACS (picture
archiving and communication system) workstation (Sectra,
Sweden) reflecting normal clinical practice.

Data analysis and bias considerations

Two specialist musculoskeletal radiologists (SJ and RB)
analysed the MRI data independently with a subsequent



European Spine Journal

consensus discussion. No clinical data were available to
radiologists. Detected abnormalities were categorised as
follows:

e Altered disc morphology: DDD, vertebral end plate
(VEP) changes and disc herniations.

e Posterior element abnormality: spondylolysis, spon-
dylolisthesis, facet joint and any other abnormality.

Images were analysed for alteration in alignment at each
vertebral level in the thoracolumbar spine, with differences
in central and foraminal dimensions examined (in neutral
as a baseline and then in flexion and extension). Partici-
pant demographics including gender, age and training hours
were quantified with numbers, range and mean with standard
deviation. Data analysis was conducted using SPSS, version
26.

Results
Participant demographics and LBP characteristics

Forty (male n=18) participants consented, aged
13-24 years, mean (SD): age 16.3 (2.7) engaged in 32
(5.3) training hours per week. Fifteen participants (37.5%)
reported experiencing current LBP and 33 (82.5%) reported
a history of LBP.

Descriptive data
Presence of abnormalities in SS (Objective 1)

Seventy-five per cent of participants (males n=15 aged
14-24, females n= 15 aged 13-20) had abnormalities in the
thoracolumbar spine in SS (Table 1).

Altered disc morphology

DDD

Twenty-two participants (55%) showed evidence of DDD
(Table 1). One spinal level was involved in 8 participants
(36.4%), two levels in 12 participants (54.5%) and three lev-
els in 2 participants (9%). In total, 38 discs demonstrated
DDD with the majority at T11/12 (23.7%), followed by L5/
S1 (18.4%) and T10/11 (15.8%), with 42.1% of six other

Table 1 Presence of MRI abnormalities in SS

n=40
n (%)
Altered disc morphology
Degenerative disc disease 22 (55)
Vertebral end plate changes 17 (42.5)
Disc herniations 8 (20)
Posterior element abnormalities
Pars oedema/spondylolysis 16 (40)
Spondylolisthesis 6 (15)
Facet joint 6 (15)
Other abnormalities
Left LS perineural cyst, minor scoliosis in mid-lumbar 2(5)

region
Values presented are numbers (%)
Some participants had multiple outcomes

Table 2 Spinal levels associated with altered disc morphology

Spinal levels DDD (n=38) VEP (n=48) Disc
n (%) n (%) herniations
(n=11)
n (%)
T9/10 0(0) 0 (0) 0(0)
T10/11 6 (15.8) 11 (22.9) 0(0)
T11/12 9 (23.7) 14 (29.2) 0(0)
T12/L1 5(13.2) 9 (18.7) 19
L1/2 5(13.2) 5(10.4) 2 (18)
L2/3 3(7.9) 4 (8.3) 0(0)
L3/4 2(5.3) 2(4.2) 2 (18)
L4/5 1(2.6) 0(0) 19
L5/S1 7 (18.4) 3(6.3) 5(45.5)

NB. Degenerative disc disease (DDD), vertebral end changes (VEP)
and disc herniations, n=number of outcomes and some participants
had multiple outcomes

spinal levels combined (Table 2). At the time of their imag-
ing, 31.8% with DDD had current LBP, with 86.4% report-
ing a history of LBP.

VEP changes

Seven participants (42.5%) demonstrated VEP changes
(Table 1), with T11/12 the level most frequently affected
(29.2%) followed by T10/11 (22.9%) (Table 2). The most
frequent abnormalities were seen at the superior and infe-
rior aspects of T11 and the superior aspect of T12. The
MRI pattern of VEP changes included oedema adjacent
to the end plate and a more chronic pattern of end plate
irregularity and sclerosis. A notable observation was that
participants who presented with DDD also exhibited VEP
changes at the T10/11 and T11/12 levels (Table 2).

@ Springer
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Disc herniation

Eight participants (20%) demonstrated 11 disc herniations
(Table 1). Three participants had disc herniations at two
levels with the majority of herniations (5/11) at the L5/
S1 level. Three of these were generalised disc bulges with
the other three characterised as small central protrusions.
Other affected levels included T12/L.1 (1/11) and L1/2 (2/11)
with 3 generalised disc bulges. Two participants had L3/4
involvement (1 central disc protrusion, 1 generalised disc
bulge) with 1 participant with L4/5 central disc protrusion
(Table 2). None of the disc herniations involved significant
nerve root compression.

Posterior element abnormalities

Table 3 shows the distribution and location of spondylolysis
and spondylolisthesis.

Spondylolysis

Pars interarticularis stress reactions were seen in 9 partici-
pants (22.5%). Complete pars injuries (stress fracture) were
evident in 7 participants (17.5%), all at the L5 level.

Spondylolisthesis

Spondylolisthesis was present in 6 participants (15%) all
affecting the L5/S1 level. All 6 participants reported a
history of LBP, and 2 participants reported current LBP.
Bilateral LS5 foraminal narrowing was documented in 3
participants.

Table 3 Distribution and location of spondylolysis and spondylolis-
thesis

n=22

n (%)
Complete pars injuries
Chronic bilateral complete L5 pars defect 7 (31.8)
Stress reactions
Left L2 pedicle, pars and transverse process oedema 1(4.5)
Mild left L3 pedicle oedema 1(4.5)
Right L3 pars, lamina and transverse process oedema 1(4.5)
Bilateral L3 pedicle and pars oedema 1(4.5)
Right L4 posterior pedicle oedema 1(4.5)
Bilateral L5 pars sclerosis, no defect 1(4.5)
Bilateral posterior pedicel L5 oedema 1(4.5)
Left LS pars oedema 1(4.5)
Left LS pars and lamina oedema 1(4.5)
Spondylolisthesis
L5/S1 6 (27.3)

@ Springer

Facet joint abnormality

Facet joint arthropathy was demonstrated in 6 participants
(15%) occurring at L4/5 or L5/S1 levels. Two participants had
bilateral facet joint effusions at L4/5 and L5/S1 with another
having left L4/5 and bilateral L5/S1 effusions. One participant
had a right L4/5 effusion, and one had a left L5/S1 facet joint
cyst. Two participants with facet joint arthropathy also dem-
onstrated DDD. One participant with L5/S1 facet joint degen-
erative changes also had disc height loss at T11/12, L1/2 and
L5/S1 levels. One participant with a small facet joint effusion
at L4/L5 and L5/S1 also demonstrated L5/S1 disc height loss.

Other abnormalities

A left L5 perineural cyst and one individual with a minor sco-
liosis in the mid-lumbar region were identified.

Comparison of MRI positions (Objective 2)

From 30 participants with abnormal scans, 23 had identical
scans when imaged in positions of UFP and UEP, i.e. the
dynamic examination did not reveal any additional findings.
Seven participants demonstrated different MRI findings across
imaging positions (5 females, aged 14-20 years). Only one
participant had an alteration to disc morphology displaying a
more prominent L5/S1 disc protrusion in UEP and less promi-
nent in UFP.

Six participants had alterations to the posterior element
abnormalities including the degree of fluid within the facet
joints, spinal alignment secondary to the spondylolisthesis and
the size of the pars defect. From these six, four participants
had increased fluid in the facet joints in UFP. Pars injuries
were clearer in two participants with one having an increase in
anterolisthesis in the UFP and UEP compared to SS (Table 4).

Two other participants included one with a very small
amount of fluid in the facet joint with a pars fracture that
is difficult to appreciate in SS. An increase in the volume
of fluid in the facet joint was seen, and the pars fracture
became more clearly visible in UEP. In UFP, there was also
an increase in the degree of facet joint fluid, but the pars
fracture was not visible (Fig. 1a, b and c).

The other participant had DDD with loss of disc height
and hydration, and a grade 1 spondylolisthesis, which clearly
visualised in SS. In UFP, the degree of anterior translation
was visible as a grade 2 spondylolisthesis (Fig. 2a and b).

Discussion

Findings from this prospective cross-sectional observational
study evidence 75% demonstrated abnormality with a wide
variety of altered disc morphology and posterior element
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Table 4 Differences in MRI findings documented across imaging positions (n=7)

Participant

SS

UFP

UEP

1

Posterior element abnormality:
Chronic bilateral complete L5 pars defects
Grl L5/S1 spondylolisthesis

Posterior element abnormality:
Chronic bilateral complete L5 pars defects
with Grl L5/S1 spondylolisthesis

Posterior element abnormality:

Chronic bilateral complete L5 pars defects
Gr1 L5/S1 spondylolisthesis

Bilateral L5 foraminal narrowing

Posterior element abnormality:

Chronic bilateral complete L5 pars defects
Grl L5/S1 spondylolisthesis

Small facet joint effusions at L4/L5, L5/S1

Altered disc pathology:

T12/L1 and L5/S1 disc height loss

L5/S1 central disc protrusion

VEP changes at inferior T12 and superior
L1

Posterior element abnormality:
Bilateral facet joint effusions at L5/S1 and
left sided L4/5

No change in anterolisthesis, increased fluid in L5/S1 facet joints

No change in anterolisthesis or facet joints
Pars defect better seen

Increased anterolisthesis compared to neutral

Pars defects better seen, reduced foraminal
compromise, no change in anterolisthesis,
fluid in L4-5 facet joints increased in
flexion

L5/S1 disc protrusion less prominent

Increased facet joint fluid L4/5 and L5/
S1, pars defects no change, no change in
anterolisthesis

No change in anterolisthesis, increased
foraminal narrowing

Pars defects more clearly visualised,
increased L5/S1 facet fluid bilaterally

Chronic bilateral complete L5 pars defects
Gr1 L5/S1 spondylolisthesis

7 Posterior element abnormality:
Chronic bilateral complete L5 pars defects
Grl L5/S1 spondylolisthesis with bilateral
L5 foraminal narrowing
Bilateral facet joint effusions L4/5 and L5/
S1

Increased L5/S1 facet fluid

Increased L5/S1 fluid bilaterally, pars
defects more clearly visualised

abnormality in the thoracolumbar spine of elite gymnasts.
With fifteen participants (37.5%) reporting current LBP and
thirty-three (82.5%) reporting a history of LBP investiga-
tions identifying early signs of abnormality will add value
to long-term management.

Altered disc morphology

Findings that 55% of participants exhibited DDD are con-
sistent with some existing evidence [3], although higher than
some [18] and lower than others [1]. The greater prevalence
of DDD within our study may be explained by the increased
training loads, skill level and complexity of routines at the
elite level inducing greater load on the spine versus col-
legiate-level gymnasts [18]. Unlike previous studies [1, 3]
multi-level disc disease was reported, with almost a third
having two involved levels and a fifth having single-level
involvement.

The most frequent level of DDD was T11/12, a higher
anatomical level than previous evidence [19] and not at the
expected lumbosacral junction. A key finding was that DDD
and VEP changes were seen at T10/11, T11/12 suggesting
the thoracolumbar junction is a transition zone during the

extreme motions, second to the stress phenomena [20]. Our
study supports the hypothesis from Murphy et al. (2019)
that thoracolumbar transition is higher (at T10-11) than
expected.

Morphological changes to the VEP are normally seen in
advancing age groups but are also apparent in association
with pathological changes to the nucleus and annulus in
advanced stages of DDD [21]. The recent findings suggest
that disc degeneration in elite gymnasts follows a similar
pattern of degeneration, suggesting repeated compression
and flexion stresses on the lumbar spine may contribute.
The stress injury mechanism with loss of disc height could
consequently increase stress on the posterior element [22],
all of which occur during the repetitive multi-directional
spinal loading in gymnastics training.

Posterior element abnormality

Athletic populations are predisposed to posterior element
abnormalities, and our study showed that gymnasts had
pars oedema at higher rates (40%) compared to other sports
including diving (35.38%) and rugby (22.22%) [23]. Within
our study, 15% had spondylolisthesis, all affecting the L5/S1.

@ Springer
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Fig. 1 a Parasagittal T2-weighted sequence in neutral. There is a very
small amount of fluid in the facet joint (white arrow), and the pars
fracture is difficult to appreciate. b Parasagittal T2-weighted sequence
in extension. There has been an increase in the volume of fluid in the

Fig.2 a Parasagittal
T2-weighted sequence in
neutral. There is disc degenera-
tion with loss of disc height and
hydration. There is a grade 1
spondylolisthesis (white arrow).
b Parasagittal T2-weighted
sequence in flexion. There has
been an increase in the degree
of anterior translation in flexion
with a grade 2 spondylolisthe-
sis now demonstrated (white
arrow)

@ Springer

facet joint, and the pars fracture is now clearly seen (white arrow).
¢ Parasagittal T2-weighted sequence in flexion. There has been an
increase in the degree of fluid in the facet joint, but the pars fracture
is not visualised




European Spine Journal

Previous research [5] has shown findings of spondylolysis,
spondylolisthesis, bilateral bone marrow oedema were only
seen in symptomatic participants which is different to this
study.

Research supports that the growing spine is highly vul-
nerable to trauma, especially during the adolescent growth
spurt [24]. Ages of the gymnasts with spondylolisthesis
were between 14 and 17 (mean 15.2), with a ratio of 2:1
female to male. Training loads and overuse injury problems
are reported as high within young age groups suggesting
long training duration as a source [25], and our results sup-
port this with reported mean training hours as 32 (SD: 5.3)
hours per week. Artistic gymnastics is classed as an early
specialisation sport, with intensive athlete involvement at an
early age including participation and competition, character-
ised with an early focus on performance improvement and
success. Clinical practice, coaching methods and athlete’s
careers could all benefit from this greater understanding of
the pathologies present, but further insight is needed into the
clinical presentation and follow-up into long-term effects.

Comparison of MRI positions

Seven out of 30 (23%) participants with abnormal scans
demonstrated different MRI findings according to imaging
position with 6 showing alterations to posterior element
abnormalities.

Pars defects and spondylolisthesis were visible in SS,
and there were no new cases where pars defects or addi-
tional spondylolisthesis was found on UFP or UEP. When
present, it was reported that spondylolysis defects were more
readily appreciated on MRI in SS. Most cases showed sta-
ble spondylolisthesis, i.e. a slip but not “mobile”, and it is
also unlikely that there was dynamic nerve root compres-
sion. UFP and UEP led to altered loading of facet joints, so
alterations to fluid distribution within the joint were evident.
These findings are unlikely to be significant clinically, but
this altered loading may explain why pars defects were bet-
ter appreciated. This study demonstrates that upright MRI
could provide key information to establish the extent of early
imaging abnormalities.

Strengths and limitations

Small numbers in our study may be perceived as a limitation,
but recruiting a large relatively homogenous group of elite
gymnasts is difficult. A higher sample size would enable
greater exploration of the impact of age, gender and training
load. Inter-observer reliability was not assessed, but inde-
pendent assessment of imaging from experienced radiolo-
gists validates findings, and the blinding of the radiologists
is a strength.

Conclusion

Findings suggest high levels of MRI abnormalities in elite
gymnastics including altered disc morphology and pos-
terior element abnormalities. High prevalence of T11/12
DDD and VEP changes reflects the thoracolumbar junc-
tion being a transition zone during the extreme ranges
required in gymnastics which may influence future man-
agement and prevention strategies especially during spinal
maturation. Upright MRI and varying spine position offer
promise for enhanced visualisation of posterior element
abnormalities. This is extremely important in the athletic
population demonstrating value of MRI in different posi-
tions to justify further research.

Appendix 1

What are the new findings?

o Seventy-five per cent of gymnasts had MRI abnormalities in the
thoracolumbar spine with 55% showing evidence of altered disc
morphology and 40% showing posterior element abnormalities

e DDD was most evident in 55% participants, the majority at T11/12.
VEP changes were evident in 42.5% mostly at T11/12

o Spondylolysis was present in 40% with an additional 17% showing
chronic bilateral complete L5 pars defects, and 15% of these having
grade 1 L5/S1 spondylolisthesis

® 23% demonstrated different MRI findings when placed in upright
flexion and extension, predominantly resulting in reporting amend-
ments indicating a greater extent of posterior element abnormality
which is new evidence in gymnasts

How might it impact on clinical practice
in the future?

e It is important to understand the prevalence of imaging abnor-
malities in asymptomatic populations, and this study will assist
clinicians and patients interpret MRI findings in the context of the
clinical presentation

o A higher level of pathology at the thoracolumbar junction and not
at the expected lumbosacral junction could influence future man-
agement and prevention strategies

e The first study in elite gymnastics to explore upright MRI justifies
further research

@ Springer
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