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Abstract

Purpose The accurate diagnosis of spondylolysis is widely
made with CT scan considered as the gold standard. How-
ever, CT represents significant radiation exposure particu-
larly substantial in a young and sometimes still growing
population. Although the role of MRI in identifying edema/
inflammation within the pars as an active lesion is proved,
its ability to demonstrate and classify pars fracture line as
same as CT is still controversial. This meta-analysis aimed
to determine sensitivity and specificity of MRI in the direct
visualisation of the pars defect.

Methods The PubMed and Embase databases were sys-
tematically searched for relevant studies from the earliest
researchable time to December 2016 for cases in which the
accuracy of MRI was reported for the diagnosis of spon-
dylolysis in young patients. Two reviewers independently
assessed the methodological quality for each selected study
using the quality assessment of diagnostic accuracy stud-
ies 2 tool. A meta-analysis of the reported sensitivity and
specificity of pooled data of selected studies was performed
by a systematic review. For each selected study, sensitivity
and specificity was recalculated, by considering only direct
visualisation of a fracture line of the pars. The hierarchic
summary receiver operating characteristic curve was gener-
ated to estimate the diagnostic performance of MR imaging.
Heterogeneity was also tested.
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Results The systematic review identified 4 out of a total
of 1300 studies to be included in the meta-analysis. On a
per-pars basis (a total of 1122 pars), the pooled sensitiv-
ity and specificity of the MRI for the direct diagnosis of
a pars defect were 81% (95% CI 54-94%) and 99% (95%
CI 98-100%), respectively. A high overall heterogeneity
(I2 = 79.5%) was computed with respective high and low
heterogeneity on sensitivity (/12 = 87.9%) and specificity
(I2 = 38.4%).

Conclusions This meta-analysis demonstrated a high diag-
nostic performance of MR imaging for the diagnosis of a
pars defect in young adults. This technique may be consid-
ered as a first-line imaging technique as it helps to avoid
exposure to ionising radiation.

Keywords Systematic review and meta-analysis -
Diagnostic accuracy - Magnetic resonance imaging -
Spondylolysis

Introduction

Spondylolysis is defined as a defect in the pars interarticula-
ris. It most commonly occurs at the L5 vertebral level (95%),
and the incidence decreases proceeding cephalad [1]. Spon-
dylolysis is a frequent cause of low back pain in children and
young adults, with a reported incidence of 4.4% in the pae-
diatric population [2, 3]. It is also the most significant risk
factor for low back pain in high school and college American
football players [4].

Spondylolysis is described by some authors as a stress
fracture in young people and is thought to be due to repeti-
tive hyperextension and rotational movements of the trunk
[5]. Consequently, it is more frequent in young athletes. In
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a series of 100 adolescent athletes with low back pain, 47%
were ultimately found to have spondylolysis [6].

Computed tomography (CT) scanning is widely regarded
as the gold standard for making an accurate diagnosis of
spondylolysis [1, 7-10]. It is considered a good tool for visu-
alizing the osseous anatomy, the cortical integrity and the
extent and healing of the fracture [11, 12]. It is notable that
the term “fracture” is here employed to describe a cortical
discontinuity (defect) of the pars. It does not refer to a trau-
matic origin.

However, the major disadvantage of a CT scan is sig-
nificant radiation exposure, which particularly substantial
in young, and sometimes still growing populations. The
approximate absorbed dose of a lumbosacral spine ct ranges
between 16 and 26 mGy for children aged between 6- and
15-years-old based on diagnostic reference levels used in
Switzerland. These values are based on national surveys and
on values derived from literature [13]. Taking in account the
ICRP tissue-weighting factor of bone marrow, effective dose
will range between 1.92 and 3.12 mSv. MRI needs longer
examination time, which can be an issue in young children.
However, most of the patients with a suspicion of spondylol-
ysis are adolescents or young adults.

Although the role of magnetic resonance imaging (MRI)
in identifying oedema/inflammation within the pars as an
active lesion has been proven, its ability to demonstrate and
a pars fracture in the same way as a CT scan remains con-
troversial [14].

Therefore, we performed this systematic review and meta-
analysis to summarise knowledge about the sensitivity and
specificity of MRI in the diagnosis of spondylolysis in young
patients, in terms of direct visualization of the pars defect.

Materials and methods

This systematic review and meta-analysis was conducted
according to the published preferred reporting items for sys-
tematic reviews and meta-analysis statements [15].

Search strategy

A comprehensive literature search of the PubMed and
Embase databases without the use of search filters was con-
ducted in March 2016 by one paediatric radiologist (AD).
The search strategy was designed on the basis of the follow-
ing research question: What is the diagnostic accuracy of
MR imaging for the diagnosis of spondylolysis in children
and young adults?

According to the recommendations of Pai et al. [16], and
with the help of an experienced research librarian, Boolean
combinations were defined as follows:

On PubMed: ((((((((spondylolysis[MeSH]) OR
spondylolyse*[Title/Abstract]) OR pars fracture [Title/
Abstract]) OR pars defect [Title/Abstract]) OR pars inter-
articularis [Title/Abstract]) OR lumbar stress fracture
[Title/Abstract]) OR isthmic fracture [Title/Abstract]))
AND ((“Magnetic Resonance Imaging” [Mesh]) OR
((Imaging, Magnetic Resonance [Title/Abstract] OR
MRI Scan [Title/Abstract] OR Scan [Title/Abstract] OR
MRI [Title/Abstract] OR Magnetic Resonance [Title/
Abstract]))

On Embase: ‘spondylolysis’/exp OR ‘spondylolysis’ OR
‘spondylolyse*’:ab,ti OR ‘pars fracture’:ab,ti OR ‘pars
defect’:ab,ti OR ‘pars interarticularis’:ab,ti OR ‘lumbar
stress fracture’:ab,ti OR ‘isthmic fracture’:ab,ti AND
(‘nuclear magnetic resonance imaging’/exp OR ‘mag-
netic resonance imaging’:ab,ti OR ‘mr imaging’:ab,ti
OR ‘mri’:ab,ti)

The last search was performed on March 15, 2016, with
no limitation of time. The search was supplemented by
manual search of references of retrieved articles to identify
any missing articles. A limited updated literature search was
performed from March 15, 2016, to December 15, 2016.
Two articles were identified, and the full-text were retrieved
[17, 18], but they were already excluded because of an inap-
propriate study design.

Study selection

The two authors (AD and RD) independently selected full-
text articles on the basis of the title and abstract of the identi-
fied studies according to the inclusion and exclusion criteria
defined below. Any disagreement was solved by discussion.

Selected full-text articles were retrieved if they met the
following criteria: the purpose of the study was to evaluate
the diagnostic accuracy of MRI in lumbar spondylolysis.
The patient population had an upper limitation of 30 years
of age with clinical suspicion of lumbar spondylolysis. Both
MRI and CT scans were performed, with CT used as the
gold standard. We excluded studies according to the fol-
lowing exclusion criteria: no original cases of spondylolysis
(review articles, commentaries, or letters to the editor), case
reports and non-peer-reviewed meeting abstracts or post-
ers. Only English-language articles were considered, and no
publication date limitation was imposed.

Date extraction and processing

All included articles underwent a detailed review. One
review author (AD) extracted the data, and a second author
(RD) checked the following extracted data: author, year
of publication, number of included patients, age range
of patients, vertebral level of spondylolysis and the total
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number of pars interarticularis imaged. Imaging character-
istics were also extracted when available. For MRI imaging,
the magnetic field strength was noted in addition to the MRI
protocol, including the sequences used 2D or 3D sequence
type, slice thickness and reference plan orientation for lec-
ture. The accuracy value of the MRI (sensitivity, specificity)
for each study was extracted. For CT scans, the type of scan-
ner, section thickness and reference plan for lecture were
recorded. Finally, the time between the MRI and CT was
noted. No disagreements were found between the authors.

Data quality assessment

We used the standard quality of diagnostic accuracy studies
2 (QUADAS 2) tool to evaluate the methodological quality
of the included studies [19].

Eleven criteria in four separate domains (patient selec-
tion, index test, reference standard and flow and timing)
were used to evaluate the risk of bias and concerns regarding
applicability to the search question. The assessment was per-
formed independently by two authors (AD, AT), and disa-
greements were resolved by consensus. When a discrepancy
remained, a third author (RD) was solicited to formulate a
unique quality judgement.

Statistical analysis and data synthesis

The primary outcomes of this meta-analysis were the sensi-
tivity and specificity of MRI to detect lumbar spondylolysis
based on the CT scans.

For each selected study, sensitivity and specificity was
recalculated, by considering only direct visualization of a
fracture line (pars defect) on T1-weighted images. Thus,
cases with isolated marrow oedema on fluid-sensitive
sequences without the presence of a defect were considered
as negative. Sensitivity and specificity were considered to
be low if they were 50% or less, low to moderate if they
were between 51 and 64%, moderate if they were between
65 and 74%, moderate to high if they were between 75 and
84% and high if they were 85% or more [20]. The pooled
results and their corresponding 95% confidence intervals
(CIs) were computed using a bivariate random-effects model
described previously by Reitsma et al. [21] and represented
by a forest plot, which illustrates individual studies, pools
sensitivity and specificity estimates with 95% ClIs. Interstudy
heterogeneity was evaluated by computing the /2 value using
Cochran Q statistics for each forest plot. The /2 value evalu-
ated the proportion of the entire variation among studies
attributable to heterogeneity rather than to chance, with het-
erogeneity ranked as low (25%), moderate (50%) and high
(75%) [22].

Additionally, a hierarchical summary receiver operating
characteristic (HSROC) curve was determined on the basis
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of estimates of sensitivity and specificity [23], with the cal-
culated area under the ROC curve.

Statistical analysis was performed using the “mada”
(meta-analysis of diagnostic accuracy) and “mvmeta” (mul-
tivariate and univariate meta-analysis and meta-regression)
packages within the R v.3.1.3 software and the RStudio
interface [RStudio Team (2015), RStudio: Integrated Devel-
opment for R. RStudio, Inc., Boston, MA, USA]. A p value
less than 0.05 was considered as a statistically significant
difference.

Results
Study selection

Details of the search strategy and the study selection process
were reported in a flowchart in Fig. 1.

Initially 1300 records were identified: 770 in PubMed and
530 in Embase. Two hundred and fifty-six duplicates were
identified and then excluded. After the selection based on
the title and abstract, 1020 irrelevant records were excluded.
The full-text version of the remaining 19 citations was exam-
ined in more detail. Only six studies fulfilled the inclusion
criteria. In two cases, discussion was needed with a third
reviewer (RD) to reach consensus for eligibility and inclu-
sion. Finally, a total of six eligible studies were included
and considered for further analyses. Only four papers were
selected for meta-analysis.

Study characteristics and data extraction

Relevant study characteristics are summarised in Table 1.
All six studies selected by the systematic review were pub-
lished between 1993 and 2015. Patients of the included stud-
ies were aged between 5 and 30 years. The total number of
pars explored was initially impossible to calculate. Indeed,
the total number of included pars in the study of Rush et al.
[24] was not specified. We contacted the corresponding
author to obtain this information.

There was variation in the MRI techniques used. Mag-
netic field strength varied between 0.5 and 1.5 T. The MRI
protocols included variable sequences with variable refer-
ence plans of lecture for the detection of the pars defect.
Only the T1-weighted sequence was performed in all stud-
ies. Slice thickness also varied between 3 and 5 mm. In two
studies, a thin-slice 3D sequence was used [25, 26].

A variation among CT scan characteristics was also
observed. The reference lecture plan was variable, but in
most cases, an axial oblique plan was used. In one study, the
plan was not specified [24]. CT scan slice thickness varied
between 1.5 and 3.0 mm and not specified in the same two
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Fig. 1 The flowchart shows the Flow Diagram summarizing process of study selection

flow of information through the
different phases of systematic
review toward a meta-analysis

Records identified through databases

Pubmed (n=770) and Embase (n=530)

searching

] [ Eligibility ] [ Screening ] [Identification]

Included

studies. In addition, the number of CT barrettes was only
systematically specified in one study [26].

Quality assessment

The distribution of QUADAS 2 scores of the methodological
quality, with risk of bias and regarding the applicability of
every included study is presented in Table 2.

Three studies were assessed with a low risk of bias and
minimal concerns regarding applicability [24-26]. The
study of Masci et al. [27] had a high risk in patient selection
since only patients having a positive single-photon emis-
sion computed tomography (SPECT) were included. The
study of Yamaguchi et al. [14] was evaluated with a high risk
of bias and serious concerns about applicability due to few

Records screened R Duplicates
(n=1300) (n=256)
Records excluded
Records combined based on title and
(n=1044) 7 abstract
(n=1020)

Full-text articles
excluded with
reasons (n=13):

(n:19) +5 elevated age

Full-text articles assessed
for eligibility

*3 without gold standard
*3 not peer-reviewed

- - - *2 inappropriate study
Studies included in design

gualitative synthesis
(n=6)

Studies included in
quantitative synthesis
(meta-analysis)
(n=4)

details concerning methodologic features for both index test
than for gold standard being reported. We also considered
a high risk of bias in the study of Yamane et al. [28]. These
two studies [14, 28] were excluded from the meta-analysis
because of methodological shortcomings.

Data analysis

The results of specificity and sensitivity of the four selected
studies included for the meta-analysis are presented in Fig. 2,
with a moderate to high combined sensitivity [81% (54 to
94—95% CI)] and a high specificity [99% (98 to 100%—95%
CD)]. Sensitivity of MRI to detect pars defect was high for
Studies 1 and 2 [25, 27] (> 85%), including a total of 344
pars, moderate to high (84%) for Study 3 [26] including 570
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Table 2 Tabular presentation for QUADAS-2 results

Study Risk of bias Applicability concerns
Patient Index Reference Flow and Patient Index  Reference
selection test standard timing selection test standard
Yamaguchi et al. [14] 9 ?

Yamane et al. [28]
Rush et al. [24]
Masci et al. [27]

Ganiyusufoglu et al.
[26]
Campbell et al. [25]

© OO0
© OO

© ©O6 ~06
© 0 .,00 .
© OO
© 00006
© 06 .0 .

© Low risk ® High risk ? Unclear risk

Study Number of pars  Sensitivity [95%Cl] Specificity [95%Cl]
Campbell et al. 2005 294 0.89 [0.76 to 0.95] ™ 0.99 [0.97 to 1.00] -
Masci et al. 2006 50 0.92 [0.73 to 0.98] ™  098[0.87t01.00] — %
Ganiyusufolgu et al. 2010 570 0.84 [0.76 to 0.90] = 0.99 [0.98 to 1.00] -
Rush et al. 2015 208 0.43[0.27 to 0.61] —=— 0.98 [0.94 to 0.99] —u
Global heterogeneity 12=79.74% 12=87.88% 12=38.35%
Summary 1122 0.81[0.54 to 0.94] s 0.99 [0.98 to 1.00] -

Fig. 2 The forest plot of the meta-analysis shows the results of
pooled sensitivity and specificity of MRI imaging for diagnostic
accuracy of lumbar spondylolysis among children and adolescents.
The point estimates (blue squares) and pooled estimates (blue dia-

pars and low (43%) for Study 4 [24], including 208 pars.
Specificity was high for all evaluated studies (> 85%),
including a total of 1122 pars. A high overall heterogeneity
(I2 =79.7%) was detected in these estimates, with a high het-
erogeneity on sensitivity (/2 = 87.9%) and low heterogeneity
on specificity (/12 = 38.4%). Figure 3 illustrates the HSROC
curve, which had an area under the curve of 98.7% with a
summary estimate of sensitivity of 81.0%, and a summary

mond with vertical line) with 95% ClIs of sensitivity or specific-
ity (horizontal lines) from each study are shown. The I2 statistics
described interstudy heterogeneity

estimate of specificity of 99.0% (false negative rate = 1.0%),
showing the excellent diagnostic accuracy of MRI.

Exploration of the source of heterogeneity
Influence analyses are summarised in Table 3. When Study 4

[24] was excluded, the 12 decreased from 87.9 to 0.0%. Com-
bined sensitivity and specificity increased from 81.0 to 86.7%
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Fig. 3 The summary receiver operating characteristic (SROC) plots
of MRI imaging for diagnostic accuracy of lumbar spondylolysis
among children and adolescents is represented by the bold line. Each
triangle indicates included studies, and a circle represents the sum-
mary point, indicating an estimate of sensitivity and specificity, with
the fine line representing the 95% confidence region, and AUC area
under the curve

and from 99.4 to 99.6%, respectively. Heterogeneity on selectiv-
ity decreased from 38.3 to 0.0%. This same study decreased the
overall heterogeneity from 79.7 to 0.0%. In contrast, when Study
2 [27] was excluded, the I2 increased from 38.3 to 58.7%, and
combined specificity decreased from 99.4 to 99.3%.

Discussion
Summary of evidence
The present investigation is the first meta-analysis to evalu-

ate the accuracy of MRI for the direct visualization of pars
defect in children and young adults.

Table 3 Influence of analyses on heterogeneity

The systematic review identified six studies that met the
inclusion criteria, and four studies that demonstrated moder-
ate to high combined sensitivity (> 0.75%) and high com-
bined specificity (> 0.85%) of MRI for the direct visualiza-
tion of the fracture in the pars interarticularis were selected
for the meta-analysis.

We found moderate to high sensitivity (> 0.75%) of MRI
for the diagnosis of lumbar spondylolysis for all included
studies except one [24] with low sensitivity (< 50%).
Although the MRI protocol was correctly reported, it is nota-
ble that only sagittal views were explored with a relatively
high slice thickness (4 mm). This could potentially explain
the high number of false negatives. These results are in line
with results of previous studies [29-32], which judged MRI
sensitivity as low. The poor results of these studies are likely
due to relatively thick slices, wide inter-slice distances and
the inclusion of elderly adults in the cohorts. In the adult
population, spondylolysis was most likely to be confused
with facet osteoarthritis and other degenerative changes
of the posterior elements. Facet hypertrophy may account
for hypointense pars and explain the diminished diagnostic
accuracy of the MRI in these patients.

The two largest series [25, 26] that account for the most
important number of pars interarticularis showed a high sen-
sitivity. These two studies used a thin-section 3D sequence,
not routinely used in the exploration of the lumbar spine.
From an anatomic point of view, the pars interarticularis is a
difficult region to explore. It is oriented obliquely to all three
orthogonal planes [33]. In this situation, a thin-section 3D
sequence is particularly helpful for direct visualization of the
pars with its superior and inferior cortical margins, through
multiplanar oblique reconstruction along the axis of the pars.
This thin slice thickness could improve the accuracy of MRI
in the diagnosis of spondylolysis by deferring the partial
volume effects induced by thicker slices.

The calculated sensitivity was valuable only for direct
visualization of the pars defect. The purpose of the present
meta-analysis was to evaluate the accuracy of MRI in the
diagnosis of spondylolysis, with CT scans considered as
the gold standard. Thus, we were primarily interested by

Study excluded Overall hetero-  Sensitivity (95% CI)  Heterogeneity on Specificity (% CI)  Heterogeneity on
geneity (12) (%) sensitivity (12) (%) sensitivity (12) (%)

None 79.7 81.0 (54.5-93.8) 87.9 99.4 (98.0-99.8) 38.3

Study 1—Campbell et al. [25] 84.0 77.2 (39.8-94.5) 90.6 99.2 (97.0-99.8) 459

Study 2—Masci et al. [27] 85.3 76.6 (42.6-93.5) 91.1 99.3 (97.2-99.8) 58.7

Study 3—Ganiyusufoglu et al. [26]  81.7 80.4 (39.5-96.3) 89.6 99.2 (96.8-99.8) 21.3

Study 4—Rush et al. [24] 0.0 86.7 (80.4-91.1) 0.0 99.6 (98.7-99.9) 0.0

Negative values of heterogeneity /2 are equal to zero so that /2 lies between 0.0 and 100.0% and a value of 0.0% indicates no observed heteroge-

neity and larger values show increasing heterogeneity [22]
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sequences showing the fracture, particularly T1-weighted
images. The pars defects appear as an interruption of the
cortex and marrow through the pars. This pattern is best
seen on T1-weighted images, which allows the greatest
contrast between hyperintense bone marrow and the signal
void of the bony cortex [29]. Marrow oedema into the pars,
shown on fluid-sensitive sequences, was not considered as
a spondylolysis sign in this context for two reasons. First,
the CT scan, considered as the gold standard, is not able
to distinguish active from inactive inflammatory lesions.
Second, previous studies have already demonstrated that
MRI is effective in detecting spondylolysis activity [25,
34-36]. Some studies have evaluated the effectiveness of
MRI in diagnosing active lesions in comparison with SPECT
or scintigraphy [25, 27, 34], and opinions have varied on
whether SPECT or MRI is the more sensitive tool. Other
studies [35, 36] supported the belief that MRI is a useful
non-invasive method in the early diagnosis of spondyloly-
sis, the so-called stress reaction, when fracture is not yet
visible on CT scans. This pattern was shown as high signal
changes on fluid-sensitive sequences. The presence of mar-
row oedema in the pars or in the pedicle, although suggest-
ing a possible fracture, remains a non-specific pattern when
isolated. This type of oedema may also be related to other
inflammatory lesions, such as overuse injuries or osteoid
osteomas.

The value of MRIs was considered high (> 0.85%) for all
evaluated studies. In two evaluated studies [26, 37], all lum-
bar levels were analysed by both MRI and CT scan. Thus, all
true negative patients were considered when specificity was
calculated, which increased the study’s value.

Limitations

This systematic review has several limitations. First, the
search process was limited to English-language publications
and did not include grey literature. Second, and perhaps the
most important limitation to our work, is the relatively small
number of studies that met our inclusion criteria, limiting the
statistical power to estimate the diagnostic accuracy of MRI
for the diagnosis of lumbar spondylolysis.

Differences in methodological quality according to the
QUADAS 2 tool could also be a source of heterogeneity.
We found that the study of Masci et al. [27] demonstrated
selection bias because only patients with a positive SPECT
were explored by both CT and MRI. This could increase the
prevalence of spondylolysis in the evaluated population and
thus affect the results.

We also observed heterogeneity in the MRI protocols.
Sequences were variable, but the T1 weighted sequence was
systematically performed in all studies. The plane of lec-
ture was also variable. Thin-slice 3D sequences with oblique

reconstruction in the axis of the pars were used for the inter-
pretation of images in only two studies.

The same heterogeneity was observed for the CT scan
protocols. The reference plane and slice thickness varied
between included studies.

Contribution of MRI in the diagnosis of each subtype of
spondylolysis (partial fracture, total fracture and pseudar-
throsis) is not discussed in our study due to the small number
of pars in each subtype in the included studies.

Conclusion

Results of this meta-analysis revealed moderate to high
sensitivity and high specificity of MRI for the diagnosis of
lumbar spondylolysis in children and young adults. These
results suggest that MRI is highly effective for the diagnosis
of spondylolysis. It may be considered as a first-line imaging
test, as it helps to avoid exposure to ionising radiation. The
use of 3D slices is recommended.
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