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ABSTRACT
Objectives. To assess (i) how pars interarticularis fracture characteristics on T1-VIBE and STIR MRI relate to healing and (ii) whether anatomical parameters effect healing.
Materials and Methods. A retrospective review of an MRI series of lumbar pars interarticularis injuries in professional athletes. Fracture configurations, signal intensities and defined anatomical parameters were analysed.
Results. 47 lumbar pars interarticularis injuries among 31 athletes were assessed. On the latest dated scan for each athlete, 15% (7/47) injuries had progressively worsened, 23% (11/47) remained stable, 43% (20/47) partially healed and 19% (9/47) healed completely. Healing times varied, the quickest was 49 days for a chronic fracture in a footballer. BMO signal intensity was highest in worsening, followed by improving, and lowest in stable fractures. As healing progressed, T1-VIBE signal intensity at the fracture line decreased. BMO and fracture line signal intensity peaked at 90–120 days before decreasing until 210–240 days. Smaller fracture size, perpendicular angle between fracture and inferior endplate, and longer superior facet beneath were significantly associated with better healing.
Conclusion. Most diagnosed athletic pars interarticularis injuries improve. Normalising T1-VIBE signal intensity at the fracture line is a novel measurable indicator of bony healing. Contrastingly, BMO signal intensity is higher in active fractures, irrespective of healing or deterioration, and decreases as fractures stabilise, even without bony union. Injuries classified as worsening may, in fact, be exhibiting the normal osteoclastic phase of stress fracture remodelling and will ultimately heal. Better outcomes favour fractures with smaller dimensions, vertical orientation and a longer superior facet beneath.
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INTRODUCTION
Injury of the pars interarticularis (PI), also known as spondylolysis, is found in half of adolescents who present with back pain.[1] The main presenting symptom is focal lower back pain with stiffness. This is typically exacerbated by physical activity, particularly involving lumbar extension, and alleviates with rest.[2] Additional signs can include exaggerated lumbar lordosis and hamstring muscle tightness.[3] Given the limited specificity of clinical history and examination, imaging is essential for confirming the diagnosis. Incidence rates are higher among athletes, particularly in contact games and sports requiring repetitive spinal extension and rotation, such as cricket (32.0%), rugby (22.2%), gymnastics (13.8%), football (13.5%) and tennis (12.3%), compared with the general population (6%).[1] The cause is almost invariably repetitive mechanical stress, which can be compounded by improper technique, inadequate conditioning or high-intensity training. The L5 and L4 lumbar vertebrae are most commonly affected.[4] A male predilection, hereditary predisposition and strong association with spina bifida occulta have been reported.[5] Once accurately diagnosed, most athletes return to full competition after conservative management involving structured sports specific rehabilitation.[6] Surgical intervention can be indicated when there is severe spondylolisthesis preventing healing or significant neurological compromise.[7]
MRI has been validated for early detection and monitoring of PI stress injuries.[8] This is crucial for minimising impedance on performance, time out of play or, at worst, the possibility of career ending chronic pain resulting from incomplete bony union.[9] Radiologists are able to reliably grade PI stress injuries on MRI based on bone marrow oedema (BMO) on short tau inversion recovery (STIR) images.[10] In contrast, plain radiographs lack sensitivity for detecting early incomplete PI fractures. Although CT was historically the gold standard for evaluation of PI fractures and bony healing, it falls short of MRI bone scintigraphy in distinguishing between active healing fractures and chronic non-union. Furthermore, CT and bone scintigraphy expose these predominantly young patients to ionizing radiation.[11] In recent advancements, volumetric interpolated gradient echo MRI sequences have been increasingly utilised for assessing spondylolysis and bony union, with accuracy comparable to CT.[11,12] 
To our knowledge, there have been no previous descriptions of measuring T1-VIBE signal intensity for evaluating fracture status at the PI or in any other location. A comprehensive literature search similarly yielded no previous publications on associations between PI fractures and anatomical features, with the exception of lumbar facet joint characteristics.[13] 
Our aims were to (i) assess how fracture morphology and signal intensity on T1-VIBE and STIR MRI relate to the status of PI injuries, and (ii) identify anatomical parameters that may have an impact the healing of PI injuries. This information has the potential to enhance diagnostic characterisation, aid in prognostication, and provide valuable insights for making informed decisions regarding return to play.

MATERIALS AND METHODS
The study was approved by the local Research and Outcomes Department and the committee confirmed that ethical opinion was not required. 
Study Participants
The study was a retrospective analysis of a series of MRI lumbar spine studies performed on elite athletes (either professional or academy-level) in a single scanning centre over a 3-year period. The MRI scans were selected using a combination of surgeon-derived patient data and a dedicated scanning centre data analysis program, SUMO (Fortius Digital, UK). Key data was retrieved from the patient hospital record including identifying an elite athlete, reported abnormality of the PI and follow-up information. All individuals consented to participation at the time of MRI scan, and their data was anonymised for the purposes of this study.
MRI Technique and Evaluation
All subjects were scanned on a Siemens Magnetom Skyra 3T MRI unit (Siemens GBH, Germany). A dedicated PI imaging protocol was used in all cases. This comprised of the following sequences: Sagittal STIR (ST 4 mm, matrix 256x256, TR 7390ms, TE/I 40ms, ET 16), sagittal T2 TSE (ST 4 mm, matrix 320x320, TR 3000 ms, TE 92 ms, ET 21), axial 3D isotropic inverted T1-VIBE (ST 0.6 mm, matrix 256x256, TR 6.93 ms, TW 2.84 ms, ET 1) and sagittal multiplanar reformatted images provided from the VIBE data set (ST 1mm).
All included scans were reviewed by two blinded consultant musculoskeletal radiologists (R1 and R2) with a special interest in sports-related imaging and a combined 47 years of experience. 
The following data points were collected for each scan: 
1. PI injury status: 
· At presentation, categorised as:
· Stress response – BMO on STIR images with no fracture line on T1-VIBE images.
· Acute fracture – BMO and fracture line with non-corticated margins.
· Chronic fracture – fracture line with sclerotic margins.
· During follow-up, classified as:
· Progressive worsening – increased BMO on STIR images and/or bony lysis on T1-VIBE images compared with previous scan.
· Stable – no change in BMO nor fracture bony morphology.
· Progressive improvement – reduced BMO with increased ground glass bony bridging at the fracture line and consolidation of the margins.
· Healed – corticated bony bridging with resolution of BMO. No MRI evidence of bone stress nor fracture.
· Chronic non-union – subsidence of BMO, corticated margins and no progressive bony bridging between scans.
2. PI injury characteristics:
· PI BMO signal intensity:
· [bookmark: _Hlk128133315]Measured on STIR images using the circular region of interest (ROI) pixel selection tool on a PACS workstation (SECTRA, Sweden), which is a published technique.[14] Standardised as a ratio relative to the bone marrow signal in the superior half of the vertebral body (excluding the basivertebral venous plexus) to eliminate image acquisition and processing variabilities (Fig. 1).
· Fracture line signal intensity: 
· Signal intensity measured on T1-VIBE images using the ROI pixel selection tool and standardised as a ratio relative to the vertebral body. 
NB: In order to visually resemble a CT scan, the grayscale of the images was inverted before viewing. It is important to clarify that this inversion did not affect the pixel signal readings. Therefore, a fracture line that appeared darker in the image actually corresponded to a higher pixel signal reading. (Fig. 2).
· Fracture margins, defined as:	
· Ill-defined, well-defined, mixed, sclerotic/corticated.
· Fracture line craniocaudal (CC), mediolateral (ML) and anteroposterior (AP) lengths (mm).
· Fracture CC length as a percentage of overall PI CC length.
· Angle of PI fracture line with respect to the inferior end-plate of the affected vertebral body, ranging from 0o–180o (Fig. 3).
3. Anatomical parameters:
· Spondylolisthesis grade (Meyerding classification).[15]
· Length of superior articulating facet at level below the fracture (Fig. 3).
· Absence or presence and type of congenital arch defect.
· Adjacent intervertebral disc degeneration grade (Pfirrmann classification).[16]
· Associated facet joint disease (normal, mild, moderate, or severe).
Statistical analysis
Data was recorded and analysed using Excel (Microsoft, 2016, USA), SPSS (IBM, version 26, USA) and STATA (StataCorp, version 17, USA) computer software. Inter-rater reliability for anatomical parameters, fracture characteristics and healing statuses were assessed using a two-way mixed absolute agreement intra-class correlation coefficient (ICC). The following ICC cut-off values were used: ICC <0.40 poor, ICC 0.40−0.59 fair, ICC 0.60−0.74 good, ICC 0.75–1.00 excellent and ICC 1 perfect. Multilevel mixed-effects linear regressions (random-intercept model) were conducted adjusting for repeated measures and baseline covariates (age, sport, lumbar level and laterality) for each continuous anatomical parameter and fracture characteristic for R1 and R2 separately. These results are provided as coefficients, which signify whether a change in a predictor variable makes an outcome more or less likely. Statistical significance was set at p<0.05.
RESULTS 
131 MRI scans were initially identified by SUMO. Nine subjects were excluded on the basis of normality or previous surgery, leaving a total of 80 scans amongst 31 (27 male and 4 female) professional athletes for analysis. Mean age at presentation was 18 years (range 11– 22 years) and sports comprised football 58% (18/31), cricket 23% (7/31), tennis 13% (4/31), ballet 3% (1/31) and lacrosse 3% (1/31). 47 lumbar PI stress injuries and fractures were reviewed, which occurred at the L5 74% (35/47), L4 13% (6/47), L3 9% (4/47) and L2 4% (4/47) lumbar levels. 28% (13/47) were bilateral and 13% (6/47) involved consecutive lumbar levels in the same subject, which were all ipsilateral. 17% (8/47) were bone stress response, 64% (30/47) acute fractures and 19% (9/47) chronic fractures. 62% (29/47) injuries were scanned twice, 23% (11/47) three times, 13% (6/47) four times and 2% (1/47) five times. Median follow-up time between initial and latest scan was 91 days (IQR 64–158, range 28–414 days). All injuries were treated conservatively with sports specific rehabilitation programs.
Pars Interarticularis Injury Healing
Inter-rater reliability for healing statuses and fracture margins was perfect (ICC 1.00, 95% CI 1.00–1.00) and was excellent for all recorded anatomical parameters and fracture characteristics. 
On final scans compared with presentation, 15% (7/47) injuries had progressively worsened, 23% (11/47) remained stable, 43% (20/47) partially healed and 19% (9/47) healed completely. One of cases which remained stable had demonstrated corticated fracture margins and absence of bone marrow oedema on the first scan, indicating non-union. No active PI lesions progressed to non-union during the follow-up period. Of those which partially healed, 8 showed complete ground glass bony bridging despite the continued presence of a fracture line and BMO. 
71% (5/7) cricket and 22% (4/19) football PI injuries completely healed on imaging, at an overall mean of 128 days (no completely healed injuries in other sports). These presented as 33% (3/9) bone stress response, 44% (4/9) acute fractures and 22% (2/9) chronic fractures. Two of the three bone stress responses initially deteriorated to acute fractures with increased BMO quantity and signal intensity before completely healing at 203 days and 270 days. The latter was the slowest of any injury healing times and was in a cricketer. The remaining bone stress response, which elicited greater BMO at presentation indicating a more advanced stage, progressively improved with decreasing BMO until complete healing was seen at 91 days. The 11 injuries which were acute or chronic fractures at presentation all continuously improved and healed at a mean of 86 days (range 63–126 days) and 73 days (range 49–97 days) respectively. The quickest injury healing time was 49 days for a chronic fracture with ill-defined margins in a footballer.
Pars Interarticularis Fracture Dimensions
The greatest fracture dimension overall was ML length, which was a mean of 12.75 mm (range 1.3 – 24 mm). Compared with acute fractures at initial presentation, those which were chronic were more positively correlated with longer AP fracture lengths (R1: Coef 1.24, p=0.004, 95% CI 0.39–2.08; R2: Coef 1.25, p=0.01, 95% CI 0.28–2.23) and ML lengths (p>0.05), though contrastingly negatively correlated with CC (p>0.05) fracture lengths and CC fracture lengths as a percentage of PI lengths (p>0.05). On follow-up scans, fractures which were smaller in any dimension had a significantly higher likelihood of progressive improvement. On final scans, this trend was even stronger and more significant for all dimensions, in descending order: CC fracture percentage of PI length (R1: Coef -91.87, p=0.000, 95% CI -127.84 – -55.90; R2: Coef -97.56, p=0.002, 95% CI -159.27– -35.84), ML fracture length (R1: Coef -8.34, p=0.008, 95% CI -14.57 – -2.14; R2: Coef -8.68 p=0.02, 95% CI -16.22 – -1.13), CC fracture length (R1: Coef -6.34, p=0.009, 95% CI -11.08 – -1.60; R2: Coef -6.30, p=0.008, 95% CI -10.92 – -1.62) and AP fracture length (R1: Coef -3.08, p=0.005, 95% CI -5.21 – -0.95; R2: Coef -2.82, p=0.01, 95% CI -4.98 – -0.68). Over time, the fracture CC percentages of PI lengths overall initially increased compared with at 0-30 days, until a maximum among those followed-up until 90–120 days for both R1 (Coef 49.06, p=0.18, 95% CI -23.36 – 121.48) and R2 (Coef -2.95, p=0.94, 95% CI -75.47–69.57), then decreased to a minimum among those followed-up for 240–270 days for both R1 (Coef 2.94, p=0.94, 95% CI -75.46–69.57) and R2 (Coef -5.89, p=0.93, 95% CI -118.37–130.16). CC fracture percentage of PI length showed a significant negative correlation with age on first scans (R1: Coef -10.53, p=0.002, 95% CI -17.27 – -3.80; R2: Coef -7.79, p=0.02, 95% CI -14.11 – -1.47) and on final scans (R1: Coef -7.11, p=0.04, 95% CI -13.74 – -0.49; R2: Coef -9.61, p=0.09, 95% CI -20.96 – -1.74). There were no other significant correlations between fracture dimensions and age nor sports.
[bookmark: _Hlk127992672]Mean angle between the fracture line and vertebral inferior body endplate was 114o (range 77–165o) for both R1 and R2. A lower angle strongly significantly increased the probability of an improved fracture status on final scans compared with worsened (R1: Coef -29.26, p=0.03, 95% CI -56.34–2.17; R2 Coef -27.64, p=0.03, 95% CI -52.73–2.54).
Pars interarticularis Injury BMO Signal
PI fractures with greater BMO signal intensity at presentation were more likely to be acute than chronic (Table 1). On follow-up and final scans, progressively worsening injuries had the highest BMO signal intensity, followed by those which were improving, and stable injuries had the lowest (Tables 2 and 3). Injuries which were completely healed demonstrated resolution of BMO by definition. As follow-up intervals lengthened, BMO signal intensity on final scans overall showed an initial rise compared with at 0–30 days, peaking among those followed-up until 90–120 days for both R1 (Coef 1.69, p=0.004, 95% CI 0.55–2.84) and R2 (Coef 1.59, p=0.002, 95% CI 0.60–2.59), then gradually decreased to a minimum among those followed-up until 240–270 days for R1 (Coef 0.51, p=0.42, 95% CI -0.72–1.75) and 210–240 days for R2 (Coef 0.10, p=0.07, 95% CI -0.08–2.07). Neither age nor sports had a significant influence on BMO on initial, interval nor final scans. 
Pars interarticularis Fracture Line Signal
[bookmark: _Hlk127992824]PI fracture line T1-VIBE signal intensity on initial and follow-up scans showed no significant correlation with acute fractures versus those which were chronic (Table 1). However, on final scans higher fracture line signal intensity was significantly most strongly associated with fractures which had progressively worsened followed by those which were stable, and was least in those which had improved (Table 3). When an injury was fully healed, no fracture line was visible for measuring signal intensity. As follow-up intervals lengthened, fracture line signal intensity overall increased compared with at 0-30 days, until a maximum among those followed-up until 90–120 days for both R1 (Coef 0.49, p=0.05, 95% CI 0.01–0.98) and R2 (Coef 0.54, p=0.05, 95% CI 0.00–1.09), then decreased to a minimum among those followed-up for 210–240 days for both R1 (Coef 0.09, p=0.70, 95% CI -0.50–0.32) and R2 (Coef -0.16, p=0.51, 95% CI -0.63–0.31). There was no significant correlation between fracture signal and age nor sports on initial, interval nor final scans.
Pars interarticularis Fracture Margins
On scans at presentation, a positive correlation was shown between the fracture margins being more advanced towards sclerotic/corticated and the fracture status being agreed chronic (R1 and R2: Coef 1.16, p=0.16, 95% CI 0.64–3.86). The progressive consolidation and bony bridging of fractures on follow-up and final scans was also positively correlated with the fracture healing status improving. This coefficient was most significant between the worsened and stable fracture statuses on follow-up scans (R1 and R2: Coef 1.64, p=0.02, 95% CI 0.30–2.98). No fracture margins were observable when an injury was completely healed. 
Anatomy in Pars interarticularis Injuries
[bookmark: _Hlk127993005]Increases in size of all anatomical parameters measured were positively associated with an improved fracture status on final scans. The statistically significant result was the length of the superior facet at the level below the fracture on the uninjured side (R1: Coef 5.53, p=0.01, 95% CI 1.50–9.55; R2: Coef 5.72, p=0.01, 95% CI 1.22–10.21). This was a mean length of 9.7 mm (range 3.0–15.7 mm) and 9.4 mm (range 3.6–14 mm) for R1 and R2 respectively. The other measurements comprised of the length of superior facet at the level below the fracture on the affected side and the PI CC length. Every measured parameter was also larger in fractures which were acute compared with those which were chronic at presentation (p>0.05).
Facet joint and disc degeneration were moderate in one tennis player and normal or mild in all other subjects. Three cases demonstrated spondylolisthesis (grade 1), all of which were chronic bilateral L5 PI injuries in footballers. One of these underwent partial healing and the other two worsened towards non-union. Posterior arch defects were demonstrated in two footballers, both had minor L5 spina bifida occulta. One presented with an acute right L5 PI fracture which partially healed. The other suffered acute left and chronic right L5 PI fractures, which progressively worsened on the left and remained stable on the right. 

DISCUSSION
We discuss observations among the cases we reviewed which may enable better correlation between MRI findings and PI injury healing status and outcomes in athletes. The main findings of our study were threefold. Firstly, normalising T1-VIBE signal intensity at the fracture line is a more reliable indicator of healing progression than BMO signal intensity. BMO is higher in active fractures, regardless of improvement or deterioration, and decreases when a fracture stabilises, without necessarily healing. Secondly, PI injuries which are classified as worsening (primarily based upon increased BMO and fracture propagation on serial MRIs) can go on to consolidate and heal. This suggests that these radiological changes, in fact, signify the normal inflammatory and resorptive phase of stress fracture healing. Thus, they should not necessarily be interpreted as signs of deterioration.[17] Finally, fracture and anatomical configurations measured on MRI may increase the likelihood of PI fractures progressively healing. Most notably, a smaller fracture size in any dimension (particularly the CC fracture length as a percentage of the PI length), a more perpendicular angle of the fracture relative to the endplate, and a longer articular process at the level below the fracture. These findings reinforce the value of MRI as a tool for the diagnosis, assessment and monitoring spinal stress fractures in athletes.
Notably, over a third of the PI injuries in our cohort completely healed during the imaging period, all of which were managed conservatively. The rate of 71% (5/7) healed fractures we found amongst cricketers was similar to an earlier study of male fast bowlers, which reported bone healing in 81% (25/31) at a median of 203 days (IQR 141–301).[18] This was higher than the overall rate of 36% (17/47) amongst all participants, which may reflect the tendency to shut down injured bowlers in cricket whereas other sports, such as football, often have a higher tolerance for continued game participation. The vast majority of PI injuries occurred at the L5 level. This predilection is likely due to the strong ligamentous attachments between L5 and the sacrum, which counterbalance movements of the lower lumbar spine.[13]
Interestingly, another similarity to the aforementioned study of fast bowlers was that a considerable number of injuries demonstrated increased BMO and fracture size before improving.[18] This finding aligns with the stages of normal stress fracture healing, which involve an initial inflammatory phase with neovascularisation and osteoclastic fracture margin resorption before reparative new bone formation begins.[17] Radiologists should not necessarily report increase in fracture size and BMO as degradation of a PI injury. Quantity and intensity of BMO may however indicate which injuries are active pain generators and correspond with the degree of functional limitation.[19,20] Our work supports this, as injuries which changed over time, therefore were active, had greater BMO than those which were stable. 
BMO may provide a representation of the severity of bone stress injury, with earlier, smaller less oedematous fractures healing sooner than more advanced fractures.[14,21] In contrast, observations in our cohort suggest that it may not be uncommon for the less oedematous early PI stress responses to initially progress to acute fractures with increased BMO, requiring approximately 6 months rehabilitation to heal compared to 3 months for established fractures. However, there was high variability in healing chronology and, as previous authors have eluded to, retrospective studies such as this are not definitive for PI fracture healing times.[18] Without pre-injury baseline scans, the exact time of injury occurrence is not certain. However, the earliest scans reviewed for each athlete were all performed at first presentation of symptoms and it is reasonable to assume that this was close to the time of injury onset as there was no documented clinical history to suggest otherwise. On this note, the exact duration of healing remains unknown due to variations in the number and timing of scans, which was influenced by clinician preferences. Some injuries may have healed prior to the final scan. Meanwhile, others that did not heal by this time might have done so afterwards, with clinical symptom resolution being the reason no further imaging was requested.
There are other limitations. Our data was gathered from a cohort of predominantly male athletes and thus results may not translate to the general population. Furthermore, the sample sizes from some athletic groups were relatively small, precluding meaningful analysis of differences between them. Future projects could gather information which is representative for a wider range of athletic and non-sporting individuals.
The agreement between our image interpreters and their fracture categorisations aligned with the accepted knowledge that fracture sclerosis along with resolution of BMO on MRI represents complete healing, or non-union if fracture margins persist.[18,22] For complete PI fractures, there is evidence that routine MRI has a similar sensitivity and specificity to CT.[23] However, for incomplete fractures, in particular those which are more chronic and void of bone marrow oedema, CT might provide superior detection and characterisation compared with routine MRI sequences.[22] For this reason, at our centre, we have implement an additional isotropic 3D T1-VIBE MRI sequence with thin slice thickness. This type of sequence is known by different names depending on the vendor. For example, Siemens refers to the sequence as volumetric interpolated breath-hold examination (VIBE), General Electric uses the term fast acquisition with multiphase elliptical fast gradient echo (FAME) and Philips has named it T1W High Resolution Isotropic Volume Examination (THRIVE). The technique permits multiplanar image reformatting and produces images with higher spatial resolution, contrast and signal-to-noise ratio than routine MRI sequences. This enables us to clearly stage fracture margins and has been proven to enhance the diagnostic accuracy of MRI for complete fractures to 100% and the sensitivity and specificity for incomplete fractures to 96.7% and 92% respectively compared with CT.[11] The ability of MRI to detect BMO makes it superior to conventional CT for differentiating between active fractures and chronic non-union.[24] Beyond this, one of the most pertinent reasons to substitute CT with MRI is that the latter produces almost zero ionising radiation exposure.[25] This is particularly important as sports-related bone injuries afflict the adolescent population in particular, as reflected by the average age of 18 years for the athletes we reviewed. A study of 11 million children and adolescents exposed to CT radiation, with an average effective dose of 4.5 mSv, revealed a 24% increased risk of developing adulthood cancer compared with those not exposed. Each follow-up CT had a compounding effect on this risk.[26] The effective dose for a CT of the lumbar PI with standard protocols has been reported as ranging from as high as 19.2 mSv to more recently 2.3 mSv.[27,28] 
To our knowledge, ours is the first study to evaluate the relation between T1-VIBE signal intensity and fracture healing. The value of this for the follow-up of PI fractures is clear. The reduction of T1-VIBE signal intensity at the fracture line during progressive healing in our investigation resembles the expected changes on CT, whereby fracture line density measured as Hounsfield Units (HU) increases as the fracture line fills-in. Moreover, the fact that BMO signal is high in both actively improving and worsening fractures, compared with those which are stable, deems measurement of fracture line T1-STIR signal intensity a more reliable alternative for assessing bony healing. The observed overall trend of fracture line signal initially increasing before reducing is again in keeping with the osteoclastic phase of stress fracture healing which precedes osteoblastic remodelling.[17] 
[bookmark: _Hlk127818751]We also build upon existing research by finding better healing outcomes in fractures with more acute angles relative to the vertebral body endplate. It can be postulated that this is because the fractures with smaller angles were orientated closer to the vertical plane (lowest angle was 77o) and more obtuse angles were closer to the horizontal plane (highest angle was 165o) (Fig.2). Fractures orientated more horizontally have greater multidirectional instability in the horizontal plane and are therefore more vulnerable to deterioration than vertical fractures, because most forces on this part of the spine during movement are through the horizontal plane. 
A previous study found that lumbar facet joint anatomical variations may predispose to L5 spondylolysis, such as a shorter length of the L4 articular facet.[13] Our work furthers this by showing associations between increase in size of other anatomical parameters and improved fracture outcomes. In particular, the length of superior facet at the level below the fracture. We theorise that a longer articular process provides a more stable understructure for the PI above. Conversely, that a shorter articular processes increases the moment applied to the PI above by moving the pivot point lower, thus increasing susceptibility to fracture incidence, worse outcomes and recurrence.
To conclude, normalising signal intensity at the fracture line on T1-VIBE images is a novel measurable sign of PI fracture healing. Further research is warranted to evaluate the applicability of this sign for other fracture types and locations. Radiologists are recommended to consider changes in T1-VIBE signal intensity at the PI fracture line as part of their evaluation of healing status. This provides more reliable quantification of healing than BMO, which reflects the level of activity but does not definitively differentiate between healing and deterioration. Clinicians should consider that, in athletes abstaining from exacerbating physical activities, PI injuries with initially increasing fracture size and BMO on imaging may in fact have good potential for improvement. A smaller fracture size in any dimension, more vertically orientated fracture angle and a longer articular facet at the level below may prognosticate a better injury outcome.
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FIGURE LEGENDS
Figure 1: A 15-year-old male footballer with acute L5 pars interarticularis fracture. STIR images demonstrating how the PACS workstation ROI tool was used to using measure signal intensity at (a) the site of BMO and (b) the normal vertebral body. 

Figure 2: A 15-year-old male footballer with acute L5 pars interarticularis fracture. T1-VIBE images demonstrating that (a) the pars interarticularis fracture line (yellow arrow) appears dark, which will in fact have a higher ROI signal intensity reading (b) due to the image colour inversion.

Figure 3: T1-VIBE images demonstrating the techniques used for measuring (a) the pars interarticularis fracture line angle relative to the vertebral body endplate and (b) the length of the articular facet at the level below.








TABLES AND FIGURES
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Table 1: BMO STIR and T1-VIBE signal correlations in pars interarticularis fractures which were acute compared with chronic on scans performed at first presentation.

	Table 1: First MRI Scans

	Characteristic
	Reader
	Comparison
	
	Coeff
	
	p
	
	95% CI

	BMO STIR Signal
	R1
	Stress vs Acute
	 
	0.35
	 
	0.34
	 
	-0.37
	1.07

	
	
	Stress vs Chronic
	 
	-0.82
	 
	0.07
	 
	-1.72
	0.08

	
	R2
	Stress vs Acute
	
	0.69
	
	0.04
	
	0.04
	1.34

	
	
	Stress vs Chronic
	 
	-0.57
	 
	0.18
	 
	-1.40
	0.26

	Fracture T1-VIBE Signal
	R1
	Acute vs Chronic
	 
	0.06
	 
	0.56
	 
	-0.15
	0.27

	
	R2
	Acute vs Chronic
	 
	0.02
	 
	0.84
	 
	-0.18
	0.22




Table 2: BMO STIR and T1-VIBE signal correlations in pars interarticularis fractures which were worsened compared with stable, improved and healed on follow-up scans.
	Table 2: Follow-up MRI Scans

	Characteristic
	Reader
	Comparison
	
	Coeff
	
	p
	
	95% CI

	BMO STIR Signal
	R1
	Worsened vs Stable
	 
	-1.60
	 
	0.04
	 
	-3.09
	-0.11

	
	
	Worsened vs Improved
	
	-0.90
	
	0.13
	
	-2.06
	0.26

	
	
	Worsened vs Healed
	 
	-2.09
	 
	0.17
	 
	-5.09
	0.91

	
	R2
	Worsened vs Stable
	
	-1.67
	
	0.16
	
	-3.03
	-0.31

	
	
	Worsened vs Improved
	
	-0.95
	
	0.08
	
	-2.00
	0.09

	
	
	Worsened vs Healed
	 
	-2.08
	 
	0.14
	 
	-4.84
	0.69

	Fracture T1-VIBE Signal
	R1
	Worsened vs Improved
	
	-0.45
	
	0.12
	
	-0.99
	0.10

	
	R2
	Worsened vs Improved
	 
	-0.54
	 
	0.06
	 
	-1.08
	0.01



Table 3: BMO STIR and T1-VIBE signal correlations in pars interarticularis fractures which were worsened compared with stable, improved and healed on final scans.

	Table 3: Final MRI Scans

	Characteristic
	Reader
	Comparison
	
	Coeff
	
	p
	
	95% CI

	BMO STIR Signal
	R1
	Worsened vs Stable
	 
	-0.83
	 
	0.02
	 
	-1.53
	-0.12

	
	
	Worsened vs Improved
	
	-0.71
	
	0.11
	
	-1.58
	0.16

	
	
	Worsened vs Healed
	 
	-1.31
	 
	0.01
	 
	-2.31
	-0.31

	
	R2
	Worsened vs Stable
	
	-0.88
	
	0.01
	
	-1.52
	-2.34

	
	
	Worsened vs Improved
	
	-0.69
	
	0.08
	
	-1.45
	0.07

	
	
	Worsened vs Healed
	 
	-1.23
	 
	0.01
	 
	-2.14
	-0.39

	Fracture T1-VIBE Signal
	R1
	Worsened vs Stable
	
	-0.26
	
	0.07
	
	-0.55
	0.02

	
	
	Worsened vs Improved
	 
	-0.36
	 
	0.05
	 
	-0.72
	-0.01

	
	R2
	Worsened vs Stable
	
	-0.36
	
	0.01
	
	-0.63
	-0.09

	
	
	Worsened vs Improved
	 
	-0.52
	 
	0.04
	 
	-1.01
	-0.04
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