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ABSTRACT

BACKGROUND AND PURPOSE: Although stress-induced bony changes often resolve with conservative treatment, the long-term effects
of such mechanical stresses on intervertebral discs have not been studied. We aimed to assess the differences in the temporal evolution
of disc in segments of the lumbar spine with and without signs of increased mechanical stresses.

MATERIALS AND METHODS: Using MR imaging performed �6 months apart, 2 radiologists evaluated lumbar intervertebral discs for
degenerative changes affecting the annulus fibrosus, the nucleus pulposus, and the endplates in 42 patients (22 male, 20 female; mean age,
16.0 � 3.7 years [range, 7–25 years]) with low back pain and imaging evidence of stress reaction/fracture in the lumbar spine. Data were
analyzed for differences in the presence and progression of disc degeneration in stressed versus nonstressed segments.

RESULTS: At baseline, stressed discs had a higher burden of annular fissures, radial fissures, herniation, and nuclear degeneration. Endplate
defect burden was comparable in stressed and control discs. At follow-up, the burden of new annular fissures and endplate defects was
comparable for stressed and control discs. However, a higher proportion of stressed discs showed worsening nuclear signal intensity grade
(14.3% versus 0% control discs; P � .008) and worsening nuclear degeneration grade (11.9% versus 0% control discs; P � .02). An increased
risk of progressive nuclear degeneration of stressed discs was observed irrespective of the outcome of bony changes.

CONCLUSIONS: Stressed discs exhibit a higher burden of nuclear and annular degeneration at baseline. These discs have a higher risk of
progressive nuclear degeneration irrespective of improvement or worsening of stress-related bony changes.

Stress reaction in posterior elements of the lumbar spine is

a common cause for low back pain in young athletes.1-11

Whereas ongoing mechanical stresses can cause overt stress frac-

tures and eventually spondylolisthesis, an initial microtrabecular

bony injury within an affected pedicle or pars interarticularis

manifests either as edema on MR imaging or as increased uptake

on a bone scan.2-5,12,13 Intervertebral discs attached to stressed

vertebrae experience higher mechanical stresses, and even at a

young age, these stressed discs demonstrate a higher burden of

annular fissures, herniation, and loss of normal hyperintensity of

the nucleus pulposus on T2WI.14 The stressed bone often heals

with conservative management, allowing patients to resume their

athletic activities.12,15,16 In contrast to the ability of bone to heal

itself, there is little evidence to support disc regeneration after the

initiation of the degenerative cascade, wherein an insult to the disc

may initiate a chain of chemical or inflammatory events that can

further damage the disc.17 Although cross-sectional studies have

highlighted a higher prevalence of disc degeneration in patients with

spondylolysis and spondylolisthesis in adults,18-21 there is a paucity

of information about the risk of progressive disc degeneration in

young patients presenting with clinical and imaging evidence for

bony stresses in the lumbar spine. We aimed to study the longitudinal

evolution of degeneration in the individual components of stressed

discs, hypothesizing that the stressed discs would demonstrate a

higher burden of progressive degeneration relative to control discs.

MATERIALS AND METHODS
Our institutional review board at Washington University School

of Medicine approved this retrospective longitudinal observa-

tional study, waiving the need for consent.

Patient Selection
We identified consecutive patients diagnosed with a stress reac-

tion or fracture in the posterior elements of the lumbar spine over
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an 8-year period ending in 2015. Inclusion criteria were age �25

years and the availability of lumbar spine MR images obtained

first at presentation and then �6 months later. All patients pre-

sented with low back pain without any history of acute injury.

Diagnosis was confirmed by the senior author, a board-certified

neuroradiologist with �15 years of experience. Patients with spi-

nal infection and neoplasms were excluded. Forty-two patients

(22 male, 20 female; mean age, 16.0 � 3.7 years [range, 7–25

years]) were included. Bony stresses involved the L5 segment in 29

(69.0%) patients and the L4 segment in 9 (21.4%). Four patients

(9.6%) had bony stresses at 2 segments (L3 and L4 in 2; L4 and L5

in 2). Thirty-nine of 46 (84.8%) stressed segments showed bilat-

eral changes. Anterolisthesis (grade 1 in all) was present in 15

(35.7%) cases. The mean duration between 2 studies was 19.8

months (range, 6 –51 months). On the Hollenberg grading sys-

tem,2 which categorizes stress injury into grades 1 through 4 (cor-

responding to edema without fracture line, incomplete fracture,

complete fracture with edema, and fracture nonunion without

associated edema, respectively), 18 of 42 (42.9%) patients were

graded 1 or 2, indicating a lack of complete fracture.

Imaging Analysis
MR imaging was performed on 1.5T or 3T scanners (Sonata, Vi-

sion, Avanto, Magnetom Aera, and Trio; Siemens, Erlangen,

Germany) and included sagittal T1WI (TR, 448 – 640 ms; TE,

11–29 ms; thickness, 3 mm), sagittal T2WI (TR, 3110 –5390

ms; TE, 99 –164 ms; thickness, 3 mm), sagittal STIR (TR,

4300 – 6359 ms; TE, 18 –100 ms; TI, 135–160 ms; thickness, 3

mm), and axial T2WI (TR, 2280 – 4820 ms; TE, 102–120 ms;

thickness, 3– 4 mm).

Two radiologists (K.S., a neuroradiology fellow, and A. Sharma,

the senior author) evaluated MR images in a consensus read.

Each component of the intervertebral discs between the T12

and S1 segments was evaluated on baseline scans as reported

previously.22 The annulus fibrosus was assessed for annular

fissure, radial fissure (annular fissure with its hyperintensity in

continuity with that of the nucleus pulposus), and herniation.

The nucleus pulposus was graded according to the Pfirrmann

classification23 and on a 6-point signal intensity– based scale.24

The presence or absence of endplate defects was noted. The

reliability of these scales had been tested earlier and was re-

ported to range from moderate to almost perfect (� � 0.57–

0.86).24,25 To assess the longitudinal temporal evolution of

disc degeneration and bony changes, the initial and follow-up

scans were viewed simultaneously.

Stressed Discs and Control Discs
Both intervertebral discs adjacent to the stressed bony segments

were considered stressed (Table 1). The lumbar spine was divided

into cranial (T12 through L3) and caudal (L3 through S1) seg-

ments. To account for the effects of axial loading, control discs

were chosen from the same (cranial or caudal) segment to which

the stressed discs belonged (Table 1).14

Statistical Analysis
For the initial scan, the burden of individual degenerative changes

was calculated on a per-disc basis.14 For example, if 1 of the 2

stressed discs demonstrated annular fissure, the burden of annu-

lar fissures in stressed discs was 0.5. Similarly, if the only control

disc had nuclear degeneration, the burden of nuclear degenera-

tion for the control disc was 1. For meeting the binary definition

of nuclear degeneration, the disc had to be graded III or higher on

the Pfirrmann scale. The baseline degenerative burden in stressed

and control discs was compared. Differences between stressed and

control discs for various parameters were assessed by using a non-

parametric paired test, the Wilcoxon signed rank test, and the

McNemar test. Correlation was sought between baseline disc de-

generation, the presence of spondylolisthesis, and the grade of

bony stress. Differences between scans were used to assess the

burden of new degeneration by using similar tests. In cases where

no new changes were observed in the discs of all patients, a bino-

mial test of proportions was calculated. The Fisher exact test was

used to test differences between patients with persistent bony

stresses and those with improvement. A P-value �.05 was consid-

ered significant. All tests were 2-sided.

RESULTS
At baseline, the burdens of annular fissures, radial fissures, and

herniation were higher in stressed discs compared with control

discs (P � .0001, P � .0001, and P � .024, respectively) (Table 2;

Fig 1). Median [25th, 75th percentiles] signal intensity rating for

stressed discs was 1.39 [1, 2], significantly higher than control

discs (1 [1, 1]; P � .0001 [Table 2]). A higher percentage (52.4%)

of patients showed at least 1 stressed disc with signal intensity

grade �1 compared with those with a similar change in control

discs (11.9%; P � .0001). Although the mean Pfirrmann grade

in the 2 groups was comparable, a higher percentage of patients

had nuclear degeneration (Pfirrmann grade �II) in stressed

segments (19.1% versus 4.8% for control segments; P � .031).

The endplate defect burden in stressed and control discs was

comparable (Table 2).

No significant Spearman correlation was observed between

various parameters of disc degeneration in stressed discs and

spondylolisthesis at baseline. No significant Spearman correlation

was present between annular fissure or radial fissure burdens in

stressed discs and bony stress reaction grade (Wilcoxon signed

rank, P � .37 and P � .29). However, there was a significant

difference in the median stress grade for stressed discs showing

nuclear degeneration compared with those without such indica-

tions (Wilcoxon signed rank, P � .034). For control discs, none of

the parameters demonstrated any correlation with the grade of

bony stress reaction.

At follow-up, the burdens of new annular fissures, new radial

Table 1: Definitions of stressed discs and control discs for each
vertebral segment showing bony stress

Location of Bony
Stress Changes

Stressed
Discs Control Discs

T12 T12–LI L1–2, L2–3
L1 T12–L1, L1–2 L2–3
L2 L1–2, L2–3 T12–L1
L3 L2–3, L3–4 T12–L1, L1–2, L4–5, L5–S1
L4 L3–4, L4–5 L5–S1
L5 L4–5, L5–S1 L3–4
S1 L5–S1 L3–4, L4–5
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fissures, and new herniation in stressed

discs (0.06 � 0.17, 0.07 � 0.18, and

0.01 � 0.08, respectively; Table 2; Fig 2)

and control discs (0.05 � 0.22, 0.05 �

0.22, and 0.00 � 0.00, respectively;

Table 2; Fig 2) were not significantly dif-

ferent. Similarly, the percentages of

stressed and control discs demonstrat-

ing new annular fissure, radial fissure, or

herniation were also comparable (P �

.375, P � .219, and not available). Wors-

ened signal intensity and Pfirrmann

grade were present in 6 (14.3%) and 5

(11.9%) stressed discs, respectively (Figs

3–5). Control discs had no shift in their

signal intensity or Pfirrmann rating. The

binomial test of proportions indicates

that stressed discs had a statistically dif-

ferent proportion with signal intensity

(P � .008) and Pfirrmann rating (P �

.017). No new endplate defects were

found for either stressed or control discs (Table 2; Fig 2).

Fisher exact test did not reveal any differences in the parame-

ters of progressive disc degeneration in patients with improved (8

patients; Fig 5) and those with persistent/worsening bony stress

reaction (34 patients) on follow-up imaging.

DISCUSSION
Previous studies have reported a high prevalence of disc degener-

ation in adults with spondylolysis, with or without spondylolis-

thesis.18-20 Degeneration of discs at the level of spondylolisthesis

has been documented in adolescents.21,26 It has also been demon-

strated that early degenerative changes in the form of annular

fissures, radial fissures, and nuclear degeneration can be seen

around stressed vertebral segments in young patients with a stress

reaction detected on MR imaging before complete stress frac-

ture.14 By showing a relatively higher overall rate of worsened disc

degeneration in stressed discs in follow-up studies, our results

demonstrate, for the first time, the progressive nature of degener-

ative changes initiated in association with bony stress reaction/

fractures at a young age.14

Although disc degeneration progresses relatively slowly, the

long life expectancy of patients included in our study makes

these results particularly noteworthy. It should be noted that

most outcome studies in this patient population are limited to

1–3 years of follow-up, a rather short time span compared with

the life expectancy of these patients.8,27,28 Based on the pro-

gressive disc degeneration seen in our study, it is likely that the

advanced disc degeneration documented in many adults with

spondylolytic spondylolysthesis18,19 reflects the sequela of a

mechanical process that initiated degenerative cascade in discs

at the same time it induced stress fractures in the vertebral

elements.

Outcome studies in young patients with back pain caused

by stress reaction have focused on either clinical symptoms or

the evolution of stressed bone, with relatively few studies ex-

ploring the effects of such stresses on associated intervertebral

FIG 1. A bar diagram demonstrating the baseline burden of degener-
ative parameters in the individual components of the lumbar inter-
vertebral discs of patients �25 years old and presenting with low
back pain caused by stress reaction in the posterior elements of the
lumbar vertebrae. Stressed discs refer to intervertebral discs attached
to the vertebra with increased bony stresses. Control discs refer to
discs not in contact with stressed vertebra, but with otherwise equiv-
alent axial loading.

FIG 2. A bar diagram demonstrating the burden of new degenerative
changes in stressed and control discs as observed on follow-up MR
imaging acquired �6 months after the baseline scan.

Table 2: Disc degeneration in stressed and nonstressed segments of lumbar spine
Baseline Degeneration Progressive Degeneration

Stressed Discs Control Discs Stressed Discs Control Discs
Annular fissurea,b 0.76 � 0.35 0.37 � 0.48 0.07 � 0.18 0.05 � 0.22

37 (88.1) 16 (38.1) 6 (14.3) 2 (4.9)
Radial fissurea,b 0.59 � 0.43 0.17 � 0.38 0.07 � 0.18 0.05 � 0.22

30 (71.4) 8 (19.1) 6 (14.3) 2 (4.9)
Herniationa,b 0.07 � 0.20 0.00 � 0.00 0.01 � 0.08 0.00 � 0.00

5 (11.9) 0 (0.0) 1 (2.4) 0 (0.0)
Nuclear degenerationa,b,c 0.13 � 0.30 0.05 � 0.22 0.10 � 0.28 0.00 � 0.00

8 (19.1) 2 (4.8) 5 (11.9) 0 (0.0)
Nuclear SI lossa,b,d 0.39 � 0.42 0.12 � 0.33 0.17 � 0.48 0.00 � 0.00

22 (52.4) 5 (11.9) 6 (14.3) 0 (0.0)
EPDa,b 0.11 � 0.24 0.12 � 0.33 0.00 � 0.00 0.00 � 0.00

8 (19.1) 5 (11.9) 0 (0.0) 0 (0.0)

Note:—EPD indicates endplate burden; SI, signal intensity.
a Burden (mean � SD) of degenerative parameter calculated on per disc basis.
b Number (%) of patients with specified degenerative parameters in stressed or control segments of lumbar spine;
“Baseline Degeneration” refers to changes on MR scan obtained at the time of presentation and “Progressive Degen-
eration” refers to appearance of new changes noted on a follow-up MR scan obtained �6 months later.
c Defined as discs graded higher than 2 on Pfirrmann grading system.
d Discs graded higher than 1 on a 6-point scale based on SI on T2-weighted images indicating any loss of normal
hyperintense signal.
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discs around the time of presentation.8,12,15,27,29,30 Conserva-

tive treatment is often successful in alleviating patients’ symptoms,

allowing a high proportion of these patients to resume the

offending physical activity. Follow-up imaging in our patients

was done based on clinical need, and thus, our study fails to

document the evolution of disc degeneration in patients who

become asymptomatic. However, given the propensity of disc

degeneration to remain asymptomatic and a higher baseline

burden of annular pathology that is associated with progressive

nuclear degeneration, it is possible that progressive disc degen-

eration also occurs in some patients despite their becoming

asymptomatic.22,24

Progressive degeneration was ob-

served in stressed discs irrespective of

bone healing on follow-up imaging.

It implies that in some patients, long-

term sequelae of high segmental spinal

stresses may be left in the form of disc

degeneration rather than a stress frac-

ture (Fig 5). Studies in asymptomatic

athletes have demonstrated a high

prevalence of both bony stress reac-

tion and disc degeneration in the lum-

bar spine,31,32 indicating that mechani-

cal stress–induced bony fractures as well

as accompanying disc degeneration can

take place in the absence of overt pain.

The role of mechanical factors in disc

degeneration is well established.14,33-38

The previously reported higher burden

of degeneration in stressed discs on both

sides of the stressed vertebral seg-

ment14,18 suggests that in patients with a

bony stress reaction, increased mechan-

ical stresses are conveyed to the disc

through the vertebral body to whichever

disc components are attached. Whether,

and to what extent, a similar mechanism

may be responsible for initiating disc de-

generation in the general population is

unclear. Our results do suggest that in

patients with advanced disc degenera-

tion, intact posterior vertebral elements

in the vertebrae around the degenerated

disc do not exclude the possibility of a

similar mechanism for the initiation of

disc degeneration.

At baseline, the pattern of disc de-

generation observed was similar to what

has been previously reported, with a

higher burden of annular fissures, radial

fissures, and herniation as well as nu-

clear degeneration.14 Previous studies

have highlighted the association be-

tween radial annular fissures and pro-

gressive nuclear degeneration.22,24,39-44

Therefore, it is to be expected that some

stressed discs with annular pathology at baseline would undergo

progressive nuclear degeneration on follow-up imaging irrespec-

tive of how the bony changes evolve, likely explaining the progres-

sive disc degeneration in patients with improved bony stress

reaction.
Although stressed discs showed a higher baseline burden of

both annular and nuclear degeneration, progressive changes
were mainly seen in the nucleus pulposus. Lack of a higher

burden of new annular fissures in stressed discs could poten-

tially be attributed to activity modifications induced by persis-

tent symptoms in our patients. Alternatively, because the an-

nulus may be the first component of the intervertebral discs to

FIG 3. Sequential MR images of the lumbar spine showing the evolution of lumbar disc
degeneration in a 16-year-old female patient presenting with low back pain and evidence for
stress reaction in both L5 pedicles (not shown) at the time of presentation. Both interverte-
bral discs (L4 –5 and L5–S1; also shown in magnified images) around the stressed segment
demonstrated the presence of annular fissures (arrows), disc herniation, and nuclear degen-
eration at baseline. The control disc in the lower half of the lumbar spine (L3– 4) had an intact
annulus and preserved nuclear signal intensity at baseline. Follow-up MR imaging 10 months
later reveals stability in the appearance of the control disc, but interval loss of signal inten-
sity, signifying progressive nuclear degeneration of both stressed discs. The annular fissure at
the L4 –5 level has become less conspicuous, but one at the L5–S1 level is more easily
recognizable on a follow-up scan.

FIG 4. Sequential lumbar MR imaging over a 47-month period in a 12-year-old female patient
presenting with low back pain caused by a partial L4 stress fracture as indicated by edema in
the right pedicle (arrow) on a parasagittal STIR image. Initial and follow-up midsagittal T2-
weighted images highlight marked progressive nuclear degeneration in the inferior stressed
disc at the L4 –5 level, but preserved appearance of a more caudally located control disc at
the L5–S1 level.
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be affected in the degenerative process,14,22,24,25 it is possible

that patients in whom the annulus was prone to stress-induced

injury had already developed annular fissures by the time of

presentation. A similar explanation could also be used to ex-

plain why only nuclear degeneration correlated with the bony

stress grade. The Hollenberg grading system progressing from

bony edema to fracture nonunion can be viewed as an indirect

proxy for the duration and/or the degree of mechanical

stresses.2 Accordingly, even the baseline imaging in these pa-

tients may provide a sense of the timeline of associated disc

degeneration. Again, it is possible that any annulus fibrosus

predisposed to rupture in the face of increased mechanical

stresses did so early in the process, thereby inciting ongoing

nuclear degeneration that became more evident as the disease

progressed.

Stressed discs did not exhibit a higher burden of endplate de-

fects. These results are concordant with those previously re-

ported.14 Apparent discordance from other studies showing a

strong association between Schmorl nodes and disc degenera-

tion45 may simply reflect differences in the population being stud-

ied and the hypothesis being tested. Despite a strong correlation

between endplate defects and nuclear degeneration,22,45 their seg-

mental distributions differ. Endplate defects are more prevalent at

the thoracolumbar junction with inherently weaker endplates,

whereas nuclear degeneration preferentially affects caudal seg-

ments of the lumbar spine.14,22,45-47 Stressed discs in our study

were mainly seen in the caudal half of the lumbar spine, likely

explaining a low burden of endplate defects in both stressed and

control discs.

The retrospective nature of our study imposes some limita-

tions. Very few segments from the upper lumbar spine were rep-

resented in our study. We did not take into consideration the

weight of patients or activity level between the 2 studies. Although

both of these factors can influence the risk of disc degeneration,

these factors would have affected both

the stressed and control discs. A longer

follow-up duration could have further

exaggerated the differences in the pro-

gression of disc degeneration of stressed

versus control discs. Similarly, the over-

all burden of disc degeneration could

have been different had we restricted the

study to higher-strength MR imaging.

Despite these limitations, the selection

of stressed and control discs from the

same patients allowed us to conclusively

demonstrate a higher burden of both the

baseline and the progressive degenera-

tion of discs in lumbar spinal segments

experiencing higher mechanical stress.

CONCLUSIONS
Intervertebral discs in stressed segments
of the lumbar spine demonstrate a
higher burden of disc degeneration at
baseline and an increased risk of pro-

gressive degeneration irrespective of the

outcome of bony changes. The progres-

sion of disc degeneration occurs mainly in the form of worsening

nuclear degeneration.
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