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Abstract

Life-time prevalence of low back pain (LBP) in children and adolescents varies from 7% to
72%. Disc changes on magnetic resonance imaging (MRI) have been reported in up to 44%
of children with earliest observations around pre-puberty. In this longitudinal cohort study,
our objective was to determine the natural history of disc changes from childhood to early
adulthood, and the possible association of these changes to LBP. Healthy 8-year-old
schoolchildren were recruited for this longitudinal study consisting of a semi-structured inter-
view, a clinical examination, and an MRI investigation at the age of 8-9 (Y8), 11-12 (Y12)
and 18-19 (Y19) years. The interview inquired about LBP without trauma. T2-weighted sag-
ittal MRI of the lumbar spine was acquired. Life-long prevalence of LBP was determined,
and the disc signal intensity (SI) at the three lowest lumbar levels was assessed both visu-
ally using the Schneiderman classification (Bright-Speckled-Dark), and digitally using the
disc to cerebrospinal fluid -Sl ratio. Possible associations between Sl changes and LBP
were analyzed. Ninety-four of 208 eligible children were included at Y8 in 1994, 13 and 23
participants were lost to follow-up at Y12 and Y19, respectively. Prevalence of LBP
increased after the pubertal growth spurt reaching 54% at Y19. On MRI, 18%, 10% and
38% of participants had disc Sl changes at Y8, Y12 and Y19, respectively. No significant
associations between self-reported LBP and either qualitative or quantitative disc Sl
changes were observed at any age. Life-time prevalence of LBP reached 54% by early
adulthood. Disc Sl changes on MRl traditionally labeled as degenerative were seen earlier
than previously reported. Changes in disc S| were not associated with the presence of LBP
in childhood, adolescence or early adulthood.
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Introduction

In recent years, low back pain (LBP) in children and adolescents has been recognized as a
major public health concern. What was once deemed a rare occurrence is now acknowledged
a common condition with possible repercussions into adult life.

Varying prevalence of LBP in children and adolescents has been reported depending on
study design, definition of LBP, recall period, and age of study participants. In a systematic lit-
erature review, the lifetime prevalence of LBP in adolescence ranged from 7 to 72% [1].
Although most children and adolescents report no LBP or low probability of LBP, 16 to 37%
suffer occasional bouts, and up to 10% report repeated episodes [2]. The prevalence of LBP
increases with age [1, 3-10] reaching adult levels by the end of puberty [5]. A clear association
has been suggested between puberty and back pain [11] at least partly explained by the growth
spurt [12]. Childhood LBP seems to be a significant risk factor for LBP in adulthood [13-15]
with reported odds ratios from 3.5 to 4 [14, 15].

The gradual loss of water content associated with “aging” of the intervertebral disc is mani-
fested by a reduced signal intensity (SI) of the nucleus pulposus on T2-weighted magnetic res-
onance imaging (MRI). Several studies have reported an association between disc
degeneration (DD) and LBP in adults [16-18]. Although signs of DD on MRI are common in
asymptomatic individuals as well [17, 18], a meta-analysis in an adult population concluded
that they are more prevalent in the LBP population [19]. In pioneering research on adoles-
cents, about one third of 15-year-olds were found to have at least one degenerated disc on MRI
[20, 21]. While no significant difference in the prevalence of MRI findings between adolescents
with or without LBP was noticed in the earliest studies [20], those with DD at an early age
seemed to be at greater risk of having recurrent LBP in the future [21, 22]. In a more recent
study, 35% of 13- to 20-year-old subjects presented with DD on MRI, and almost one third of
them had multilevel involvement [23]. Nearly two out of three 12-14-year-old school children
demonstrated some degree of DD on MRI in a cross-sectional study of 439 subjects [24]. A
recent meta-analysis established a pooled prevalence of DD on MRI in 44% and 22% of adoles-
cents with or without LBP, respectively [25].

Previous research has shown that degenerative changes of lumbar intervertebral discs are
common in adolescents after the pubertal growth spurt. Little is known about the onset and
development of these changes during growth, or their relevance to the clinical symptom of
LBP. In the present study, our primary objectives were 1) to explore the SI changes in lumbar
intervertebral discs on MRI during growth in a group of healthy school children, and 2) to
investigate whether these changes were correlated to the clinical symptom of LBP.

Methods
Subject recruitment and study flow (Fig 1)

In 1994, we aimed to recruit a cohort of 100 school children for a longitudinal follow-up study
on the natural history of lumbar intervertebral discs in healthy children. Six elementary schools
from a total of 71 were randomly chosen from the urban capital area of Helsinki. All 2™ graders
with an even birth date were invited to participate via a letter to their parents. Using this crite-
rium, 208 out of 408 children were eligible; of them 108 were interested in participating. The
baseline examination was performed at the age of 8-9 years (Y8) with follow-up examinations
at the ages of 11-12 years (Y12) and 18-19 years (Y19). All time points included a semi-struc-
tured interview, a clinical examination, and an MRI investigation of the lumbar spine.

This study was conducted according to the Declaration of Helsinki for research on human
participants. The ethical approval was granted by the Ethics Committee of the Invalid
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Fig 1. Flow diagram of the study.
https://doi.org/10.1371/journal.pone.0275315.g001
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Foundation on January 22, 1993; the study was registered to the Research Institute of the
Invalid Foundation (later Research Institute Orton) on April 7, 1993. The study protocol was
approved by the authorities of the Helsinki school district on August 30, 1993. A written
informed consent from the parents of each child was obtained before commencement of the
study.

Semi-structured interview

In the semi-structured interview, the participants were asked whether they had ever had LBP
without associated trauma. At Y19, the interview included more detailed information about
the LBP (last week/last month/last year/earlier) and recorded a possible contact to a physician
for the LBP symptom. To precisely localize the anatomical area of interest the participants
were shown a body map highlighting the lumbar area. At Y19, the participants were asked
whether they smoked, and if yes, how many cigarettes per day for how long,.

Clinical examination

The subject’s height and weight were measured with a stadiometer and a balance-beam scale,

respectively. Body Mass Index (BMI) for Y8 and Y12 was defined using the ISO-BMI formula
taking into account the child ‘s age and gender; for Y19 we used the standard formula of BMI

calculation for adults (weight in kilograms divided by the square of the height in meters). The
clinical examination focused on identifying signs of scoliosis, functional leg length inequality,
hamstring tightness, and reflex abnormalities.

MRI investigation

At Y8 and Y12, the MRI investigation was obtained with a high-field 1.0T scanner (Siemens
Magnetom, Siemens, Erlangen, Germany) using a dedicated spine coil. Only T2-weighted sag-
ittal images were acquired with the following imaging parameters: TR 2500 ms, TE 80/15 ms,
FOV 260, image matrix 256x256, slice thickness 4.0 mm, slice interval 4.4 mm, acq 1. At Y19,
the MRI investigation was performed with a high-field 1.5T MRI scanner and a dedicated
spine coil (Siemens Symphony, Siemens, Erlangen, Germany). The imaging parameters were
as follows: TR 4630 ms, TE 107ms, FOV 280, image matrix 384x288, slice thickness 4.0 mm,
slice interval 4.4 mm, acq.2.

The SI of the three lowest intervertebral discs (L3/L4, L4/L5 and L5/S1) was assessed both
qualitatively and quantitatively from sagittal T2-weighted midline images. For the qualitative
visual evaluation, a modified Schneiderman classification [26] was used. The discs were cate-
gorized as Bright with a preserved SI, Speckled with a heterogeneously decreased SI, or Dark
with a diffuse loss of SI (Fig 2). A musculoskeletal radiologist (third author) and a spine sur-
geon (first author) independently graded the discs without any knowledge of the subject’s
clinical characteristics. In case of discrepancy, the assessment of the third evaluator (second
author) was used for consensus. This turned out to be necessary in 38 of the 732 discs (5.2%).
The inter-rater agreement (Scott/Fleiss agreement coefficients with ordinal weights) for the
three intervertebral levels combined at Y19 (with the highest prevalence of disc changes) ran-
ged from 0.70 to 0.89 describing a substantial to almost perfect agreement [27].

The SI of the intervertebral disc was assessed quantitatively by a computerized method with
aregion of interest (ROI) marked digitally from each nucleus pulposus. The ROI in each indi-
vidual disc was marked using a freehand technique according to the estimated area of the
nucleus pulposus. As an internal reference the SI of the adjacent cerebrospinal fluid (CSF) was
used for a disc to CSF -SI ratio [28]. For the ROI of the CSF at every level, the area in the ante-
rior dural sac immediately posterior to the disc was chosen to exclude the effect of the nerve
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Fig 2. The evolution of disc changes throughout the study period in one study participant. The MRI images illustrate the visual assessment of the signal
intensity (SI) of the intervertebral disc using the Schneiderman classification. At Y8, all lumbar discs presented with a Bright nucleus pulposus (a). At Y12, the
L4/L5 disc was graded Speckled (b), and at Y19, both L4/L5 and L5/S1 discs were graded Dark (c).

https://doi.org/10.1371/journal.pone.0275315.9002

roots. The measurements were performed by a musculoskeletal radiologist (third author) and
a physician (sixth author) trained with the measurement technique.

Data analysis

The descriptive statistics are presented as means with standard deviations (SD) or as counts
with percentages. Repeated measures were analysed using generalising estimating equations
(GEE) models with the unstructured correlation structure. Generalized estimating equations
were developed as an extension of the general linear model (e.g., OLS regression analysis) to
analyze longitudinal and other correlated data. GEE models take into account the correlation
between repeated measurements in the same subject; models do not require complete data and
can be fit even when individuals do not have observations at all time points. In case of violation
of the assumptions (e.g., non-normality) for continuous variables, a bootstrap-type method or
Monte Carlo p values (small number of observations) for categorical variables were used. The
normality of variables was evaluated graphically and by using the Shapiro-Wilk W test. No
adjustment was made for multiple testing. Stata 17.0 (StataCorp LP; College Station, Texas,
USA) statistical package was used for the analysis.

Results

Of the 108 children expressing interest in the study, 94 (46 females and 48 males) eventually
participated. Two children did not want to go through the MRI investigation at Y8 but were
included in the analysis with clinical data and MRI investigations at the two later time points.
At Y12 and Y19, 81 and 71 study subjects participated in the interview, clinical examination
and MRI resulting in 86% and 76% follow-up, respectively.

Table 1 gives a more detailed description of our study participants. The only statistically sig-
nificant difference between sexes was seen at Y19 when males were significantly taller and
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Table 1. Description of study participants.

Y8 (N = 94) Y12 (N = 81) Y19 (N = 71)
Mean age (SD), y 8.5(0.4) 11.9 (0.5) 19.3 (0.6)
Female: Male, N 46:48 39:42 35:36
Mean height (SD), cm
Female 131 (6) 152 (8) 165 (7)
Male 133 (7) 152 (8) 180* (7)
Mean weight (SD), kg
Female 28.5 (6.0) 42.0 (9.9) 60.8 (12.0)
Male 28.8 (5.5) 43.0 (10.7) 73.7* (17.2)
Mean BMI (SD)
Female 16.4 (2.5) 18.1 (3.3) 22.3 (4.3)
Male 16.1(2.2) 18.5 (3.4) 22.8 (5.1)
LBP, % (95% CI)
All™* 6 (2to 13) 13 (7 t0 23) 54 (42 to 66)
Female 9 (2to21) 8 (2 to 20) 56 (38 to 73)
Male 4(1to15) 19 (9 to 34) 53 (35 to 70)

*p<0.001 according to sex
**p<0.001 for all participants according to age

https://doi.org/10.1371/journal.pone.0275315.t001

weighted more than females (p<0.001). The growth for females between Y8 and Y12 was 21
cm (95% CI: 18 to 23; p<0.001) for a relative growth of 1.16 (95% CI: 1.13 to 1.18); and
between Y12 and Y19 13 cm (95% CI: 10 to 17; p<0.001) for a relative growth of 1.09 (95% CI:
1.07-1.11). For males the growth between Y8 and Y12 was 19 cm (95% CI: 15 to 22, p<<0.001)
for a relative growth of 1.14 (95% CI: 1.11 to 1.16), and between Y12 and Y19 28 cm (95% CI:
25 to 31, p<0.001) for a relative growth of 1.18 (95% CI: 1.16 to 1.21). Between Y12 and Y19
the relative growth of males was significantly more than that of females (p<0.001).

Occurrence of LBP

By the age of 19, 54% of the participants had experienced LBP without associated trauma. The
increase in occurrence of LBP with age for the whole study population was statistically signifi-
cant (p<0.001). Table 1 for the occurrence of LBP at different study time points.

Visual assessment of disc changes and their correlation to LBP

In general, the L3/L4 disc remained stable throughout the study period; while some changes
were noticed at the L4/L5 disc, most of the changes developed in the L5/S1 disc. Progression of
at least one grade at L4/L5 and L5/S1 was demonstrated in 12% and 20% of participants,
respectively, from Y8 to Y19. Specifically, at Y8, 21 of the 276 discs (7.6%) were graded as
Speckled in 17 participants (18%); four participants had two-level involvement. Nine discs
(3.7%) demonstrated Speckled pattern at Y12 in eight participants with two-level involvement
in one participant. By Y19, 37 of the 213 discs (17.4%) demonstrated changes with 11 discs
(5.2%) graded as Dark. Disc changes were noticed in 27 participants (38%) with two-level
involvement in eight participants and one participant with a three-level involvement. Two par-
ticipants had Dark discs both at L4/L5 and L5/S1 levels.

No association was found between visual assessment of the SI (Bright—Speckled—Dark)
and LBP when the most degenerated disc at any level was selected for analysis (Table 2).
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Table 2. Association of the visual assessment of the most degenerated disc to self-reported LBP.

No LBP N (%) LBP N (%) p-value
Schneiderman score
Y8 0.91
Bright 70 (81) 5(83)
Speckled 16 (19) 1(17)
Dark 0 0
Y12 0.93
Bright 63 (90) 10 (91)
Speckled 7 (10) 1(9)
Dark 0 0
Y19 0.98
Bright 20 (61) 24 (63)
Speckled 10 (30) 8 (21)
Dark 3(9) 6 (16)

https://doi.org/10.1371/journal.pone.0275315.t1002

Disc to cerebrospinal fluid -SI ratio and its association to LBP

In the disc to CSF -SI ratio, no significant changes were noticed between Y8 and Y12, whereas
the ratio markedly decreased by Y19 (Fig 3). No statistically significant difference in the disc to
CSEF -SI ratio between participants with or without LBP was noticed at any level as illustrated
in Fig 3.

At Y19, BMI showed a statistically significant association to the disc to CSF -SI ratio at the
L5/S1 level (p = 0.035); no other statistically significant associations emerged at any of the disc
levels at the different study time points (Table 3).

Discussion

In the present study, we describe the natural history of lumbar intervertebral discs (L3/L4, L4/
L5 and L5/S1) from childhood to early adulthood and examine the association of changes in
the disc SI to the clinical symptom of LBP. At the age of 8-9 years, 18% of the participants pre-
sented with MRI findings that have traditionally been considered early signs of degeneration.
At the age of 18-19 years, 17% of the discs demonstrated SI changes in 38% of the participants.
By this time 54% of the participants had experienced LBP without associated trauma. The disc
SI changes did not associate with the presence of LBP in childhood, adolescence or early
adulthood.

The strength of the present study lies in its design; to our knowledge, this is the first longitu-
dinal study assessing the natural history of lumbar intervertebral discs with MRI from child-
hood to early adulthood. However, several limitations need to be considered when
interpreting our results.

Healthy school children with an even birth date were recruited to this study. The rationale
was to have children with an odd birth date as possible controls with no history of repeated
inquiries about LBP. Of the 208 eligible participants, 108 expressed interest in the study. It is
entirely possible that a family history of LBP affected their decision to participate. In a popula-
tion-based twin study, Hestbaek et al. showed a significant genetic influence on the develop-
ment of early LBP [29]. While some research has shown significant association between
parental and child back pain [30, 31] with children potentially modeling the symptoms of their
parents [30], others have found no evidence of learned pain behavior in children [32]. Based
on a recent systematic review, up to 47% of children and adolescents report either occasional
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https://doi.org/10.1371/journal.pone.0275315.9003

or recurrent LBP [2]. The prevalence estimates surpass 50% at the age of 18 to 20 years [5].
The prevalence of LBP in the present study, 54% by the age of 18-19 years, corresponds with
previous studies on larger cohorts reporting lifetime prevalence from 40% to 79% by adoles-

cence and early adulthood [32-37].

One could speculate that repeated inquiries about the presence of LBP will result in

increased reporting. We tried to avoid this by keeping the discussion of LBP limited. The par-

ticipants and their parents were informed that the main purpose of the study was to investigate
the growth of the lumbar spine in children (“Healthy spine in a growing child”). Moreover,

Table 3. The Spearman correlation between BMI and Disc to CSF -SI ratio.

Y8 Y12

(N =92) (N =81)

r (95% CI) r (95% CI)
L3/L4 0.16 (-0.05 to 0.28) -0.03 (-0.25 t0 0.19)
L4/L5 0.00 (-0.21 to 0.21) -0.02 (-0.24 to 0.20)
L5/S1 -0.14 (-0.33 t0 0.07) -0.06 (-0.27 t0 0.17)

*p=0.035

https://doi.org/10.1371/journal.pone.0275315.t1003

Y19

(N=71)

r (95% CI)

0.05 (-0.19 to 0.28)
-0.04 (-0.27 to 0.20)
-0.25* (-0.46 to -0.02)
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self-reported LBP should be regarded with a degree of uncertainty. When studying children
and adolescents, particularly about lifetime prevalence of LBP, memory decay may influence
the results. Although high level of forgetfulness of previous LBP has been shown in children
[3], this appears less significant for recurrent or more severe episodes [38]. It may well be that
our participants had forgotten about previous less severe episodes, as at Y19 84% of partici-
pants with LBP reported pain either last week or last month. The pain intensity was not for-
mally evaluated, but only seven participants (18% of those reporting LBP) had visited a
physician suggesting moderate LBP with limited effect on the activities of daily life.

Ninety-four (94) children comprised our initial study group. At Y12, 13 participants were
lost to follow-up. Four of them had mild MRI changes at Y8, and one had reported LBP with-
out disc changes. At Y19, 23 participants were lost to follow-up. Only four of them had disc
changes in the first and/or second MRI investigation; one of them had reported LBP at Y12.
Three additional participants lost to follow-up had reported LBP at Y12 without disc changes.
Most of the participants lost to follow-up at Y19 had not experienced LBP or demonstrated
disc changes at the previous examinations.

Our study covered the evolution of MRI technology; the first two MRI investigations were
performed with a 1.0T scanner and the last one with a 1.5T scanner. Some evidence suggests
that the field strength of the MRI equipment does not have a significant effect on the assess-
ment of spinal morphology [39]. Our main interest was the SI of the intervertebral disc at the
three lowest lumbar levels. While SI can be assessed qualitatively and quantitatively, it is
dependent on a variety of technical and patient-related factors, e.g., the distance of the object
of interest (in our case the intervertebral disc) from the surface coil. As the absolute contrast
and SI on each MRI slice is determined by the brightest pixel, non-standardized SI measure-
ments would introduce a significant error when comparing different study participants and
time points. To minimize the effect of confounding factors and to compare the SI within and
between participants at different time points, we used the SI of the adjacent CSF as a reference
for a relative SI. The adjacent CSF has the advantage of being close to the intervertebral disc
and having a relatively constant SI [40, 41]. The disc to CSF -SI ratio has proven sensitive to
early disc changes in young subjects [28]. All MRI investigations were performed in the morn-
ing to prevent possible diurnal variation of the SI.

No grading system for early intervertebral disc changes in children and adolescents has
been introduced. We used the Schneiderman classification [26], albeit slightly modified as we
did not expect advanced disc changes in our young study participants. The computerized disc
to CSF -SI ratio remained relatively stable between Y8 and Y12 with a marked decrease at Y19
reflecting the results of the visual assessment.

At the age of 8-9 years, 18% of our participants presented with mild disc changes (Speckled)
on T2-weighted MRI-images. By the age of 18-19 years 38% of the participants had disc
changes (Speckled or Dark). A recent systematic review and meta-analysis of abnormalities in
the pediatric spine on MRI demonstrated a 22% (95%CI 9%-38%) pooled prevalence of DD in
children without LBP and 44% (95%CI 23%-65%) in children with LBP [25]. In a prospective
cross-sectional study of 439 schoolchildren, Kjaer et al found DD on MRI in approximately
one third of their 12-14-year-old participants [24]. Our results are in line with these previous
studies.

In the present study, we did not find an association between disc SI changes and self-
reported LBP. This is contrary to a systematic review reporting higher prevalence of DD in
children with LBP [25]. It is noteworthy that the studies included in the meta-analysis were
performed in a hospital setting, possibly implying a more severe symptom state and overesti-
mation of the difference between children with and without LBP. The earliest MRI studies
from the 1990s suggested that young subjects with early degenerative changes are more prone
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to LBP in the future [21, 22, 42]. In a cross-sectional MRI study on young adults, moderately
degenerated discs were likely to be associated with more severe clinical symptoms compared
to mildly degenerated discs [18]. However, DD was also found in one third of asymptomatic
subjects. In the present study, no association between the most degenerated disc (defined by
the Schneiderman classification) regardless of disc level and self-reported LBP was found. In a
cross-sectional study of 439 12-14-year-old adolescents, most disc-related findings were only
weakly associated with LBP; statistically significant associations for boys emerged in the upper
and for girls in the lower lumbar levels [24]. In our study, only the three lowest lumbar levels
were analyzed as significant disc changes in the upper lumbar spine in this group of young par-
ticipants were unlikely.

Only T2-weighted sagittal images were obtained to reduce the scanning time in our young
participants. Thus, our analysis was limited to changes in the SI of the intervertebral discs,
which might have caused us to overlook other morphological changes related to LBP. For
example, a more significant association between disc bulge and LBP has been suggested in
younger adults compared to older subjects [19]. DD, however, is the most common structural
abnormality in the pediatric spine on MRI [25]. and thus of special interest clinically.

For a clinically meaningful analysis of the evolution of disc height we would have needed a
standing lumbar spine x-ray at each of the study time points. This would have exposed our
participants to unnecessary radiation and was not included in the study design. Moreover, the
validity of absolute disc height, alone or in combination with other measures, as an indicator
of early DD has been questioned [43]. Pfirrmann et al., in their MRI investigation of 70 asymp-
tomatic adults, concluded that the association of DD and disc height was stronger in older
individuals compared to younger subjects [44].

For the disc to CSF -SI ratio, higher BMI at Y19 correlated statistically significantly with
lower relative SI at the L5/S1 level, although the correlation was only fair. High BMI at 16 years
of age has previously been shown to be associated with lumbar DD among young males [45].
In another population-based cross-sectional study, overweight or obese adolescents and young
adults had more severe DD than underweight or normal-weight individuals [23]. Compared
to these previous findings, our results are more in line with those of van den Heuvel et al. who
found no association between increased BMI and disc SI in their 9-year-old subjects [46].

We did not perform a formal power analysis to define the number of participants. Due to
financial constraints we had to restrict our study population to approximately 100 children
and 300 MRI investigations; 94 children formed the initial study group, 13 and 23 participants
were lost to follow-up at Y12 and Y19, respectively. Thus, it is entirely possible that due to a
small number of participants our study did not have enough power to detect possible associa-
tions between disc SI changes and LBP.

Conclusions

Our study adds to the existing evidence in providing data on the natural history of interverte-
bral disc morphology in a group of healthy subjects from childhood to early adulthood. The
prevalence of LBP increased significantly with age reaching 54% by the age of 18-19 years.
Some mild disc SI changes on MRI were seen at the age of 8-9 years in 18% of our participants;
after the growth spurt 38% of our 18-19-year-old participants demonstrated disc SI changes.
In this small study population, these disc SI changes did not have an association with LBP. If
adolescents and young adults complain of LBP without symptoms and signs of specific etiol-
ogy, it is unlikely that an MRI investigation will benefit the diagnostic workup or therapy, and
it may eventually lead to poorer health outcomes due to unfounded conviction that incidental
and innocuous findings on MRI are the cause of pain.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275315  October 4, 2022 10/13


https://doi.org/10.1371/journal.pone.0275315

PLOS ONE

The intervertebral disc during growth

Supporting information

S1 File. Supporting data set.
(XLSX)

Author Contributions

Conceptualization: Dietrich Schlenzka, Kalevi Osterman.

Data curation: Leena Ristolainen, Hannu Kautiainen.

Formal analysis: Teija Lund, Dietrich Schlenzka, Martina Lohman, Hannu Kautiainen.
Funding acquisition: Dietrich Schlenzka, Kalevi Osterman.

Investigation: Teija Lund, Dietrich Schlenzka, Martina Lohman, Erkko Klemetti.

Methodology: Teija Lund, Dietrich Schlenzka, Martina Lohman, Hannu Kautiainen, Kalevi
Osterman.

Project administration: Leena Ristolainen.
Resources: Dietrich Schlenzka, Leena Ristolainen.
Supervision: Dietrich Schlenzka.

Visualization: Hannu Kautiainen.

Writing - original draft: Teija Lund.

Writing - review & editing: Teija Lund, Dietrich Schlenzka, Martina Lohman, Leena Ristolai-
nen, Hannu Kautiainen, Erkko Klemetti, Kalevi Osterman.

References

1. Jeffries LJ, Milanese SF, Grimmer-Somers KA. Epidemiology of adolescent spinal pain: A systematic
overview of the research literature. Spine. 2007; 32: 2630—2637. https://doi.org/10.1097/BRS.
0b013e318158d70b PMID: 17978666

2. Junge T, Wedderkopp N, Boyle E, Kjaer P. The natural course of low back pain from childhood to young
adulthood—a systematic review. Chiropr Man Therap. 2019; 27: 10. https://doi.org/10.1186/s12998-
018-0231-x PMID: 30931103

3. Burton AK, Clarke RD, McClune TD, Tillotson KM. The natural history of low back pain in adolescents.
Spine. 1996; 21: 2323-2328. https://doi.org/10.1097/00007632-199610150-00004 PMID: 8915066

4., Taimela S, Kujala UM, Salminen JJ, Viljanen T. The prevalence of low back pain among children and
adolescents. A nationwide, cohort-based questionnaire survey in Finland. Spine. 1997; 22: 1132—-1136.
https://doi.org/10.1097/00007632-199705150-00013 PMID: 9160472

5. Leboeuf-Yde C, Ohm Kyvik K. At what age does low back pain become a common problem? A study of
29424 individuals aged 12—41 years. Spine. 1998; 23: 228—-234. https://doi.org/10.1097/00007632-
199801150-00015 PMID: 9474731

6. Jones GT, Watson KD, Silman AJ, Symmons DPM, Macfarlane GJ. Predictors of low back pain in Brit-
ish schoolchildren: a population-based prospective cohort study. Pediatrics. 2003; 111: 822-828.
https://doi.org/10.1542/peds.111.4.822 PMID: 12671119

7. Hestbaek L, Leboeuf-Yde C, Ohm Kyvik K, Vach W, Russell MB, Skadhauge, et al. Comorbidity with
low back pain. A cross-sectional population-based survey of 12- to 22-year-olds. Spine. 2004; 29:
1483-1491. https://doi.org/10.1097/01.brs.0000129230.52977.86 PMID: 15223944

8. SatoT,Ito T, Hirano T, Morita O, Kikuchi R, Endo N, et al. Low back pain in childhood and adolescence:
a cross-sectional study in Nigata City. Eur Spine J. 2008; 17: 1441-1447. https://doi.org/10.1007/
s00586-008-0788-5 PMID: 18830637

9. Kjaer P, Wedderkopp N, Korsholm L, Leboeuf-Yde C. Prevalence and tracking of back pain from child-
hood to adolescence. BMC Musculoskelet Disord. 2011; 12: 98. https://doi.org/10.1186/1471-2474-12-
98 PMID: 21575251

PLOS ONE | https://doi.org/10.1371/journal.pone.0275315  October 4, 2022 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275315.s001
https://doi.org/10.1097/BRS.0b013e318158d70b
https://doi.org/10.1097/BRS.0b013e318158d70b
http://www.ncbi.nlm.nih.gov/pubmed/17978666
https://doi.org/10.1186/s12998-018-0231-x
https://doi.org/10.1186/s12998-018-0231-x
http://www.ncbi.nlm.nih.gov/pubmed/30931103
https://doi.org/10.1097/00007632-199610150-00004
http://www.ncbi.nlm.nih.gov/pubmed/8915066
https://doi.org/10.1097/00007632-199705150-00013
http://www.ncbi.nlm.nih.gov/pubmed/9160472
https://doi.org/10.1097/00007632-199801150-00015
https://doi.org/10.1097/00007632-199801150-00015
http://www.ncbi.nlm.nih.gov/pubmed/9474731
https://doi.org/10.1542/peds.111.4.822
http://www.ncbi.nlm.nih.gov/pubmed/12671119
https://doi.org/10.1097/01.brs.0000129230.52977.86
http://www.ncbi.nlm.nih.gov/pubmed/15223944
https://doi.org/10.1007/s00586-008-0788-5
https://doi.org/10.1007/s00586-008-0788-5
http://www.ncbi.nlm.nih.gov/pubmed/18830637
https://doi.org/10.1186/1471-2474-12-98
https://doi.org/10.1186/1471-2474-12-98
http://www.ncbi.nlm.nih.gov/pubmed/21575251
https://doi.org/10.1371/journal.pone.0275315

PLOS ONE

The intervertebral disc during growth

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Joergensen AC, Hestbaek L, Andersen PK, Nybo Andersen A-M. Epidemiology of spinal pain in chil-
dren: a study within the Danish National Birth Cohort. Eur J Pediatr. 2019; 178: 695-706. https://doi.org/
10.1007/s00431-019-03326-7 PMID: 30788593

Lardon A, Leboeuf-Yde C, Le Scanff C, Wedderkopp N. Is puberty a risk factor for back pain in the
young? a systematic critical literature review. Chiropr Man Therap. 2014; 22: 27. https://doi.org/10.
1186/s12998-014-0027-6 PMID: 25328668

Wedderkopp N, Andersen LB, Froberg K, Leboeuf-Yde C. Back pain reporting in young girls appears to
be puberty-related. BMC Musculoskelet Disord. 2005; 6: 52. https://doi.org/10.1186/1471-2474-6-52
PMID: 16262898

Harreby M, Neergaard K, Hesselsge G, Kjer J. Are radiologic changes in the thoracic and lumbar spine
of adolescents risk factors for low back pain in adults? A 25-year prospective cohort study of 640 school
children. Spine. 1995; 20: 2298-2320. https://doi.org/10.1097/00007632-199511000-00007 PMID:
8553117

Hestbaek L, Leboeuf-Yde C, Ohm Kyvik K. Is comorbidity in adolescence a predictor for adult low back
pain? A prospective study of a young population. BMC Musculoskelet Disord. 2006; 7: 29. https://doi.
org/10.1186/1471-2474-7-29 PMID: 16539740

Hestbaek L, Leboeuf-Yde C, Ohm Kyvik K, Manniche C. The course of low back pain from adolescence
to adulthood: eight-year follow-up of 9600 twins. Spine. 2006; 31: 468—472. https://doi.org/10.1097/01.
brs.0000199958.04073.d9 PMID: 16481960

Luoma K, Riihimaki H, Luukkonen R, Raininko R, Viikari-Juntura E, Lamminen A. Low back pain in rela-
tion to lumbar disc degeneration. Spine. 2000; 25: 487—492. https://doi.org/10.1097/00007632-
200002150-00016 PMID: 10707396

Cheung KMC, Karppinen J, Chan D, Ho DWH, Song Y-Q, Sham P, et al. Prevalence and pattern of lum-
bar magnetic resonance imaging changes in a population study of one thousand forty-three individuals.
Spine. 2009; 34: 934-940. https://doi.org/10.1097/BRS.0b013e3181a01b3f PMID: 19532001

Takatalo J, Karppinen J, Niiniméki J, Taimela S, Nayha S, Mutanen P, et al. Does lumbar disc degenera-
tion on magnetic resonance imaging associate with low back symptom severity in young Finnish adults?
Spine. 2011; 36: 2180-2189. https://doi.org/10.1097/BRS.0b013e3182077122 PMID: 21358475

Brinjikji W, Diehn FE, Jarvik JG, Carr CM, Kallmes DF, Murad MH, et al. MRl findings of disc degenera-
tion are more prevalent in adults with low back pain than in asymptomatic controls: A systematic review
and meta-analysis. Am J Neuroradiol. 2015; 36: 2394—2399. https://doi.org/10.3174/ajnr.A4498 PMID:
26359154

Tertti MO, Salminen JJ, Paajanen HEK, Terho PH, Kormano MJ, et al. Low-back pain and disk degener-
ation in children: a case-control MR imaging study. Radiology. 1991; 180: 503-507. https://doi.org/10.
1148/radiology.180.2.1829844 PMID: 1829844

Salminen JJ, Erkintalo MO, Pentti J, Oksanen A, Kormano MJ. Recurrent low back pain and early disc
degeneration in the young. Spine. 1999; 24: 1316—1321. https://doi.org/10.1097/00007632-
199907010-00008 PMID: 10404573

Salminen JJ, Erkintalo M, Laine M, Pentti J. Low back pain in the young. A prospective three-year fol-
low-up study of subjects with and without low back pain. Spine. 1995; 20: 2101-2108. https://doi.org/10.
1097/00007632-199510000-00006 PMID: 8588166

Samartzis D, Karppinen J, Mok F, Fong DYT, Luk KDK, Cheung KMC. A population-based study of
juvenile disc degeneration and its association with overweight and obesity, low back pain and dimin-
ished functional status. J Bone Joint Surg Am. 2011; 93: 662—670. https://doi.org/10.2106/JBJS.I.
01568 PMID: 21471420

Kjaer P, Leboeuf-Yde C, Solgaard Sorensen J, Bendix T. An epidemiologic study of MRI and low back
pain in 13-year-old children. Spine. 2005; 30: 798—-806. https://doi.org/10.1097/01.brs.0000157424.
72598.ec PMID: 15803084

van den Heuvel MM, Oei EHG, Bierma-Zeinstra SMA, van Middelkoop M. The prevalence of abnormali-
ties in the pediatric spine on MRI. A systematic review and meta-analysis. Spine. 2020; 45: E1185—
E1196. https://doi.org/10.1097/BRS.0000000000003527 PMID: 32355138

Schneiderman G, Flannigan B, Kingston S, Thomas J, Dillin WH, Watkins RG. Magnetic resonance
imaging in the diagnosis of disc degeneration: correlation with discography. Spine. 1987; 12: 276-281.
https://doi.org/10.1097/00007632-198704000-00016 PMID: 2954224

Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics. 1977;
33: 159-174 PMID: 843571

Videman T, Nummi P, Battie MC, Gill K. Digital assessment of MRI for lumbar disc desiccation. A com-
parison of digital versus subjective assessments and digital intensity profiles versus discogram and
macro anatomic findings. Spine. 1994; 19: 192—198. https://doi.org/10.1097/00007632-199401001-
00014 PMID: 8153830

PLOS ONE | https://doi.org/10.1371/journal.pone.0275315  October 4, 2022 12/13


https://doi.org/10.1007/s00431-019-03326-7
https://doi.org/10.1007/s00431-019-03326-7
http://www.ncbi.nlm.nih.gov/pubmed/30788593
https://doi.org/10.1186/s12998-014-0027-6
https://doi.org/10.1186/s12998-014-0027-6
http://www.ncbi.nlm.nih.gov/pubmed/25328668
https://doi.org/10.1186/1471-2474-6-52
http://www.ncbi.nlm.nih.gov/pubmed/16262898
https://doi.org/10.1097/00007632-199511000-00007
http://www.ncbi.nlm.nih.gov/pubmed/8553117
https://doi.org/10.1186/1471-2474-7-29
https://doi.org/10.1186/1471-2474-7-29
http://www.ncbi.nlm.nih.gov/pubmed/16539740
https://doi.org/10.1097/01.brs.0000199958.04073.d9
https://doi.org/10.1097/01.brs.0000199958.04073.d9
http://www.ncbi.nlm.nih.gov/pubmed/16481960
https://doi.org/10.1097/00007632-200002150-00016
https://doi.org/10.1097/00007632-200002150-00016
http://www.ncbi.nlm.nih.gov/pubmed/10707396
https://doi.org/10.1097/BRS.0b013e3181a01b3f
http://www.ncbi.nlm.nih.gov/pubmed/19532001
https://doi.org/10.1097/BRS.0b013e3182077122
http://www.ncbi.nlm.nih.gov/pubmed/21358475
https://doi.org/10.3174/ajnr.A4498
http://www.ncbi.nlm.nih.gov/pubmed/26359154
https://doi.org/10.1148/radiology.180.2.1829844
https://doi.org/10.1148/radiology.180.2.1829844
http://www.ncbi.nlm.nih.gov/pubmed/1829844
https://doi.org/10.1097/00007632-199907010-00008
https://doi.org/10.1097/00007632-199907010-00008
http://www.ncbi.nlm.nih.gov/pubmed/10404573
https://doi.org/10.1097/00007632-199510000-00006
https://doi.org/10.1097/00007632-199510000-00006
http://www.ncbi.nlm.nih.gov/pubmed/8588166
https://doi.org/10.2106/JBJS.I.01568
https://doi.org/10.2106/JBJS.I.01568
http://www.ncbi.nlm.nih.gov/pubmed/21471420
https://doi.org/10.1097/01.brs.0000157424.72598.ec
https://doi.org/10.1097/01.brs.0000157424.72598.ec
http://www.ncbi.nlm.nih.gov/pubmed/15803084
https://doi.org/10.1097/BRS.0000000000003527
http://www.ncbi.nlm.nih.gov/pubmed/32355138
https://doi.org/10.1097/00007632-198704000-00016
http://www.ncbi.nlm.nih.gov/pubmed/2954224
http://www.ncbi.nlm.nih.gov/pubmed/843571
https://doi.org/10.1097/00007632-199401001-00014
https://doi.org/10.1097/00007632-199401001-00014
http://www.ncbi.nlm.nih.gov/pubmed/8153830
https://doi.org/10.1371/journal.pone.0275315

PLOS ONE

The intervertebral disc during growth

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Hestbaek L, lachine IA, Leboeuf-Yde C, Ohm Kyvik K, Manniche C. Heredity of low back painin a
young population: a classical twin study. Twin Res. 2004; 7: 16—26. https://doi.org/10.1375/
13690520460741408 PMID: 15053850

Grgholt E-K, Stigum H, Nordhagen R, Kéhler L. Recurrent pain in children, socio-economic factors and
accumulation in families. Eur J Epidemiol. 2003; 18: 965-975. https://doi.org/10.1023/
a:1025889912964 PMID: 14598927

Balagué F, Bibbo E, Mélot C, Szpalski M, Gunzburg R, Keller TS. The association between isoinertial
trunk muscle performance and low back pain in male adolescents. Eur Spine J. 2010; 19: 624—632.
https://doi.org/10.1007/s00586-009-1168-5 PMID: 19771455

Mustard CA, Kalcevich C, Frank JW, Boyle M. Childhood and early adult predictors of risk of incident
back pain: Ontario Child Health Study 2001 follow-up. Am J Epidemiol. 2005; 162: 779-786. https://doi.
org/10.1093/aje/kwi271 PMID: 16150891

Balagué F, Skovron ML, Nordin M, Dutoit G, Pol LR, Waldburger M. Low back pain in schoolchildren. A
study of familial and psychological factors. Spine. 1995; 20: 1265—1270. https://doi.org/10.1097/
00007632-199506000-00012 PMID: 7660235

Harreby M, Nygaard B, Jessen T, Larsen E, Storr-Paulsen A, Lindahl A, et al. Risk factors for low back
pain in a cohort of 1389 Danish school children: an epidemiologic study. Eur Spine J. 1999; 8: 444—-450.
https://doi.org/10.1007/s005860050203 PMID: 10664301

Kovacs FM, Gestoso M, Gil Del Real MT, Lopéz J, Mufraggi N, Méndez JI. Risk factors for non-specific
low back pain in schoolchildren and their parents: a population based study. Pain. 2003; 103: 259-268.
https://doi.org/10.1016/S0304-3959(02)00454-2 PMID: 12791432

Jones MA, Stratton G, Reilly T, Unnithan VB. A school-based survey of recurrent non-specific low-back
pain prevalence and consequences in children. Health Educ Res. 2004; 19: 284—289. https://doi.org/
10.1093/her/cyg025 PMID: 15140848

Poussa MS, Heliévaara MM, Seitsamo JT, Kéndnen MH, Hurmerinta K, Nissinen MJ. Anthropometric
measurements and growth as predictors of low-back pain: a cohort study of children followed up from
the age of 11 to 22 years. Eur Spine J. 2005; 14: 595-598. https://doi.org/10.1007/s00586-004-0872-4
PMID: 15789230

Milanese S, Grimmer-Somers K. What is adolescent low back pain? Current definitions used to define
the adolescent with low back pain. J Pain Research. 2010; 3: 57—66. https://doi.org/10.2147/jpr.s10025
PMID: 21197310

Maubon AJ, Ferru J-M, Berger V, Soulage MC, DeGraef M, Aubas P, et al. Effect of field strength on
MR images: Comparison of the same subject at 0.5, 1.0 and 1.5 T. RadioGraphics. 1999; 19: 1057—
1067. https://doi.org/10.1148/radiographics.19.4.g99j1281057 PMID: 10464808

Luoma K, Raininko R, Nummi P, Luukkonen R. Is the signal intensity of cerebrospinal fluid constant?
Intensity measurements with high and low field magnetic resonance imagers. Magn Reson Imagaging.
19983; 11: 549-555. https://doi.org/10.1016/0730-725x(93)90474-r PMID: 8316068

Luoma EK, Raininko R, Nummi PJ, Luukkonen R, Manninen HI, Riihimaki HA. Suitability of cerebrospi-
nal fluid as a signal-intensity reference on MRI: evaluation of signal-intensity variations in the lumbosa-
cral dural sac. Neuroradiology. 1997; 39: 728—732. https://doi.org/10.1007/s002340050496 PMID:
9351111

Paajanen H, Erkintalo M, Parkkola R, Salminen J, Kormano M. Age-dependent correlation of low-back
pain and lumbar disc degeneration. Arch Orthop Trauma Surg. 1997; 116: 106—107. https://doi.org/10.
1007/BF00434112 PMID: 9006777

Luoma K, Vehmas T, Riihimaki H, Raininko R. Disc height and signal intensity of the nucleus pulposus
on magnetic resonance imaging as indicators of lumbar disc degeneration. Spine. 2001; 26:680-686.
https://doi.org/10.1097/00007632-200103150-00026 PMID: 11246386

Pfirrmann CWA, Metzdorf A, Elfering A, Hodler J, Boos N. Effect of aging and degeneration on disc vol-
ume and shape: A quantitative study in asymptomatic volunteers. J Orthop Res. 2006; 24:1086—1094.
https://doi.org/10.1002/jor.20113 PMID: 16609964

Takatalo J, Karppinen J, Taimela S, Niinimaki J, Laitinen J, Blanco Sequeiros R, et al. Body mass index
is associated with lumbar disc degeneration in young Finnish males: subsample of Northern Finland
birth cohort study 1986. BMC Musculoskelet Disord. 2013; 14:87. https://doi.org/10.1186/1471-2474-
14-87 PMID: 23497297

van den Heuvel MM, Oei EHG, Renkens JJM, Bierma-Zeinstra SMA, van Middelkoop M. Structural spi-
nal abnormalities on MRI and associations with weight status in a general pediatric population. Spine J
2021; 21:465—-476. https://doi.org/10.1016/j.spinee.2020.10.003 PMID: 33045416

PLOS ONE | https://doi.org/10.1371/journal.pone.0275315  October 4, 2022 13/13


https://doi.org/10.1375/13690520460741408
https://doi.org/10.1375/13690520460741408
http://www.ncbi.nlm.nih.gov/pubmed/15053850
https://doi.org/10.1023/a:1025889912964
https://doi.org/10.1023/a:1025889912964
http://www.ncbi.nlm.nih.gov/pubmed/14598927
https://doi.org/10.1007/s00586-009-1168-5
http://www.ncbi.nlm.nih.gov/pubmed/19771455
https://doi.org/10.1093/aje/kwi271
https://doi.org/10.1093/aje/kwi271
http://www.ncbi.nlm.nih.gov/pubmed/16150891
https://doi.org/10.1097/00007632-199506000-00012
https://doi.org/10.1097/00007632-199506000-00012
http://www.ncbi.nlm.nih.gov/pubmed/7660235
https://doi.org/10.1007/s005860050203
http://www.ncbi.nlm.nih.gov/pubmed/10664301
https://doi.org/10.1016/S0304-3959(02)00454-2
http://www.ncbi.nlm.nih.gov/pubmed/12791432
https://doi.org/10.1093/her/cyg025
https://doi.org/10.1093/her/cyg025
http://www.ncbi.nlm.nih.gov/pubmed/15140848
https://doi.org/10.1007/s00586-004-0872-4
http://www.ncbi.nlm.nih.gov/pubmed/15789230
https://doi.org/10.2147/jpr.s10025
http://www.ncbi.nlm.nih.gov/pubmed/21197310
https://doi.org/10.1148/radiographics.19.4.g99jl281057
http://www.ncbi.nlm.nih.gov/pubmed/10464808
https://doi.org/10.1016/0730-725x(93)90474-r
http://www.ncbi.nlm.nih.gov/pubmed/8316068
https://doi.org/10.1007/s002340050496
http://www.ncbi.nlm.nih.gov/pubmed/9351111
https://doi.org/10.1007/BF00434112
https://doi.org/10.1007/BF00434112
http://www.ncbi.nlm.nih.gov/pubmed/9006777
https://doi.org/10.1097/00007632-200103150-00026
http://www.ncbi.nlm.nih.gov/pubmed/11246386
https://doi.org/10.1002/jor.20113
http://www.ncbi.nlm.nih.gov/pubmed/16609964
https://doi.org/10.1186/1471-2474-14-87
https://doi.org/10.1186/1471-2474-14-87
http://www.ncbi.nlm.nih.gov/pubmed/23497297
https://doi.org/10.1016/j.spinee.2020.10.003
http://www.ncbi.nlm.nih.gov/pubmed/33045416
https://doi.org/10.1371/journal.pone.0275315

