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Abstract BACKGROUND CONTEXT: Disc degeneration was commenly viewed over much of the last

' century as a result of aging and “wear and tear” from mechanical insults and injuries. Thus, pre-
vention strategies and research in lumbar degenerative changes and associated clinical conditions
focused latgely on mechanical factors as primary causes using an “injury model.” The Twin Spine
Study, a research program on the etiology and pathogenesis of disc degeneration, has contributed to
8 substantial revision of this view of determinants of lumbar dise degencration,
PURPOSE: To provide a review of the methods and findings of the Twin Spine Study
Praject,
STUDY DESIGN/SETTING: Narrative review of the Twin Spine Study.
METHODS: The Twin Spine Study, which started in 1991, is a multidisciplinary, multina-
tional research project with collaborators primarily in Canada, Finland, and the United States.
The most significant investigations related to determinants of disc degeneration included occu-
pational exposures, driving and whole-body vibration exposure, smoking exposure, anthropo-
morphic factors, heritability, end the identification of genotypes associated with disc
degeneration.
RESULTS: Among the most significant findings were a substantial influence of heredity on tumbar
disc degenemtion and the identification of the first gené foxms associated with disc degeneration,
Conversely, despite extraordinary discordance between twin siblings in occupational and leisure-
time physical loading conditions throughout adulthood, surprisingly little effect on disc degenera-
tion was observed. Studies on the effects of smoking on twins with large discordance in stnoking
exposure demonstrated an increase in dise degeneration associated with smoking, but this effect was
small, No evidence was found to suggest that exposure to whole-body vibration through motorized
vehicles leads to accelerated disc degencration in these well-controlled stadies. More recent results
indicate that the effect of anthropometric factors, such as body weight and muscle strength on disc
degengration, although modest, appear in this work to be greater than those of occupational physica?
demands. In fact, some indications were found that routine loading may ‘actually have some benefits

to the disc,
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CONCLUSIONS: The once commonly held view that disc degeneration is primarily a result of
aging and “‘wear and tear” from mechanical insults and injuries was not supported by this series
of studies. Instead, disc degeneration appears to be determined in great part by genetic influences,
Although environmenta) factors also play a role, it is not primarily through routine physical lording
exposures (eg, heavy vs. light physical demands) as once suspected. © 2009 Elsevier Inc, Al

rights reserved.

Keywonds: Disc; Degeneration; Heredity; Spine; Genetics

Background

A precise pathoanatomical diagnosis is not available in
the vast majority of people with back pair problems {1).
Yet, theories and models of underlying pathology and its
etiology have been adopted over the past half century that
have had profound effects on how the problem is viewed
and approached by those affficted, their health-care pro-
viders and health and insurance policy-makers [2].

Although the specific underlying pathology is unknown
in most cases of back pain, lumbar disc degeneration is
a primary suspect and is commonly believed to be respon-
sible for back symptoms, as well as being & major culprit in
sciatica and lumbar spinal stenosis {3-6]. Consequently, the
disc is a primary target for diagnostic and therapeutic inter-
ventions, Nachemson suggested that painful conditions
may result from premature aging changes that render the
disc mechanically incompetent, creating abnormal motion
patterns that subject various spinal structures to undue
stress [7]. Neuropathic changes, including abnormat firing
in neurons innervating back tissues and nerve ingrowth into
degenerated discs have been added to the list of suspected
causal factors, as well [8-10]. In the case of symptomatic
disc herniations, the findings of Olmarker et al. indicate that
irritation of nerve roots may not only be caused by com-
pression but also by biochemical effects of exposure to
the nucleus pulposus [11], There is also evidence that cyte-
kines, such as tumor necrosis factor-o, may be factors in
nucleus pulposus-induced neuropathy [12,13), In addition,
a possible role for bacterial infections in discs with patients
with severe sciatica has been suggested [£4]. Although the
pain mechanisms are unclear and likely to be complex, ev-
idence suggests that the disc plays a role in back symptoms,
sciatica, and spinal stenosis [15-17], but the extent of the
role remains unknown.

Before the past decade, the traditional injury or repeti-
tive loading model of disc degeneration had dominated re-
lated prevention strategies and research for nearly half
a century [18]. Such a model of disc degeneration implied
that overloadieg from exposure to a single excessive force
or repetitive loading results in structural damage (eg, accel-
erated disc degeneration or herniation), which in turn leads
to symptomatic conditions. Among the factors most com-
monly suspected of accelerating degenerative changes in
the discs were various occupational physical loading condi-
tions {19]. In particular, attention has been given to heavy
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materials handling, postural loading, and vehicular vibra-
tion [20]). Numerous studies of the reladonship between
heavy materials handling and postural loading resulted in
mixed findings related 10 the presence and degree of asso-
ciation with disc degeneration [21-30).

Vehicular driving had been associated with a higher in-
cidence of back symptoms and degenerative changes,
which were auributed to the effects of whole-body vibra-
tion on the imervertebral disc [31)]. Yet, in an extensive
review of the scientific literature, Kjellberp and others
from the Swedish National Institute for Working Life
[32} cautioned that although most of the studies revealed
significantly higher frequencies of back symptoms and
degeneritive changes in the vertebrae and intervertebral
discs of drivers compared with referents, “uncontrolled
confounding factors may have affected the results in all
studies, and the conclusions about the causal role of
whole-body vibration for the observed injuries and/or dis-
orders, therefore, becomes uncertain’”® Buckwalter cited
several mechanisms of age-related deterioration of inter-
vertebral discs, but acknowledged that activities and
agents that accelerate degeneration remain speculative
331,

Based on the studies available at the time, Frymoyer
summarized the state of knowledge on determinants of “de-
generative disc discase™ 15 years ago. He wrote “Apong
the factors associated with its occurrence are age, gender,
occupation, cigaretie smoking, and exposure to vehicular
vibration. The contribution of other factors such as height,
weight, and genetics is less certain® [34], A decade later

Alg-Kokko conducted a literature review on the same topic,

“degenerative disc disease,” and concluded “Even though
several environmental and constitutiongl risk factors have
been implicated in this disease, their effects are relatively
minor, and recent family and twin studies have suggested
that sciatica, disc herniation and disc degeneration may
be explained to a large degree by genetic factors” [35),
A dramatic change in views of determinants of disc degen-
eration was underway.

Disc degeneration which was once viewed as a result of
aging and *““wear and tear” from mechanical insults and in-
juries is now viewed as being determined in great part by
genetic influences [36-38), suggesting new models through
which to conceprualize and study disc degeneration and as-
sociated patholopy. We will summarize briefly some of our
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group’s research, through the Twin Spine Study, that has
contributed to this substantial change in views on the etiol-
ogy of disc degeneration.

The Twin Spine Study

The Twin Spine Study, which started in 1991, is a muli-
disciplinary and multinational research project with collab-
orators primarily in Canada, Finland, and the United States,
Among the most significant findings related to determinants
of disc degeneration were a substantial influence of hered-
ity on lumbar disc degeneration and the identification of
the first gene forms associated with disc degeneration
[36,38,39). Also, the siudies on the effects of smoking
and driving exposures using exposurc-discordant identical
twins have provided perhaps the most well-controlled stud-
ies on the effects of these exposures on human disc degen-
eration to date [40,41]. Among recent results are findings
indicating that the effect of individual physical factors, such
as body weight and muscle strength, on disc degeneration,
although modest, may be greater than that of occupational
physical demands [42]. Following is a brief description of
the subjects and data on which the studies summarized in
this article are based,

Subjects of the Twin Spine Study were recruited from the
population-based Finnish Twin Cohort (with 13,888 male
pairs of known zygosity) based on relevant prior informa-
tion available from surveys conducted in 1975 and 1981,
which had elicited response rates of 86% and 84%, respec-
tively, The cobort has been found to be representative of the
general Finnish population [43). The Twin Spine Study
subjects drawn from the Finnish Twin Cohort include 147
monozygotic (MZ) and 153 dizygotic (DZ) male twin pairs
(as determined through original zygosity questiopnaire
data). The initial selection of 117 paire of MZ twins was
based solely on discordance between twin siblings for a spe-
cific common behavioral or environmental factor {eg, sed-
entary or heavy occupational physical demands, routine
exercise participation, or occupational driving). The factors
were selected because of their suspected importance in the
etiology of spinal degeneration, back symptom complaints,
and the availability of relevant information from the
Finnish Twin Cohort database. In addition, a random
sample of 30 MZ pairs, stratified by age, were added, as
were 133 pairs of DZ twins selected using analogous criteria,
yielding a total sample of 600 subjects. The volunteer rate
was approximately 82%.

Study subjects were found to be quite representative of
the Finnish Twin Cohort, which is representative of the
Finnish population. No statistically significant differences
were observed when comparing MZ twin subjects to the
entire Finnish Twin Cohiort for level of education, social
class, smoking, level of leisure-time physicat activity, or
histoty of work-incapacitating neck, shoulder, or back pain,
or sciatica. The MZ study pairs did differ from the entire
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Finpish Twin Cohort for work status, they were somewhat
more likely to be working, and physical loading at work
{slightly higher among study subjects), due to the inclusion
of related factors in the selection criteria (44). DZ puirs
were selected in an analogous fashion. The validity of
zygosity was studied previously in a subsample of 104 twin
pairs. The agreement in classification between the question-
naire data and 11 blood markers yielded an estimated prob-
ability of misclassification of less than 1.7% [45).

Data acquisition involved transporting twins from all
parts of Finlard to a central location. where a team of pro-
Ject investigators, technicians, and other staff ensored that
interviews, physical examinations, and clinical 1esting were
completed over a two-day period for each twin pair.

A structured interview was conducted by trained inter-

. viewers to obtain data on lifetime exposures of interest
from adolescence through the present. Interviewers were

blind with respect to the specific discordance or selection
criteria for the twins, and project investigators avoided
discussions with the interviewers regarding the study hy-
potheses, Demographic information and health history: oc-
cupational history; history of regularly performed leisure-
time activities and exercise; specific recalled incidents or
trauma resulling in acute “back injury”; general dictary
history, particularly related to calcium intake; and smoking
and driving history were abtained from the interview. For
example, for each job held during a subject’s lifetime, the
subject was asked to describe the job activities, including
his most common lifting activity and estimate the weight
lifted, the frequency of lifting, and the number of hours
spent sitting during an average work day. This information
along with the job title was used to appropriately categorize
the job in terms of its general damands related to materials
handling and postural stress. Exposure to cigareite smoking
was calculated in pack-years. Optimal means of acquiring
adequate estimates of lifetime exposure data is an unre-
solved issue in research requiring such data. However, us-
ing standardized in-depth interviews noting common lifs
“milestones” to assist with recall are expected to assist in
providing valid estimates of exposures of interest. Coded
data were checked for congruence, outliers were identified,
and in some cases phone calls were used to verify unclear
or unusual recorded responses.,

One year after the initial data collection, all subjects
were asked to complete an additional questionnaire, which
was provided by approximately 98% of subjects. The
follow-up questionnaire afforded the opportunity to deter-
mine response. reliability for several exposure history vari-
ables. Responses were compared with those at the time of
the initial interview among those who said that there had
been no change in their jobs. The intraclass correlation
coefficient was 0.75 for estimates of time spent sitting,
0.77 for driving and 0.60 for total lifting per day. Also,
a five-year follow-up interview and examination was con-
ducted on a subgroup of 150 MZ subjects that allowed
for reliability estimates for lifetime exercise history data.
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Test-retest reliability of lifetime exercise history (using
a five-year interval) vielded an intraclass comrelation coeffi-
cient of 0.69 for lifetime years of exercise type and 0.73 for
associated mean exercise hours per week [46].

Clinical examinations included anthropometric mea-
surements (weight, height, % body fat using acoustic im-
pedance) and evaluation of spinzl range of motion,
isokinetic lifting strength, back muscle static endurance,
psychomotor reaction time, and blood and urine samples
(for infammatory mediators, connective tissue markers,
and DNA analysis). The Twin Spine Study was provided
extraordinary access {o the 1.5-Tesla MRI scanner at
Kuopio University Hospital and magnetic resonance
images (MRIs) of the lumbar spine were obtained for all
subjects using a set protocol. Collected blood samples were
appropriately stored and transported to the Department of
Human Molecular Genetics at the Finnish National Public
Health Institute, where DNA was extracted.

Defining disc degeneration—The accuracy of phenotype
measurement is critical in genetic epidemiology when txy-
ing to identify genes for conditions with multifactorial eti-
ologies and in studies of gene-environment interactions.
The strengths of the Twin Spine Study have been the acqui-
sition of data on a broad spectrum of possible determinants
and confounding factors, which can be controlled in analy-
ses when appropriate, and the precision of (he outcome
measures, particulatly with respect to degenerative and
structural variations.

From the beginning of the Twin Spine Study, the re-
search team has invested much time in methodological de-
velopments, such as in spine MRI protocols and image
analysis programming. The gross qualitative ratings of
spine degeneration in common use [47] were replaced or
augmented when possible with quantitative measures with
higher reliability and precision.

Then there is the deceptively simple issue of defining
disc degeneration. The term disc degeneration is commonly
used for an overall subjective impression of imaging find-
ings, inchuding signal loss, bulging, herniation, end plate ir-
regularities, osteophytes, and narrowing of the disc space,
but no universally accepted standard definition exists.
One might expect degenerative findings to correlate with
age, but such comelations have been modest within the
35-year period spanning 35-70 years of age using qualita-
tive MRI findings (Fig. 1) [48]. The MRI finding most
highly associated wilh age to date has been CSF-adjusted
disc signal based on T2 sequence, a measure of tissue hy-
dration, Still age explains only a miner portion of the var-
iance in disc signal.

The various MRI findings associated with disc degener-
ation represent both atrophic (ie, annular tears) and prolif-
erative (ie, osteophytes) changes and may appear at
different times in the overall sequence of events coliec-
tively termed disc degeneration, Findings may also differ
with respect to effects on the occurrence or severity of
symptoms. Furthermore, the influence of various risk
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Fig. 1. Associations between ape 35 and 70 years and four common
findings of disc degeneration based on spine magnetic rescnance imeg-
ing. The overall essociations are weak {From Spine, Batiié et al,, 2004
{48].

factors may vary in different stages of the degenerative
process. Thus, a decision was made carly in the Twin
Spine Study to examine the distinct findings associated
with disc degeneration separatcly, as opposed to using
summary scores that aggrepate different findings, which
proved particularly useful for studies of genetic influences
[38,49].

In an effort to refine MRI assessments of disc degenera-
tion and explore the development of quantitative measure-
ments using the digital data, a UNIX-based image analysis
program was developed in 1994 [36], with a later version
programmed to run on Windows NT to provide outcome
files simultaneousty for all spine levels and regions of inter-
est. It also allowed new measures Lo be easily programimed,
as such needs routinely arose as new questions were posed
[49-52]. To obtain quantitative measurements using the pro-
gram, the contours of the anatomical boundaries of lumbar
discs, vertebrae, and the spinal canal are manually segmented
on sagittal proton density (PD) images (Fig. 2). The evaluator
follows the contour of the vertebrae, including the anterior
and posterior longitudinal ligaments, and posterior wall of
the spinzl canal. To segment the disc from the vertebrae,
the evaluator follows the boundary between the vertebral
end plates and disc. Segmented areas are then adjusted using
T2- and T1-weighted images, f necessary, taking advantage
of different contrasts. The areas created by the intersections
of those segmentation lines form the regions of interest cor-
responding to the disc and vertebra from which measures
are derived by the software, Manual segmentation is also
used in axial siices, for example, to evaluate mid-axial disc
area and the central spinal canal.

Pethaps the most useful quantitative measure developed
was of dise signal, adjusted for the intrabody reference of
adjacent CSF. This measure has been more highly corre-
Iated with age than any of the other degenerative signs in
the disc. It was also found to be the measure of disc
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Fig. 2. The left picture shows how the manual segmentation was per-
formed using PD-weighted images: the first and second vertical lines fol-
low the anterior and posterior longitudinal lgaments, the ffth venical
line follaws ligamentum flavom, and the third acd fourth lines provide
cerebrospinal fluid (CSE) samples adjacent to the disc (this is confirmed
in T2-weighted images). The horizontal lines follow the disc-vertebta in-
terface. The picture on the right shows the areas of interest created: in
the upper dise level, the mean disc signal and mean signal of adjacent
CSF (black lines) are obtained, The lower disc level demonstraies the
“bulging" areas and the remeining disc arca (minus bulging) is divided
by its diameter (the horizontal “mid-disc™ line) to compute mean disc
height [52].

degeneration exhibiting the greatest change over a five-year
follow-up period, as compared with little mean progression
in disc narrowing, bulging, and other measures [52]. The
importance of quantitative measures of greater reliability
and precision was demonstrated in the earlier study of asso-
ciations with Vitamin D receptor polymorphisms, which
were identified when using the quantitative measure of
signal intensity, but would have been missed using the gross
ordinal scales of qualitative measurements [49),

Quantitative degenerative measures are of particular in-
terest for longitudinal studies where more precise measure-
ments of change are needed than available through ordinal
rating scales. Quantitative measures included disc signal in-
tensity adjusted by the signal intensity of adjacent CSF, disc
volume, disc height, anthropometrics, and adjusted signal
intensity of vertebrae, disc bulging, and osteophytes. Intra-
rater refiability coefficionts for lumbar spine measurements
are generally above 0.90.

Although guantitative measurements have many bene-
fits in terms of reliability and. precision, there are many
findings that remain best evaluated by qualitative means.
Thus, a combination of qualitative and quantitative image
analysis measures have been used to depict various find-
ings associated with degeneration. Each of the 600 sub-
jects’ films was assessed by one experienced spine
specialist following a set protocol. The assessor was
blinded 1o subject exposures and twinship. Among the spe-
cific findings assessed, either quantitatively or qualita-
tively, were:
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From sagiltal sections From transverse sections

Disc sipnal {desiccarion) Disc signal (desiccation)

Disc height Dural sac compressicn
Annular tears | Annulas Lears

Dise bulging and herniation Disc bulging and herniatioa
End plate irregularities and sclerosis Spinal canal size diameter/arca
Vericbral osteophytes

Exposure-discordant twin studies of suspected envi-
ronmental and behavioral risk factors

The research program on the etiology and pathogenesis
of disc degeneration began under the paradigm that disc
degeneration was primarily the cumulative result of tissue
injuries and degradation from trauma and repetitive load-
ing. Yet, findings of studies of suspected physical leading
risk factors were often contradictory or equivocal, possible
confounding was a major concern, and dose-response rela-
tions were unclear. Also, at the time the Twin Spire Study
began, MRI was just becoming available and most prior
epidemiological or clinical studies had been limited to eval-
uating disc degeneration through radiographs. Thus, in an
effort to clarify the effects of a variety of suspected risk fac-
tors, MRI and a unique study design that had been used
successfully in the examination of exposure effects on car-
diovascular disease were used [53]. An exposure-discordant
twin mode]l was used. Studying MZ twin siblings grossly
discordant for a suspected environmental exposure of inter-
est, controlled not only for age and gender, but also genetic
influences and many other known and unknown confound-
ing factors because of the high degree of similarity in iden-
tical twins’ home and social environments and exposures.
Fortunately, the onset of the study in 1992 coincided with
the installation of the first 1,5-Tesla scanner in Finland,
which was used to acquire study images.

As mentioned earlier, the primary suspected environ-
mental risk factors for disc degeneration were various phys-
fcal loading conditions, driving and associated whole-bhody
vibration, and smoking. Thus, a series of investigations
were conducted with identical twins discordant for a com-
mon environmental factor suspected of influencing disc
degeneration or risk of back symptoms. The first “pilot™
study using the exposure-discordant twin design was of
20 pairs of smoking discordant twins {mean cigarette smok-
ing discordance, 31.6 pack-years), which revealed a lumbar
disc degeneration score 18% higher, in mean, for heavy
smokers as compared with their “nonsmoking” siblings
(Fig. 3, top). The total amount of variance in disc degener-
ation scores among all subjects explained by smoking,
however, was less than 2%. The statistical power to detect
this small effect size attested to the efficiency of the MZ
twin study design {40]. Based on this experience, rectuit-
ment and data cellection protocols were established for
the Twin Spine Study and the effects of various physical
loading conditions at work and leisure were investigated
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Fig. 2, The left picturz fhows fow the mansal segmentition was per-
* formed using PD-welghied images: the finst and seeond vertical Lires fol-
L the anizeife abd posterlor longleudingl Npamsents, the SRk vertival
Hae follows Ggamenam faven), and the tind and fourth lines provide
eerebrospital fuid (CSE) samples sdiacent to the dise (this s confimed
le F2veiphued bmages), The hovizontal lnes foltow the disc-verishen in-
ferface, ‘The picture on the right shows the arvas of merest created: it
the upper dise level, the wiur dise signal end mean signal of adjseen
C3P ghluack fney) ore obiained. The kewer dise level demaostrits (e
eging” ereas and the wmaining disc wes (Rinas balgingd 1 diviged
by i dismetet {the homzoutal “mid-dise” Hoe) 1o compite mean disc
height (521

depensration exhibiting the greatest changs over & Bve-year
m!!awnmp period, as compared with itle mean propression
in dise narrowing, bulging, and other measures {32]. The
fmportance of gnantitative measures of grester reliability
and precision was demonsteated in the earfier study of asso-
ciations with Vilamin D receptor polymorphisms, which
were idemified when using the quamitative measure of
signal intensity, bt would have been missed vsing the gross
ordindl scales of qualitative measuraments [49].

Quantitative degenerative mensures até of particulnr in-
tevest for longitudindl sudies whase more precise measure-
msents of change are teeded than available through ording!
rating scales, Quantitative mensures included dise signal in-
tensity adjusied by the signal intensity of adiacent CSF, dise
violuine, dise height, anthropometres, and sdiusted signal
intensity of vertebrme, disc bulging, and osieophyres. Iatra-
rater reliobility costfidients for lumbar spine measurements
are generally above (.98,

Although quantitative measursments have many bene-
fits in terms of reliability and precision, there are many
findings that remain best evalunied by gqualitative means.
Thus, a combination of qualitative end quantitetive image
analysis messures Have been used 1o depict vartous finds
ings assoctated with degenesation. Each of the 600 sub-
Isets” films was assessed by one experienced spine
speciglist following a set protocol. The assessor wes
blinded t subject sxposures and twinship. Among the spe-
cific findings assessed, either quanthwstively or qualit-
tvely, were:
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Exposure-discordant twin studies of suspected envi-
rommental and behavieral risk factors

The research program on the etology and pathogenesis
of dise degeneration began under the paradigm that disc
deweneramu was primarily the cumulative result of tissue
injuries srd degradation from trauma and repetitive load-
ing. Yet, findings of studios of suspecied physical loading
risk {actors were often contradiciory or equivacal, possible
confounding was a major concers, and dose-response rela-
iions were unclear. Also, at the time the Twin Spine Study
begen, MRI was jusi becorning available and most prior
epideminiogical or elirdeal studies had been Kmited to oval-
sating disc degenssation through radiographs, Thus, in an
sffort to clarify the effects of o variely of suspected risk Fac-
torg, MRI and a unigue study design that had been used
successfully in the examination of exposurs effevts on e
diovaseutar disease were used [33], An exposure-disoordant
twin model was vsal Smdying MZ win siblings geossly
discordant for a suspesied envirenmrental exposire of inter-
esl. cantrolied not only for age and gender, b also genetic
influences and many ether known and usknown cenfound-
ing faciors because of the high degres of similarity in iden-
tical twins” home and social enviromnents amd sxposures,
Forunately, the anset of die stpdy i 1992 cofncided with
the installation of the first 1.5-Tesla scanner in Finland.
which was wsed o soqudre stody fnages.

As mentioned earlier, the primory suspected environ-
messtaf sk factors for dise degeaeragon were various phys-
ical loading conditions, driving and associated whole-hody
vibration, ancd smoking., Thus, o series of invesigndons
were conducted with identical twins discordant for a com-
mon environmental factor suspscted of influencing disc
degeneration or rigk of back symproms. The first “pilor
study using the exposure-discordant iwin design was of
20 pairs of smoking discordant twing (mean cigareue smok-
ing discordanse, 316 pack-years), which revealed 2 lumbar
dlsc degeneration score 18% higher, in muean. for haavy
smokers a3 compured with thelr “nonsmoking” sihlings
{Fig. 3. lop). The wtal amount of varfancs In disc degener-
ation scores among all subjects explalved by smoking,
however, was less than 2%, The statistical power i detect
this small effect size aitested 10 the efficiency of the MZ
twin study design [#0]. Based on this expetience, receuite
ment and data collecton protocoly were established for
the Twin Spine Study and the effects of various physical
leading conditions at wark and leisure were Investigoted

Section Seven

40 of 88



52 M.C. Bati¢ et al, / The Spine Journal 9 (2009) 47-59

© ' Mon Smoker
M Smaker

Hooys

Mezn Score

Fig. 3. (Top} The visual degeneration score for smoker and nonsmoker
monozygotic siblings by disc level. Smoking had a small karmful statisti-
cally significant effect across spinal levels. (Modified from Spine, Battié
et al, 1991 {40]). (Bottom) Disc height narrowing scoce by disc level
for monozygotic siblings with physically heavy versus moderate lifetime
work history. There was no consistent, statistically sigaificant effect.

{36), including regular participation in various forms of ex-
ercise and cccupational loading [54], as well as driving and
associated whole-body vibration (Fig. 3, bottom) [41).

As mentioned earlier, a higher incidence of back symp-
tom repozts in driving ocoupations had been attributed to
the effects of whele-body vibration on the intervertebral
disc [31]. The investigation of 45 pairs of MZ twin siblings
highly discordant for occupational driving is arguably the
most well-controlled study of the effects of driving and as-
sociated whole-body vibration on human discs to date, and
did not demonstrate significant differences between siblings
in MRI findings of the lumbar discs. Besides qualitative
measures of disc degeneration, quantitative rieasurements
of CSF-adjusted disc signal intensity were included, which
should be highly sensitive for disc degeneration [55,56].
Yet, no tendency for greater disc degeneration was seen
among drivers (Fig. 4).

Despite extraordinary discordance between MZ twin
siblings in occupational and leisure-time physical loading
conditions throughont adulthood, surprisingly little effect
on disc degeneration was observed. The findings indicated
that although physical loading, that is handling heavy loads,
bending, twisting, and static work in awkward postures,
appears to influence disc degeneration, the effect size is
very modest, which would help explain the inconsistent
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results of previous studies on the effects of occupational
physical loading [42,52]. When the subjects from all the
exposure-discordant twin studies were aggregated for anal-
ysis, occupational and leisure-time activities explained no
more than 7% of the variance in disc degeneration [36].
Perhaps not surprisingly, smoking effects were not detected
in this larger, independent group of twins with substantially
less smoking discordance. As mentioned ecatlier, no
evidence was found to suggest that exposure to whole-body
vibration through motorized vehicles leads to accelerated
disc degeneration, which was ane of the primary hypothe-
ses of possible mechanisms behind the association between
driving occupations and back pain problems [§7).

The findings of modest or negligible effects of the
primary suspected environmental risk factors despite high
exposures and gross discordance would explain the failure
to demonstrate uniform, clear effects in eaclier studies. It
was concluded that the particular extrinsic factors studied,
which had been among those most widely suspected of
influencing disc degeneration, had modest effects, if any.
In fact, some indications were found that routine loading
may actually have some benefits to the disc. In a recent
study, associations of anthropometric variables, including
lifting strength and routine occupational and lejsure-time
physical loading with disc signal intensity and narrowing
were examined in muitiple regression modeling [42].
Lower disc signal (representing more disc desiccation)
was associated with older age, as could be expected, but
also various measures of Iess routine physical loading of
the spine. In addition to older age, lower body mass and
fifiing strength, and larger disc area were associated with
lower signal in multivariable analyses. Although associa-
tions were more modest, greater age and occupational load-
ing exposures entered the multivariable model explaining
disc height namowing. The conclusion was that, ‘‘body
weight, lifting strength, and axial disc area were more
highly associated with disc degeneration than occupational
and leisure physical activity histories, although all had
modest influences. Furthermore, higher body mass, greater
lifting strength, and heavier work wese all associated with

" more disc height narrowing, but less disc desiccation con-

tracy to current views” [42). This observation may repre-
sent an important finding in better understanding the
relation between various loading conditions and disc degen-
eration and suggests that responses of the disc may he more
in keeping with other musculoskeletal structures that bene-
fit from adaptation to routine physical loading (Fig. 5). The
findings also suggest that determinants of disc degeneration
and their effect sizes differ between specific degenerative
findings. Thus, aggregating findings associated with disc
degeneration into summary scores may mask relations.

In summary, the findings of the exposure-discordant
twin studies raised questions about the adequacy of an in-
jury model or “wear and tear” view of disc degeneration.
Moreover, more recent findings suggest that greater routine
physical loading may actually have some beneficial effects
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{361, including reguiar participation in various forms of ex-
ercise and cceupmional londing {54}, as wel] as driving and
assoctated whole-body vibraton (Fig. 3, botom) [41].

As mentioned] earlier, ¢ higher iacidesce of back symp-
woim reports in driving orcupations had been attrinuted w0
the effects of whole-body vibratlon on the interveriebml
dise [31]. The investigntion of 45 pairs of MZ wwin siblings
highly discordant for oceupational driving is srovably the
most well-controfled sudy of the effeats of driving and as-
sociated whuole-body vibration on hutman dises to dure, and
did not demonsirate significant differences between siblings
in MREI findings of the lumbar discs. Besides qualitative
measures of dise degeneration, quantimtive measurements
‘of CSF-adjusted dise sighal imensity were included, which
shoutd be highly sensitive for disc degeneration {55,561
Yet, no tendency -for greater dise degeneration wals seen
atmong drivers (Fig. 4).

Despite exirsordinary discordance betwodn MZ wwin
siblings in cocupational and leisure-time physizal loading
conditions throughow adulthoed, surprisingly ltle effect
on disc degeneration was observed. The findings indicated
thut although physical loading, that is handiing heavy loads,
beading, twisting, and static work in awkward postures,
appears o influence disc degeneration, the effect size is
very modest, which would help explain the inconsistent
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results of previcus studics on the effects of cocupational
physical foading [42,52), When the subjects from all the
exposure-discordant twin studies were aggregated for anal-
ysis, eccupational sud leisure-time activities explained no
maore than 7% of the variance In disc degeneration [36].
Perhaps not surprisingly. smoking effects were not detected
in this karger, independent groap of twins with substantially
less smoking discordance. As mentioned earfier, no
evidence was found o suggest that exposure 1o whole-hody
vibwation through motorized vehicles leads to accelerated
tisc degeneration, which was one of the primary hypothe-
ses of possible mechanisms behind the association between
driving occupations and back pain problems {37].

The findings of modest or negliginle effacts of the
primary suspected envircnmental risk factors despite high
exposures and ginss discordance would explain the failure
o demonstrate sniform, claar effects in earlier studies. Bt
was concludexd that the particular extringic factors siudied,
which had been among (hose most widely suspected of
influencing disc degeneration, had modest effects, if any.
In fact, some indications were found that ronting loading

may actvafly have some benefits to the dise. In a recent
-study, sssociations of anthropometric variables, including
lifimg strenpgth and rowtine occupationat and letsure-time.

physical loading with disc signal intensity and narrowing
ware examined in multiple regression modeling [42],
Lower disc signal (representing more dise desiveation)
was assoclated with oider age, as could be expected. bt
also varipus measures of less rontine physica] loading of
the spine. In addition to older age, lower body mass and
lifting strength, and larger disc area were associated with
lower signal in multivarizble analyses, Although asseoia-
tions wore wors modest, preater age wnd accupational foad-
ing exposures entersd the multivarisble model explaining
disc height narrowing, The conclusion was that, “'body
weight, lifting strength, and oxisl disc area were more
highly associnted with disc degenerntion than pceupational
and Teisure physical activity histories. although ali hod
modest influences. Purthermore, higher body mass. grenter
lifting strength, and Beavier work were all assoviated with
morte disc height pamowing, ot less dise desiceation con-
trury to current views™ [42). This observation may repre-
sent an important 8nding in beuer undersianding the
relation between various loading conditions and disc degen-
cration and suggesis g responses of the dise may be muore
in keeping with other musculoskeletal structures that bene-
fit from adaptation 1o routine physical loading (Fig, 5). The
findings also suggest tiat determinants of disc degeneration
and their effect sizes differ between specific degenerative
findings. Thus, aggregating findings aswowlated with disc
degencration ima sumary seores may mask relations,

In sumaary. the findings of the exposure-discordant
twin studies raised questions abow the adegoacy of an ine
jury model or “wear and teaz” view of dise degeneraiion.
Moreover, more recent fndings sugpest that greater routine
physical lvading may actually hove some berefeiaf effects
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Fig. 4. The points represent the percentage difference in degeneration
scores of drivers relative to their “nondriving” monozygotic twin siblings
(scores standardized to 100). There was no indication of a duse-response
relationship or threshold effect, (From the Lancet, Bautié et al., 2002 [41]),

on the disc. During the course of the exposure-discordant
twin studies, the striking observation of anyone who had
the opportunity to view twin-sibling images side-by-side
whas the strong resemblance in disc degeneration, not just
in the degree of degeneration, hut also in the types of find-
ings and spinal levels involved. These observations led to
subsequent studies of genetic influences.

Heredity as a major determinant of disc degeneration

The observations of co-twin similarities led to two stud-
ies of independent samples of MZ twins to systematically
evaluate familial aggregation of disc degeneration. Familial
apgregation in MZ twins can be viewed as representing the
upper limit of genctic influences, as similarities can reflect
both shared genes and shared early environments. Because
there are very few traits that exhibit shared environmental
(ie, nongenetic familial) effects in adulthood, familial ag-
gregation is generally viewed as a proxy of total genetic ef-
fects. The resulting two articles were published in 1995 and
supported a major shift in the way disc degeneration and its
determinants are viewed.

Although occupational physical loading and other envi-
ronmental exposures had received much attention as possi-
ble risk factors [20], detailed studies focusing on hereditary
aspects of disc degencralion were lacking [58]. Before our
work, there were only case series teports of similarities be-
tween twin siblings and relatives in the extent and location
of degeperative changes in the spine and other joints
[59,60]. We first conducted a systematic evaluation of lum-
bar degenerative changes blinded to twinship using the 20
twin pairs of MZ twins enrolled in the “pilot” study of
twins discordant for smoking. We found a striking degree
of similarities (matching by type of finding and spinal
level) within identical twin pairs, well beyond that expected
by chance or because of similarities in age (Fig. 6) [39].
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This was followed by a larger, more comprehensive inves-
tigation of the role of familial aggregation and environmen-
tal influences in disc degeneration, which has been among
the most important contributions to date from the research
program [36]. Spine MRIs from 115 pairs of MZ twins
were used to estimate the effects of cominonly suspected
risk factors on disc degeneration relative to the effects of
age and familial aggregation, representing both genetic
and early shared environmental influences. In the multivari-
able analysis of the T12~-L4 region, 61% of the variance in
disc degeneration was explained by familial aggregation,
beyond that of age and occupational physical loading that
together explained 16%. In the L4-S1 discs, 11% of disc
degeneration was explained by physical loading and age,
which rose to 43% once familial aggregation was added
to the model (Fig. 7). In contrast to the upper lumbar fevels,
57% remained unexplained in the lower lumbar region,
These study findings led to the conclusion that lumbar disc
degeneration may be explained primarily by genetic influ-
ences, early environmental exposures and yet unidentified
factors, which may include complex interactions, such as
between environmenial factors and individeal spinal
anthropometrics [36),

Later, in a sample composed primarily of women from the
UK and Australia, Sambrook et al. (1999) reported on herita-
bility estimates for lumbar disc degeneration of 73%, sup-
porting a substantial penetic influence [37). Heritability
estimates refer to the proportion of population variance in
a (rait attributable to genetic variation. Interestingly,
although heritability estimates were bigh for disc bulging
and narrowing (65% and 79%, respectively), a genetic influ-
ence on disc signal intensity was not apparent. Preliminary
analyses from a classic twin study of 300 pairs of MZ and
DZ male twins from the Twin Spine Study indicate substan-
tial but somewhat lower heritability estimates closer to 50%,
more in line with expectsations from the earlier study of MZ
twins [36]. Contrary to Sambrook et al.’s finding of no genetic
infleence on disc signal intensity using a qualitative four-
point rating system, similar heritability estimates for signal
intensity as for disc height narrowing were found in the Twin
Spine Study when using the more reliable, precise measure of
C5F-adjusted disc signal intensity. This provides an example
of the importance of phentotype méasurements.

The high heritability estimates for different degenerative
findings in spine MRI provide motivation for identifying
associated genes. Yet, disc degeneration and associated
pathology likely represent complex conditions with muli-
factorial inheritance, presenting challenges to mapping
out the genetic architecture of disc degeneration.

The search for susceptbility genes

Common diseases generally have a genetic contribation
from multiple gene loci. We are interested in knowing how
many alleles exist in each gene Iocus and their frequencies.
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Fig. 5. Scatter plots of quantitative CSF-adjusted disc signal versus age and body weight/axial disc area, Higher body weight per disc area (znd other in-
dicators of greater routine loading on the spine) was associated with better (higher) disc signal. (From Spine, Videman et al, 2007 [42]).

Allele frequencies and average effects associated with the
alleles determine the contribution of allelic varation to
the trait of interest, which can then be partitioned into ad-
ditive penetic variance (gene ‘‘dosage™) and variance due
to gene dominance [61]. Candidate genes may be used as
targets, with potential genctic variation leading to differ-
ences in the proteins encoded by these genes. These pro-
leins are part of the physiological system that, when
disturbed, may give rise to the condition. Thus, the identi-
fication of associated genes, given their basic role in deter-
mining cell structure and function and hence tissuc
structure and function, can provide insights into mecha-
nisms underlying disease. The candidate gene approach is
promising for the analysis of common diseases, which are
complex in their etiology and development, and has been
used in most *‘genc hunting” studies of disc degeneration
and associated pathology to date, However, undoubtedly
gene-gene and gene-environment interactions are present
in cominon polygenic conditions, such that simple linear
models are unlikely to grasp the complexity. Thus, unravel-
ing the contribution of genes and environment to etiology
will be a difficult {ask.

After the discovery of a substantial genetic influence on
disc degeneration, there has been considerable effort
focused on identifying associated genes. The first gene
polymorphisms associated with disc degeneration were
identified through the Twin Spine Study in 1998 [38]. They
were two polymotphisms of the Vitamin D receptor gene,
Tagl and Foki identified in ¥70 MZ male twins. The asso-
ciations were revealed with the phenotype of CSF-adjusted
disc signal intensity. Signal intensities were 12.9% lower
(more desiccation) in men with the Tagl tt genotype and
4.5% lower with the Tt genotype, as compared with signal
intensities in men with the TT genotype. A similar pattern
was scen between disc signal and Fok! genotypes. Associ-
ations with degenerative scores using ¢ualitative, pross
ordinal scales did not reach staristical significance, empha-
sizing the value of more precise phenotype definition and
measarement. As was written in the BackLetter [62] after
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the presentation of the findings at the annual International
Society of the Study of the Lumbar Spine meeting in
1998, the study “confirmed for the first time the existence
of genetic susceptibility Yo this progressive, age related
degenerative process.. This is the first step in a long pro-
cess. However, this research opens the door to more accu-
rate assessment of susceptibility to degenerative problems,
and perhaps even prevention of these problems.”

Since that time, there have been more than 30 studies of
genes associated with disc degeneration and related pathol-
ogy (Table 1). Among 23 studied genes, including aggrecan
(AGC), collagen (COL), vitamin D receptor (VDR), inflam-
matory (IL}, degradative (MMP), and some other genes, 17
have been associated with disc degeneration or related pa-
thology in at least one study. However, many observed as-
sociations were based on small sample sizes and have not
been replicated in other studies. Phenotypes also vary; in
one quarter of studies the phenolype was based on X-ray
images, which can provide only indirect evidence of disc
degeneration through disc space assessment. In the studies
based on spine MRI, the specific findings of disc
degeneration have been assessed visually (in most studies
using a four-point qualitative scale). Despite the challenges
wilh sample sizes and phenotype definitions and associated
misclassification, there is reasonable evidence suggesting
associations of disc degeneration with the VDR gene (7/8
studies), with COL9A2 (8/10), and with COLSA3 (4/8).
Ye!, the available findings indicate that each gene has only
modest effects,

DNA data for single nucleotide polymorphisms and hap-
lotypes in 25 candidate genes, including 15 structural (aggre-
can, [2 collagen, 8 interleukin, and 4 matdix
metalloproteinase genes), selected for lumbar degenerative
phenotypes were recently analyzed within the Twin Spine
Study {63]. For genotype-phenotype associations, we used
the FBAT (Family-Based Association Tests) in genetic anal-
yses program package [64]. These tests are based on the clas-
sic transmission/disequilibrium test (TDT) [65}, and permit
testing of the hypotheses of no linkage and no association
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Fig. 6. High degrees of similarities in disc degeneration were noted between (win siblings, often despite high discordance in Lifetime physical loading ex.
posures. (In part from Spine, Batiié et al,, 2004 [48]).
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Fig. 7. The vartability (adj, k%) in qualitative disc degeneration summary
scores expluined by physical loading, age, and familial aggregation (proxy
of heredity) demonstrated that significantly more variability remained un-
explained in the LA-S1 disc levels, (Maodified from Spine, Battié et al,
1995 [36)). :

and linkage but no association. We used a strict statistical
method (inciuding 1,000 permutations) to accept an “overall
gene association.”” The main phenotype was quantitative
CSF-adjusted disc signal, in addition to the typical qualitative
ordinal scores of disc height narrowing and bulging in 579
MZ and DZ twin subjects, Analyses yielded associations of
tumbar disc sighal, bulging, and disc height narrowing with
the AGCI gene. Disc signal was also associated with
COLY9AT and COLIAI genes, and interfenkin genes, ILIRL2
and IL18R1 [63]. Some of these fndings support those of ear-
lier analyses, whereas others await replication,

The specific interests in this study were variations in
“durability” of structural proteins (disc matrix synthesis
and degradation) and in inflammatory and degradative reac-
tions. However, other mechanisms of disc degeneration
may exist, such as those related to spinal morphology, mus-
cularity, and lifting strength, which all have genetic corre-
lations and are also included in the genetic component of
disc degeneration [42].

Is the disc a pathway through which genes influence
back pain problems?

Disc degeneration and back pain are clearly not synon-

ymous and the association between the two is routinely de- -

bated. Yet, if disc degeneration does influence back pain
problems, and both have a substantial genetic component,
disc degeneration may be one pathway through which
genes influence back pain. To examine the hypothesis that
genetic influences on back pain are mediated through ge-
netic influences on disc degeneration, a classic twin study
was conducted on 300 MZ and DZ twin pairs of the Twin
Spine Study using multivariate quantitative genetic models
to estimate the degree to which genetic effects on back pain
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are correlated with genetic cffects on disc degeneration
[95]. Disc height narrowing was used to index disc degen-
eration 4s it was the finding most associated with back pain
in earlier analyses of MZ twins [51]. In support of the
hypothesis, statistically significant genstic correlations
were found for various definitions of back pain and disc
height narrowing. A substantial minority (up 1o one-fourth)
of the genetic influences on pain was due to the same
genetic influences affecting disc height narrowing. Yet,
the substantial portion of genetic influences on pain left
unexplained suggests an important role for other genetic in-
fluences that may affect pain processing, reporting, or other
underlying pathological conditions.

In contrast, less than 5% of the variance in back pain
outcomes explained by environmental factors was due to
the same environmental factors influencing disc height nar-
rowing. This is concordant with the earliet exposure-discor-
dant twin studies revealing neglipible or modest effects on
disc degeneration of occupational activities associated with
back pain complaints. This raises the question, do some of
the particular environmental physical loading exposures
serve primarily to exacerbate symptoms rather than cause
the underlying pathology? It is also important to note that
although little overlap was found between envirorimental
factors influencing pain reporting and disc natrowing, enivi-
ronmental factors do appear to have a substantial role in
disc height narrowing as do genes. The challenge is to re-
fine or reconceptualize influential environmental exposures,
such as biomechanical forces, which may include hypothe-
ses on interactions with other systems, and the pathways
through which they may affect lumbar disc degeneration
and associated pathology.

Somntary

Knowledge gained through the Twin Spine Study has
added to others’ efforts over more than a decade 1o enhance
our understanding and revise views of disc degeneration.
Disc degeneration is now considered a condition that is
genetically determined in large part, with environmental
factors, although elusive, also playing an important role.
Most of the specific environmental factors once thought
to be the primary risk factors for disc degeneration appear
to have very modest effects, if any [34]. This advance in the
understanding of disc degeneration provides a foundation
from which to develop new hypotheses and more fraitful
research to further elucidate the etiology of disc
degeneration.

- Earlier work on disc degeneration in MZ twins {36,39] es-
tablished a substantial role of heredity in disc degeneration
through the identification of high degrees of familial aggre-
gation, suggesting a substantial genetic influence. This has
been further substantiated by classic twin studies of MZ
and DZ twins [37,95]. The initial discovery of two gene
forms asscciated with disc degeteration {38] ushered in the
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methed (including 1,000 permutations} fo aceept an V'averall
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€SF-adjusted dise signal, in ndditionto the typieal qualitative
ordinal scores of disc height namowing and bulging in 579
MZ and D twin subjects. Analyses yielded associations of
turabar dise signal, bulging, and dise height narrowing with
the AGC! gene. BPise signal was alse aswsocipted with
COLBAF and COLIAT pones, and Interleukin genes, JLIRL2
and (LIERT {63). Some of thess Hndings sopport those of gar-
Her analyses, whoreas ofhers swalt replication,

The specific interesws in this sdy were vaations in
“durability” of suuctoral proteins (dise watdix synthesls
and degradation) and in inflamematory and degradative reac-
tions, Howaver, other mechanisms of dise degenermtion
may exist, such as those related o spinal morphology, muis-
eularity. and lifting strength, which afl have gesetle corr-
fations and are also included in the zenetic component of
dise degeneration [42}

Is-the disc a pathway through whith genes influence
back pain problems?

Dise degerieration and back pain are clearly nct synon-

yrizous and the association between the two is routinely de- -

hated. Yeu, i dist degeneration does influence back pain
probliems, sad both have a substantial genetic eomponent,
digc depenerafion may be one pathway through which
genes influznce back pain. To examine the hypothesis that
genetic influences on back pain are mediated through ge-
netic nfloencen on dise degeneration, & classic win study
was congdacted on 200 MZ and DZ twin pairs of the Twin
Spine Study using multivariate quantitative genetic models
to astimate the degree (o which génetic effects on back pain
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are corrclaied with genedc effects on dise degeneration
195}, Dise height numrowing was used 1o index disc degen-
eration ax it wag the fAnding mast associated with back pain
tn earlier analyses of MZ twins {51]. 1n suppost of the
hypothesis, statisticaily significant genetic cowelations
were found for varions definitiens of back puin amd dise
height narrowing. A subsiantial minority (up to ene-fousth)
of the genetic influences on pain was dee to the same
genetie influences affecting dise height namrowing, Yet,
the substantis] portion of genelic Influences on pain left
unexplained suggests an important role for othes genatic in-
fluences that may affect pain processing, reporting, or other
anderlying pathological conditions,

In comrast, less than 3% of ihe variance in back pain
outeomes explaingd by environmental factors was due to
the same envirnnentat factors influencing dise height nar-
rowing. This is concordant with the eartier exposare-disens-
dant twin studies revealing negligible or modest effects on
disc depeneraiion of cocupational asivities associnted with
back pain complainis. This reises the question, do some of
the particular environmental physical loading exposures
serve primarily to exacerbawe svptoms rather than cause
ihe underlying patbology? s also imponant w noe that
although littie overlap was found between envirommental
factors influencing pain reporting and dise papcowing, envi-
ronmental factors G0 sppear w0 have g substanial rele in
disc height narowing as do genes. The challenge s 1o re-
fine or reconcepinalize influential environmentad exposures.
such as biomechanival forces, which may include hypothe-
ses on interactions with other systems, and the pathways
through ‘which they way affecr lumbar dise degeneration
und associaied patbology.

Surmmary

Knowledge guined through the Twin Spine Swdy hes
agdded to others’ efforts over more than a decade g enfnce
vur undesstandiog and revise views of dise degenerution.
Disc degeneration 1s now considored a condition that is
genetically determined in Targe pert, with envitonmental
factors, although elusive, also playing an imporiaa: role,
Most of the specific envirommental fuctors once thoughe
to be the primary tisk factors for disc degeneration appear
to have very modest effects, ifany [34]. This advance in the
understanding of dise degeneration provides a foundation
from which to develop new hypotheses and more frsitful
research 0 further elucidate the eticlogy  of dise
degeneration.

Earlice work on dise degeneration fn M2 twins [36,39] es-
tabsdished a substantial role of heredity in dise degeneration
through the identification of Righ degrees of familial aggre-
fation, suggesting a subsaniial genetic influence, This hay
been further substantiatesd by classic twin studies of MZ
wmd DZ twins [37,95], The indtinl discovery of two gone
foring associated with dise degeneration [387 ushered in the
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Table 1
Candidate gene sindies to date secking associations with disc degeneration, sciatica, “lumbar disc disease™ or spinal stanosis in general population sample
and patients
Authors Genes Sample size Phenotype Ethnicity
Videman et al., 1998 [38] VDR 170 Population MRI Finnish
Jones et al.,, 1998 [65] VDR 282 Elderly subject Radiograph (K/L) Australian
Jordan et al., 2005 {67] VDR 291 Subjects UK Radiograph (K/L)
Videman el al., 200§ [49] VDR 142 Population MRI Finnish
Kawaguchi et al,, 2002 [68] VDR 205 Subjects MRI Japanese
Cheung et al., 2006 [69] VDR 804 Population MRE Chinese
Kawaguchi 1999 [70} AGC 64 Mix MRI Japanese,
Roughley 2006 {71] AGC 44 Patiems MRU/radiograph Canadian
Annunen et al,, £959 [72] COL9AZ 157 Patients +101 controls MRI Finnish
Panssilta et al., 2001 [73] COL9A -3 171 Patients MRI/CT Finnish
Solovieva et al., 2002 [74] COLBAZ 135 Subjects MRI Fionish
Karppinen et al,, 2002 [75) COL9A2 159 Patients +22 families MRI " Finnish
Matsui et al., 2004 [76] COLOA 2-3 107 Spondylolisthesis patients Radiograph/MRI? United States
Kales er ol,, 2004 [77) COL9A2-3 105 Patients; 102 controls Radiograph (K/L) Eurapean
Jint et al., 2005 {78] COL9A2 804 Population %1 Chinese
Scki et al., 2006 [19]) COL9A2 470 LDD Patients, 658 controls MRI Japanese
Higashena 2006 [80] COLIA2, COLYA3 84 Hemiation patients MRI Japanese
Solovieva et al. 2006 [B1] COL9A2-3; COL2AL; 135 Subjects MRI Finnish
COL1IAZ IL-18
Noponen-H, et al., 2003 [82] COLOA }-2-3; COLIIAL; 29 Stenosis: 56 contrals MRUCT Finnish
AGCT, VOR; MMP.3
Pluijm et al., 2004 [83] COLIAL 966 Subjects Radiograph (K/AL) Dutch
Tilkeridls et 2., 2005 [84] COLIAL 36 Subjects Radiogzaph (K/L) European
Takahashi et al., 2001 [85) MMP-3 103 Subjects MRI Fapanese
Valdes et al., 2005 [B5] MMP-3; TIMPI;, COX2; VDR; 720 Subjects Radiograph (K/L) UK
THSD2
Solovieva ¢t al., 2006 [B13 IL-13, COL9A2; 135 Subjects MR Finnish
COLPAZ; COLITAL, COL2AT
Solovieva et al., 2004 [87] IL-le; IL-IB 133 Subjects MRI Finnish
Le Maitre £t al., 2005 [88] IL-1a; IL-18; ILIRa-RY 30 Tissue samples of MR1 UK
Noponen-H, et al., 2005 [89} 1L6; ILIA; IL1B; TNFA 155 Patients; 179 controls MRI Finnish
Min et ul,, 2006 [90] MATN3 309 Subjects + 382 OA patients Radiograph (K/L) Dutch, Icelandic
Seki et al,, 2005 [91] CciLp 467 Patients 664 controls MRI Surg. patients TJapanese
Virtanen et al,, 2007 [92] CIL 602 LDD patiems/§02 controls MRI Finnish, Chinese
Koshizuka t al., 2007 [93] ER, PTH; IL1»; VDR 381 Spondylosis population Radiograph (K/L) Japanese

K/L, Kellgren/Lawrence osteophyte—disc height classification {94].
We found 31 studics on the association of genes and spine degeneration. No association was found with genes in bold-italics, There were 12 studies with
sample sizes of more than 200 subjects or cases. Half of the studies were based an population samples and half on patients with spinal disonders. The pho-
notypes were based on visual grading of MRI in 14 stadies, on radiograph in 8-10 stwdtes, and on back pain histotles in B studies. Quantitative MRT measures

were used in 2 studies,

current wave of studies to identify genes associated with disc .

degeneration, with the hope of better understanding impor-
tant pathways leading to pathology. Yet, the investigation
of genetic influences o disc degeneration is still in its in-
fancy. Future research will aim to clarify the genetics of disc
degeneration, identify influential environmental factors, and
explore the interplay between the two.
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EDITORS* PREFACE: The management of chronic low back pain (CLBP) has proven 1o be very
challenging in North America, as evidenced by its mounting socioeconomic burden, Choosing among
available nonsurgical therapies can be overwhelming for many stakeholders, including patients, health
providers, policy makers, and third-party payers. Although all parties share a common goal and wish to
use limited health-care resources to support interventions most likely to result in clinically meaningful
improvernents, there is often uncertainty about the most appropriate intervention for a particular pa-
tient. To help understand and evaluate the various commonly used nonsurgical approaches to CLBP,
the North American Spine Society has sponsored this special focus issue of The Spine Jowrnal, titled
Evidence-informed management of chronic low back pain without surgery. Articles in this special
focus issue were contributed by leading spine practitioners and researchers, who were invited to sum-
marize the best available evidence for a particular intervention and encouraged to make this informa-
tion accessible to nonexperts. Although this special focus issue was focused on nonoperative care, it
was deerned important to provide an overview of the surgical management of CLBP. This is intended to
inform stakeholders of surgical options that are available to them should nonsurgical interventions
prove ineffective or contraindicated. It is hoped that articles in this special focus issue will be informa-
tive and aid in decision making for the many stakeholders evaluating nonsurgical interventions for
CLBP. © 2008 Elsevier Inc. All rights reserved.

Abstract

Keywords: CLBP; Psychosocial; Diagnostics; Suegical versus alternatives

high as 73% [2]. Most cases of LBP are self-limiting, with
no persistent or serious sequelae, Even among those with
LBP and comorbidities assoclated with the development
of disability, less than 10% experienced loss of work longer
than 1 week over a 5-year pericd {3]. For the small percent-
age of patients with incapacitating CLBP, the question
remains as to why are they so severely affected when others
with similar degenerative findings can be asymptomatic.
This is perhaps not surprising given that the cause of CLBP
in the absence of serious spinal disease is poorly under-
stood. Therefore, any decision regarding the appropriate
use of surgery for CLBP must be made not only with regard
to the presumed structural cause of pain, but also by consid-
ering the psychosocial and economic context of the patient.
Disabling CLBP develops more frequently in patients who,

Introduction

Over the last few years, billions of dollars have been
spent worldwide on surgery for people with chronic low
back pain (CLBP), and thousands of research articles have
been dedicated to the subject. Despite numerous technolog-
icat advances in surgical procedures and devices, there are
still no clearly defined clinical practice guidelines related 1o
surgical intervention of CLBP in the absence of serious
structural disease such as instability, infection, or neoplasm.

Low back pain (LBP) is extremely common, with point
prevalence as high as 33% [1] and 6-month prevalence as

FDA device/drug status: approved for these indications (Total disc
replacement and IDET); approved but not for this indication (Posterior
dynamiic Stabilizers/Interspingus Devices).

Nothing of value received from a commercial entity related to this
manuscript.
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at the initial evaluation, have a high level of “fear avoid-
ance” (an exaggerated fear of pain leading to avoidance
of beneficial activities), psychological distress, disputed
compensation claims, involvemeént in a tort-compensation
system, ot job dissatisfaction [3-71.

1529-9430/08/§ —~ see front matter © 2008 Elsevier Inc. Al rights reserved,
doi: 10,1016/ .spince.2007.10.027
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History

Despite the tenuous link between degenerative disc dis-
ease (DDD) and CLBP, the disc has been the focus of a large
majority of information and research regarding the etiology
of LBP since it was recognized as a distinct entity in the last
century. Surgery for disc hemiation was first performed by
Oppenheim and Kruse in 1909, and Holdsworth and Hardy
were the first to report oun internal fixation of the spine in pa-
tients with fracture dislocations of the thoracolumbar spine in
1953 [8}. Boucher was the first to use transpedicular screws
for spinal fusions in 1959 [9] after it had been suggested ear-
lier by King in 1944 [10]. Harrington published his results for
spinal instrumentation surgery for scoliosis in 1962 {11}, and
was followed by Luque 20 years later [12]. As the century
moved on, the Cotrel-Dubousset system for spine surgery
was introduced, followed by the Texas Scottish Rite system
in 1991, the Moss Miamli system in 1994, and others.
Threaded cages and anterior instrumentation were later intro-
duced for spine surgery. Although a large number of these
surgical instrumentations, techniques, and devices were orig-
inally designed for scoliosis, many were later used to (reat
patients with DDD and CLBP.

Despite the recent attention brought to the topic, the
concept of disc replacement is not new. Nachemson began
implanting silicon testicular prosthesis into the disc space
in the 1950, though this procedure was later abandoned
when the implants disintegrated [13). Fernstrom reported
his experience with implanting a steel ball in the disc space
in 1966, but this also met with poor results [13,14]. Since
that time, there has been a plethora of failed artificial disc
designs including silicon spacers, plastic spacers, silicon
or plastic spacers with metal end plates, and various end
plate designs including screws, pins, keels, cones, and suc-
tion caps {15]. Various hygrescopic agents have also been
used to replace the disc, followed by elastic beads, springs,
oils, and expandable gels [15]. Currently, there are four disc
replacements on the US market: ProDisc, SB Charité,
Maverick, and Flexicore.

Advances in understanding the pathophysiology of DDD as
itrelates to CLBP foliowed surgical developments in a parailel
fashion. The basis for much research followed is from the orig-
inal work by MacNab on the structural changes in the disc and
its relationship to disc disease {16]. A further advance in the
understanding of the morphological changes of DDD came
with the advent of computed tomography scanning, myelogra-
phy with computed tomography scanning, and magnetic reso-
nance iimaging (MRI). Unfortunately, these diagnostic tests
are not sophisticated enough to determine whether abnormal-
ities are related to the pathoanatomic cause of CLBP. The
problem remains that the overwhelming majority of patients
with CLBP have nonspecific findings on such imaging studies,
rather than serious pathology at which surgery may be
directed, Structural findings of disc degeneration [ 17], annular
disruption [17-19], and end plate changes (20,211 are
commonly seen in patients with CLBP in clinical studies.
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However, such findings are also common in cross-sectional

studies of asymptomatic populations [22,23]. It is therefore

impossible to draw conclusions between findings of common

degenerative changes on imaging and patient complaints of
CLBP. Imaging findings are also not able to identify those at
risk of developing CLBP because DDD on MRI in asymptom-
atic subjects is not predictive of experiencing LBP in the future
[24]. Similarly, subjects with new episodes of severe LBP and
previous MRI scans are unlikely to detect changes in disc pro-

trusion, annular fissures, high-intensity zones, or end plate
signal changes with repeated MRI [25].

Discography was described by Lindblom in 1948 and
gave the first detailed structural evaluation of the intemnal
disc architecture in patients with back problems [26]. Al-
though the pain response to disc injection provided a differ-
ent insight into the pathology of DDD, the validity of
provocative discography has not. been confirmed because
there is no histopathological gold standard against which
a positive result could be validated. Further limiting the
usefulness of disc injections as a diagnostic toot for CLBP
is that they are painful in 30% to 80% of asymptomatic sub-
jects, espectally in the presence of psychological distress,
previous disc surgery, local or remote concurrent pain pro-
cesses, or disputed compensation [27,28], Their anatomic
basis has also been questioned because disc injections have
been shown to reproduce the quality and location of pain
from. other sources {eg, pelvic pain, tumor, etc) {29]. Bven
in a best-case scenario using provocative discography in
a group of patients with LBP and no comorbidities, the pos-
itive predictive value of a single level injection was—at
best—350% to 60% for resolution of LBP after surgical
removal of the suspected pain generator with discectomy
and solid interbody fusion [30}.

Indications

Because physical examination and detailed imaging
techniques have failed to delineate a clear pathoanatomic
cause for patients with CLBE, it is difficult to identify those
individuals who would benefit from surgical intervention,
and the type of intervention that is most suitable to a partic-
ular patient. Not surprisingly, this lack of consensus had
lead to huge geographical variations in use of surgery for
LBP across the United States [311. In addition to uncer-
tainty regarding the efficacy of surgery for CLBP, it should
also be noted that the potential harms and costs asscciated
with these interventions are substantial.

There are generally two schools of thought on the clin-
ical approach to CLBP in the absence of serious structuraf
disease: 1) pain generator approach and 2) psychosocial/
economtic approach. Each is briefly discussed below.

Pain generator approach

This philosophy has focused on the identification and sub-
sequent treatment of a specific “pain generator” in patients
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with CLBP. This approach assumes that a specific pathoana-
tomic cause can account for individuvals® symptoms, inde-
pendently of any psychological, social, economical, or
neurophysiological factors. Based on those assumptions,
treatment aimed at removing or correcting the suspected
“pain generator” would therefore be expected to be highly
effective in eliminating symptoms of CLBP.

Psychosocial/economic approach

The opposing view holds that the pain generator ap-
proach to CLBP is misplaced, as indicated by epidemiolog-
ical ttends of the worsening prognosis for CLBP and
generally poor results in clinical trials of treatments di-
rected at specific anatomical structures, Given that imaging
studies often reveal similar findings in those with mild,
moderate, severe, or even no CLBP, differences in clinical
presentation must be because of factors other than the pres-
ence of specific pathology. According to this approach,
treatrnent of CLBP should therefore be directed at these
other factors, which may include central pain processes,
psychological factors, social disincentives, poor coping
strategies, etc. This approach is generally aimed at restoring
function rather than attempting to rapidly eliminate symp-
toms, and educating patients about supporting adaptive
techniques.

Combined approach

A more comprehensive method of managing CLBP
could be achieved by combining the best of both ap-
proaches. Such a combined approach could direct medical
and—if necessary—surgical freatments at specific struc-
tures in the lumbar spine if warranted, while promoting
the use of functional restoration, fear-avoidance training,
lifestyle modifications, education, and supporting adaptive
techniques. Many of these interventions are reviewed else-
where in this special focus issue. An important consider-
ation in a combined approach is the timing of surgical
intervention. Generally, surgery should not be censidered
for CLBP unless the patient has suffered functional disabil-
ity, unremitting pain for a prolonged period (eg, longer than
6 months), and has failed a lengthy period of appropriate
nonoperative treatment. Defining the latter remains
challenging [32].

Before any surgical intervention is considered for nonspe-
cific CLBP with findings of DDD, the patient and surgeon
should be confident that the intervention directed at a specific
structure has a high chance of obtaining a positive clinical im-
provement. This is challenging given the wide variation in
possible imaging findings in patients with CLBP. At one ex-
treme, there may be the severe facet fragmentation and disc
changes that are associated with segmental instability, spon-
dylolisthesis, and concomitant radicular complaints, Such
pathological changes rarely seen in healthy individuals
may reasonably be suspected of causing serious CLBP. At
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the other end of the spectrum, there may be only minimal
changes consisting of disc dissecation or annular bulging
with early fissuring. These types of changes are common
and highly vnlikely to account for the severity of illness re-
ported, especially in a patient with serious depression, on-
going litigatien, or a long history of poorly defined somatic
illnesses. Surgical management aimed at annular tears in this
type of patient is uncertain at best,

Contraindications

Many contraindications to surgery are nonspecific and
include general medical considerations of cardiac, pulmo-
nary, and metabolic reserves, prohibitive anesthetic risk,
and patienits unable to comprehend the intentions and lim-
itations of surgery. Although there is no absolute contrain-
dication specifically related to the spine, there are certainly
factors that have been shown to predict a poor outcome to
surgical intervention for CLBP. Patients with high fear
avoidance of pain, psychological distress, compensation
claims, personal injury litigation, and job dissatisfaction
generally have poorer outcomes than those without these
risk factors [3-7}. Such risk factors are much more com-
mon in patients without definite pathology or destructive
processes [33,34]. Additicnal contraindications that are
specific to arthroplasty, dynamic stabilization, and other
surgical procedures are summarized below.

Surgical treatment for lumbar degenerative
disc disease

After the success of laminectomy and discectomy in
treating patients with sciatica secondary to herniation, the
same technique was applied to CLBP associated with
DDD. Anecdotal reports of early success with this proce-
dure were far outweighed by subsequent reports of failures,
which were much more common. For DDD without neuro-
logical symptoms, the practice of laminectomy has largely
been abandoned [35]. There are four general categories of
procedures currently used for the surgical treatment of seri-
ous CLBP in the absence of significant spinal pathology: 1)
lumbar fusion; 2} disc arthroplasty; 3) dynamic stabiliza-
tion; and 4) percutaneous techniques. The first three cate-
gories are briefly discussed below whereas the latter
category—which is also termed minimally invasive and
includes Imtradiscal Electrothermal Therapy and nucleo-
plasty—is reviewed elsewhere in this special focus issue.

Lumbar fusion
Mechanism of action

Because the elimination of motion after solid arthrodesis
has been effective for pain relief in other arthritic joints
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within the body (eg, ankle, wrist, hip) it is no surprise that
surgical fusion to eliminate motion has been used to treat
CLBP. However, the complexity of the multiple spinal ar-
ticulations and uncertainty in determining whether these
joints are in fact responsible for generating CLBP have
brought this practice into question. Some authors have ob-
served a lack of correlation between clinical outcomes and
the presence of pseudarthrosis or solid arthrodesis after
spinal fusion surgery [36-38].

Evidence of efficacy

Spinal fusion for CLBP secondary to fractures, persis-
tent or complicated infections, progressive deformity, or de-
monstrable radiographic instability with spondylolisthesis
has been shown to be dramatically beneficial. For example,
it has been reported that 70% to 90% of patients who re-
ceived spinal fusion for isthmic spondylolisthesis retumed
to full occupational function, had minimal impairment,
and ceased all narcotic medication [30,39,40].

The evidence supporting surgical fusion for CLBP in the
absence of serious pathology, instability, or neurological
compression, however, is much less convincing. Most of
the 30 or more randomized controlled trials (RCTs) on sur-
gery for degenerative lumbar spondylosis have compared
surgical techniques rather than addressing the more funda-
mental issue of whether any surgery is better than nonoper-
ative care {41]. Four RCTs have attempted to address this
question and although the first study appeared to provide
some evidence in favor of fusion [42], the latter studies
failed to corrchorate this finding (Table 1) [43-45]. Differ-
ences in resulls may lie in the choice of treatment given to
the nonoperative control group in those four RCTs. The
three studies with negative results for spinal fusion com-
pared it with a cognitive behavioral model er structured re-
habilitation [43-45], whereas the only study with positive
results for fusion compared it with continued usual care,
which had likely already failed in that group [41]. In the
three studies using cognitive behavioral therapy, only small
differences were noted between the fusion and nonopera-
tive groups. The nonsurgical groups had fewer complica-
tions and better coping strategies, whereas the fusion
groups had a modest improvermnent in the Oswestry Disabii-
ity Index in one study [45]. It should be noted that even
the RCT that reported favorable results for fusion had ex-
cellent outcomes in only 16%, compared with 6% in the
nonoperative usual care group.

Technical considerations

There are a variety of well-accepted techniques which
have been used for spinal fusion, including 1) posterior-on-
Iy approaches (posterolateral intertransverse fusion with or
without instrumentation, posterior lumbar interbody fusion,
and transforaminal interbody fusion); 2) anterior-only
approaches; and 3) combined approaches. The surgical
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technique used for spinal fusion is largely surgeon depen-
dent and there does not appear to be any clinical advantage
between anterior, posterior, and noninstrumentation
techniques according to a recent RCT [46].

The issue of instrumentation remains controversial. Al-
though a large body of evidence suggests that pedicle
screws promote fusion and decrease pseudarthrosis [47-
50], there is no demonstrable improvement clinically
[5t]. Instrumentation, however, results in greater improve-
ments in both back and leg pain at the 5-year follow-up
compared with noninstrumented fusions when DDD is ac-
companied by evidence of instability (spondylolisthesis
Grade 1 and 2) [52]. Studies comparing fusion with and
without instrumentation have reported that use of pedicle
screws increased the likelihood of reoperation, nerve injury,
blood loss, longer operative time, and complication rate
[46,52,531,

Disc arthroplasty
Mechanism of action

The premise for disc arthroplasty siems from the as-
sumption that the pain in CLBP stems from an abnormal
and painful spinal motion segment, and that the artificial
disc would function as a painless and physiologic replace-
ment for the degenerated disc. This premise is buoyed by
the success in treating arthritic hips and xnees with arthro-
plasty, where replacements are now expected to last 15 to
20 years in an elderly population. Proponents of disc arthro-
plasty ofien argue that this approach is superior to the often
unsatisfactory results of fusion because it avoids the mor-
Bidity associated with pseudarthrosis, bone graft-donor site
pain, increased adjacent segment strain, and risk of acceler-
ated DDD. Ideally, disc arthroplasty would reproduce load
transmission properties of the natural disc and maintain spi-
nal motion segment characteristics, theoretically avoiding
some of the above problems related to surgical fusion.

Evidence of efficacy

For the treatment of nonspecific CLBP, the clinical re-
sults comparing disc arthroplasty with lumbar fusion have
been mostly inconclusive. Results of these trials have re-
ported minimal differences in functional outcomes, pain
intensity, medication intake, or occupational disability
[54-56]. Approximately 50% of the subjects who partici-
pated in clinical trials of disc arthroplasty in the UK and
United States—despite rigorous study eligibility criteria in-
tended to maximize the likelihood of success—appear to be
clinical failures {54,56]. The study conducted to support the
investigational device exemption of the ProDisc-L was an
exception and demonstrated marginally superior results in
visual analog scale, Oswestry Disability Index, and em-
ployment compared with circumferential fusion [37].
According to criteria established by the US Food and Drug
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Significant exclusion

Effect

262

Table 1

Summary of RCTs for CLBP: fusion versus nonoperalive treatment

Reference Study design Participants

[43] Lumbar instrumented fusion 60 patients (aged 25-60 y)
versus “cognitive with CLBP at least | y after
intervention™ and exercise surgery for disc herniation

143} Fusion or Graf stabilization 394 paticnts (aged 18-55 y)
versus “‘cognitive with CLBP and whose
intervention™ and intensive clinician was uncertain if
rehabilitation fusion or nonoperative

treutment would be effective

(444 Lumbar fusion (1-2 levels) 64 patients ¢aged 25-60y)
versus “cognitive with CLBP (mean 10y)
intervention” and exercise

{42] Lumbar fusion (three types of 294 patients (aged 25-65y)

fusion) versus
nonstandardized physical
therapy

with CLBP (mean of 2y,
disabled mean 3 y)

Somatic or psychiatric
disease

Widespread *‘myofascial
pain”

Previous fesion surgery

Compensation dispule not an
issue {Norway)

Psychiatric disease

Previous fusion surgery

Strong clinical belief that
surgery would be highly
effective

Serious psychologicat issues

Widespread myofascial pain

Previous fusion surgery

Compensation dispute not an
issue (Norway)} medication
usage, work status or
satisfaction

Serlous psychological issues

Previous fusion swrgery

Compensation dispiie not an
issue (Sweden)

Neo difference in primary
outcome (QP1) between
groups after 1y

Fear avoidance for physical
activity and finger-tip floor
distance were better in
nunoperative group

Both groups showed
clinically significant
improvements (20%
nonoperative versus 27%
surgery decline in ODI,

p = .04}, difference below
the QD1

No significant changes in any
of the ofher outcomes
measured

One year after ireatment
begun, no differences in
back pain, function,
medication usage, work
status, or satisfaction

Approximately 22% of fusion
group retumed to work,
compared with 33% in the
nonoperative group

“Success' rated by
independent observer only
approximately 20%-25%
in either group

Back pain improved 33% and
function 25% in the fusion
group with little change in
the physical therapy group,
36% of the fusion group
returned to work (versus
13% in nonoperative
group), 16% of the fusion
proup were rated as **
Excellent™ results (versus
6% in nonoperative groug)

RCT =randomized controlfed trial; CLBP = chronic low back pain; ODI = Oswestry Disability Index,

Administration, success with disc arthroplasty was 53%,
compared with 41% for fusion [57]. It should also be noted
that these efficacy results are in many ways an optimistic
estimate of effectiveness because study eligibility criteria
excluded subjects with multiple segment disease, serious
psychological distress, compensation claims, ¢steoporosis,
metabolic diseases, and other risk factors associated with
peor outcomes, Furthermore, follow-up in these trials was
only short term and long-term results are required to deter-
mine the longevity of these implants given the higher phys-
ical demands that wiil likely be placed on them by younger
patients, Possible wear changes, debris disease, implant set-
tling, and other complications are difficult to predict

without long-term data. A study with a 17-year follow-up
conducted in Europe with Charite arthroplasty reporied that
the preservation of motion may net result in clinically
beneficial improvement in pain intensity [58].

Technical considerations

To perform disc arthroplasty, a standard anterior ap-
proach to the lumbar discs is used, with the patient lying
in a supine position, There are numerous contraindications
to disc arthroplasty including 1) spondylolisthesis; 2) spon-
dylolysis; 3) posterior element disease (facet joint arthritis
or previous joint resection); 4) central or lateral recess
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stenosis; 5) fixed deformity; 6} infection; 7) osteoporosis;
and 8) hemiated nucleus pulposus with radiculopathy that
cannot be decompressed by way of anterior approach
[15]. Strict adherence to these contraindications will se-
verely limit the number of patients with CLBP who are po-
tentially eligible for disc arthroplasty. In a study of 100
patients undergoing lumbar spinal surgery, it was reported
that 93% had at least one contraindication to disc arthro-
plasty [39]. In this regard, disc arthroplasty is unlikely 1o
replace fusion in most patients considering surgery for
CLBPF.

Dynamic stébi]ization

There are four main types of dynamic stabilization de-
vices: 1) dynamic interspinous spacers; 2) static interspi-
nous spacers; 3) pedicle screw-/rod-based posterior
dynamic stabilizing systems (PDS); and 4) total facet
replacement systems (Table 2) [60,61].

Mechanism of action

Dynamic stabilization uwsing interspinous spacers have
been proposed as an alternative to rigid instrumented fusion
for the treatment of CLBP, offering the potential advantage
of a more limited procedure with less morbidity that may
confer less risk of adjacent segment degeneration [62].
The distraction forces exerted by the interspinous spacers
are hypothesized to unload the disc, thereby reducing asso-
ciated symptoms, Initial cadaveric biomechanical studies
with interspinous spacers have demonstrated that they are
effective at reducing the intradiscal pressure at the im-
planted level [63]. In neutral alignment, posterfor annular
pressure was reduced by 38% ard nucleus pressure was
decreased by 20%; pressure was reduced 63% and 41%,
respectively, when measured in extension [63]. Some pro-
ponents of the interspinouns spacers have also proposed their

Table 2

Classification of dynamic stabilization devices

Classification Device

Dynamic interspinous spacers CoFlex
DIAM

Static interspinous spacers X5TOP
Wallis
Extendsure

Graf ligament

Dynesys

AccuFiex rod

Medtronic PEEK
rod

Scient"X Isobar

TFAS
TOPS
Stabilimax NZ

Pedicle screw-/rod-based posterior dynamic
stabilizing

Total facet replacements systems
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use in the treatment of CLBP associated with facet pathol-
ogy, as they have been shown to reduce facet contact area
and pressure in a cadaveric study [64]. It should be noted,
hkowever, that reductions in pressure observed in cadaveric
discs are not sufficient to validate the use of interspinous
spacers for CLBP.

Dynamic stabilization using PDS is thought to work in
a similar manner to interspinous spacers for CLBP. The
PDS devices may be able to shield the disc and facet joim
structuses from motion that may irritate or damage sur-
rounding structures, potentially reducing secondary local
inflammatory processes or permitting self-repair mecha-
nisms [60]. Again, this hypothesis should be considered
speculative at this point.

Evidence of efficacy

Although there is evidence for the use of interspinous
spacers for spinal stenosis, there is currently no acceptable
clinical evidence available for dynamic stabilization in
CLBP.

Technical considerations

There are several contraindications and technical consid-
erations for each type of dynamic stabilization device,
which are beyond the scope of this article.

Summary

The use of surgery for CLBP in the absence of serious
structural disease is a complex issue in which decisions
about the type of procedure used should be secondary to
evaluating the underlying cause of pain and establishing
that a particular individual is in fact an appropriate surgical
candidate. Although there are multiple surgical options for
the trsattent of CLBP, there is currently insufficient evi-
dence on which to draw any firm conclusions as to their
effectivencss on clinical cutcomes. Lumbar fusion for
common degenerative changes appears to offer limited rel-
ative benefits, if any, over intensive nonoperative manage-
ment. Disc arthroplasty appears to offer approximately
the same outcomes as fusion in the short term, whereas
long-term risks of artificial discs in young patients remain
unclear. There is no convincing evidence to support the
use of dynamic stabilization devices in the management
of CLBPF,

Emerging technologies for surgical treatment of CLBP
may inclede biological medification of disc metabolism, al-
teration of disc genetic expression to change mechanical
properties, synthetic nuclear angmentation devices, and
combined facet and disc mechanical replacements. Before
adopting these techniques, high quality RCTs comparing
them with placeboe, nonoperative treatment, or natural
history, will be required.
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Ultimately, the central question that remains unanswered
and is critical to the appropriate use of surgery is establish-
ing the precise cause of CLBP. At present, the poor corre-
lation between apparent degenerative changes and clinical
presentation of CLBP argues against the expectation that
modifying the degenerative process surgically will be
highly eifective in modifying pain and disability.
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Community-Based Population

Facet Joint Osteoarthritis and Low Back Pain in the

Leonid Kalichman, PT, PhD.* Ling Li, MPH,t David H. Kim, MD,t Ali Guermazi, MD,t
Valery Berkin, MD,* Christopher J. 0'Donnell, MD, MPH,§9 Ude Hoffmann, MD, MPH.|

Rob Cole,* and David J. Hunter, MBBS, PhD*t

Study Dasign. Cross-sectionai study.

Objective. To evaluate the association between lum-
bar spine facet joint osteoarthritis (FJ QA) identified by
mulitdetector computed tomography [CT) and low back
pain {LBP) in the community-based Framingharm Heait
Stady. - g _

: Summary of Background Data. The. assaciation be-
tween fumbar FJ-OA and LBP remains unclear.

Moethods. This study was an ancillary project to the
Framingham Heart Study. A sample of 3529 participarits
of the Framingham Heart Study aged 40 to 80 undenwvent
multidetector CT:imaging to assess aortic caleification.
One hundred eighty-aight individuals were consecutively
enrolled in this anciilary study to assess radiographic
featurds associated with LBP. LBP In the preceding 12
moniths was evaluated using a self-report questionnaire.
FJ OA was evajuated on CT. suans using a 4-grade scale,
The association betwesn Ff QA and LBP was examined

-uged multipls logistic regression models, while adjusting
for gender, age, and BMI. " ’
. .Raesults, CT imaging revedled a high prevalence of FJ .
DA {69.6% of males and 66.7% of females). Prevalence bf
FJ DA increasas with aje. By decads, FJ OA was preseit
\in 24,0% of <40-years-olds, 44,7% of 40- to 44-years-olds,
" 74.2% of 60- to E9-years-olds, 89.2% of 60- to 69-yedr:
olds, and 69.2% .df >70-ysars-olds. By spinal fevel ths
. prevalence of FJ OA was; 15.1% at L2-L3, 30.6% at L3-14,
45.1% at L4-15, and 38.2% 4t L5-S1. In this community-
based population, individualg with FJ OA at any spinal
-, - bevel showed no association with LBP, ‘
Conglusion. There Is a high prevalence of FJ OA in the
.community. Prevalence of FJ:0#A Increases with age with
" thd highest prevalencd, at the L4-L5 spinal level. At low
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spinal levels womean have a higher prevalence of lumbar
FJ OA than men. In the present study, we failed to find an
associgtion between FJ OA, identified by multidetector
CT, at any spinal level and LBP in a community-based
study population. Spine 2008;33:2560-2565

Lumbar spinal facet joints were first suggested in the
medical literature as a source of low back and lower
extremity pain in 1911.} Since then, so-called “faceto-
genic back pain” has become a widely accepted, though
still controversial entity in the radiologic and orthopedic
literature.>"'° Perhaps, the strongest circumstantial sup-
port comes from investigations reporting successful relief
of back pain following intra-articular, or periarticular
joint injections,?®

Estimates of the prevalence of lumbar facet joint pain
based on single diagnostic blocks have been reported to
range from 7.7 to 75% among patients reporting back
pain.”! On the basis of controlled, local anesthetic diag-
nostic blocks, the prevalence of lumbar facet joint pain in
a population of injured United States workers with
chronic low back pain (LBP) was shown to be 15%.%
Similar studies have suggested the prevalence to be 40 to
45% in a pain management practice.>'® An Australian
study reported a prevalence of 40% among patients with
chronic LBP in a general rheurnatology practice.'> How-
ever, the association between pain originating from the
facet joints and radiographically observed degenerative
changes in those joints has not been studied and remains
controversial.

The majority of published clinical investigations re-
port no correlation between the clinical symptoms of
LBP and degenerative spinal changes observed on radio-
logic imaging studies, including radiographs, magnetic
resonance imaging (MRI), computed tomography (CT),
single photon emission computed tomography (SPECT),
and radionuclide bone scanning.8-1%142% Spccifically,
the association between degencrative changes in the lum-
bar facet joints and symptomatic LBP remains unclear
and is a subject of ongoing debate.5~®

In comparison with radiographs, CT improves ana-
tomic evaluation of the facer joints due to its ability to
provide cross-sectional images of the opposing joint sur-
faces in the axial plane.* Abnormalitics of the facet joints
that can be demonstrated and categorized by CT include
osteophyte formation, hypertrophy of articular pro-
cesses, articular cartilage thinning, vacuum joint phe-
nomenon, synovial and subchondral cysts, and calcifi-
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cation of the joint capsule.**' Due to its precise
demonstration of osseous details’*? and relatively low
cost, CT is the preferred method for imaging lumbar
facet joint osteoarthritis (F] OA).

The efficacy of intra-articular or periarticular injec-
tion therapy on LBP potentially associated with F] OA
has not been clearly established. Despite the observation
by Lewinnek GE and Warfield CA? that 96% of patients
with CT-documented FJ OA responded to such injec-
tions, Schwarzer et al'* were not able to demonstrate a
significant correlation between the degree of OA seen on
CT and the pain score achieved after the intra-articular
facet black.

There are very few published studies regarding the
prevalence of F] OA. Eubanks ef al*? in a recent study of
647 cadaveric lumbar spines found that F] OA is a uni-
versal finding. Characteristic features of OA begin to
seem early, with more than half of adults younger than
30 years demonstrating arthritic changes in the facets.
The most common arthritic level seems to be L4-LS5.

The aims of the present study were: 1) to evaluate the
prevalence of FJ OA in different age groups and at dif-
ferent lumbar spinal levels in a community-based popu-
lation; and 2) to evaluate the association between FJ OA,
observed on CT, and the risk of experiencing LBP in the
community-based Framingham Heart Study.

m Materials and Methods
Study Design: Cross-Sectional Study

Sample. This project was an ancillary project to the Fra-
mingham Heart Study. The Framingham Heart Study began in
1548 as a longitudinal population-based cohort study of the
causes of heart disease. Initially, 5209 men and women be-
tween the ages of 30 and 60 years living in Framingham, MA
were enrolled. Biennial examinations were conducted by
trained research staff at the study clinic located in Framingham.
In 1971, 5124 offspring (and their spouses) of the original
cohort were entered into the Offspring cohort. In 2002, 4095
men and women who were children of the Offspring cohort
were enrolled in the Third Generation cohort. A description of
the Offspring and Third Generation cohorts has been previ-
ously reported.**** Three thousand five hundred twenty-nine
participants of the Framingham study {participants in both the
Offspring and Third Generation cohorts} aged 40 to 80 years
underwent abdominal and chest multidetector CT scanning to
assess coronary and aortic calcification. The recruitment and
conduct of CT scanning have been previously reported.?6-27
During the later part of the CT study, 188 participants were
consecutively enrolled in this ancillary study to assess the asso-
ciation between radiographic features of the lumbosacral spine
and LBP.

LBP Evaluation. All study participants undergoing multide-
tector CT scan were asked to complete the modified Nordic
Low Back Questionnaire.?® The first question on this question-
naire was: “Have you had low back pain on most days of at
least 1 month in the last 12 months?” Individuals, who an-
swered “yes,” or “no” on the above question, were categorized
in the present study as the back pain outcome (dichotomous

index). Similar methods are widely used in studies of work
related low back pain.?®—**

CES-D Measurement. The CES-D scale is a subjective report
of depressive symptoms that has been shown to have valid and
reliable psychometric properties.?*33

Imaging Paramsters. Study participants were imaged with an
8-slice multidetector CT scanner (Lightspeed Ultra, GE, Mil-
waukee, WI). Each subject underwent unenhanced abdominal
mulsidetector CT performed using a sequential scan protocol
with 4 slice collimation of 8 mm x 2.5 mm (120 KVp, 320/400
mA for .220 ibs body weight, respectively) during a single end-
inspiratory breath hold (typical duration 18 8). For the abdom-
inal scan, 30 contiguous 2.5 mm thick slices of the abdomen
were acquired covering 150 mm above the level of 51,

FJ DA Evaluation. F] OA evaluation was performed using
eFilm Workstation (Version 2.0.0) sofrware, All CT studies
were read in blinded fashion. Lumbar facet joints were
graded on both the left and right side at levels L2-1.3, L3-14,
L4-L3§, and L5-81. Four grades of FJ OA werc defined using
criteria similar to those published by Pathria et 2/** and
Weishaupt et al**:

Grade 0—-normal.

Grade 1-mild degenerative disease {narrowiog of the joint
space (<2 mm) and/or smal] osteophytes and/or mild hyperiro-
phy of the articular process).

Grade 2-moderate degenerative disease (narrowing of the
joint space (<1 mm) and/or moderate osteophytes and/or mod-
erate hypertrophy of the articular process and/or smild subar-
ticular bane erosions).

Grade 3-severe degenerative disease {severe narrowing of
the joint space andfor large osteophytes andfor severe hyper-
trophy of the articular process andfor severe subarticular bone
crosions and/or subchondral cysts-and/or vacuum phenome-
non in the joints}.

Heliability of CT Readings. All readers were trained by an
experienced research musculoskeletal radiclogist (AG). A read-
ing protocel for evaluation of E] OA based on the above out-
lined grading scheme was developed. Using this protocol, the
intra- and inter-rater reliability was calculated for 2 readers, All
CT scans were then analyzed in blinded fashion. To evaluate
for reader-drift, intrarater reliability was periodically reas-
sessed by insecting 1 repeated “reliability” scan for every 10
new scans. Before analyzing each new set of CT scans, § pre-
viously analyzed CTs were reevaluated to “recalibrate” the
readings to a standard. The intraobserver reliability for grading
different FJ OA indexes varied between 0.64 and 0.91. The
interobserver reliability ranged from 0.59 to 0.94. This range
of kappa statistics represents fair to excellent reproducibifity.

Budy Mass Index {BMI). BMI was computed as the ratio of
weight (in kg) divided by height {in meters squared).

Statistical Analysis. Before the analysis, the study popula-
tion was dichotomized on the basis of FJ OA for che presence or
absence of facet joint disease (=Grade 2} on any side at any
level. The population was then divided into § age strata: <40,
40~49, 50-59, 60-69, and =70 years. The prevalence of F}
OA between males and females was compared according to age
group and according to spinal level involved using y* Test. The
prevalence of F] OA was calculated by age, group, and sex and
compared between individuals with and without LBP. Multiple
logistic regression models were used to examine the association
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Table 1. Descriptive Statistics of the Studied
Sample (n = 188)

Frequencies Males Females
N 104 84
Age group <40 16 9
40-49 30 17
50-53% B 3
6059 18 19
=70 7 6
LBP 20 18

FJ OA (Grads =2 at £2-S1 levels) 62 (59.61%) 56 (66.65%)
Mezn values

Age {yr) 51.90 5361
BMI {kg/m? 27.95 21N
Depression {CES-D) scors 6.3 9.03

between FJ OA and LBP, while adjusting for gender, age, BMI,
and CES-D score, We also assessed the association between F]
OA and CES-D score, while adjusting for gender, age, and
BMI. All statistical analyses were performed nsing SAS soft-
ware, (SAS Instituge Inc,, Cary, NC, release 9.1).

W Results

Table 1 lists the demographic characteristics of the 188
study participants. The study sample included 104 males
(average age 51.90) and 84 females (average age 53.61).
Mean BMI was 27.95 for males and 27.71 for females.
Sixty-two men and 56 women demonstrated at least 1
joint at spinal levels L.2-51 affected by F] OA (grade =2).
Twenty mes and 18 women reported LBP.

Table 2 presents the prevalence of FI QA by age,
group, and sex, No statistically significant differences
were found with respect to the prevalence of Fj OA. be-
tween males and females in any age group. However, a
strong statistically significant pattetn emerged for an in-
creasing prevalence of F] OA with increasing age. This
relationship was observed for males, females, and the
total sample (P = 0.0070, P < 0.000%, P < 0.0001,
respectively). Interestingly, the highest prevalence of FJ
OA was found in age Group 60 to 69, where it reached
82.2.9% in total sample. _

Table 3 shows the prevalence of F] OA by spinal level
in males, females, and in the combined sample. The high-
est prevalence of F] OA was found at the L4-L35 spinal
level (38.24%, 53.75%, and 45.05%, respectively}). The

second most prevalent level was L5-51, foliowed by L3-
L4, and 1.2-L3 levels. There was a trend towards more
prevalent F] OA in females at every spinal level, except
L2-L3. x* Test demonstrated no statistically significant
difference (P > 0.1) between males and females at the
L2-L3 and L3-14 spinal levels. However, a significant
difference was observed at spinal level L4-LS (y* = 7.01,
P = 0,037) and the difference approached significance at
level L5-S1 (x* = 4.77, P = 0.071). Women demon-
strated a higher prevalence of F] OA compared to men at
both the L4-L$ and L5-51 levels,

Table 4 shows the prevalence of F] OA among indi-
viduals with and without LBP subdivided by age group.
No significant difference in the prevalence of F] OA was
identified between individuals with and without LBP for
the study population as a whole or following subgroup
analysis on the basis of age or sex.

Table 5 shows the results of multiple logistic regres-
sion analysis where LBP was a dependent variable and FJ
OA at each spinal level, sex, age group, BMI, and CES-D
score were included as independent variables. There
were no statistically significant associations found be-
tween LBP and the aforementioned predicting variables
(P > 0,05 for each association). In addition, no statisti-
cally significant associations were found while CES-D
score was used as a dependent variable,

M Discussion

This is the first cross-sectional study to describe the prey-
alence of lumbar ¥] OA in a community-based popula-
tion. The results show a high prevalence of FT OA in men
{59.6%) and women (66.7%).

The study also evaluates the association between FJ
OA, identified by multidetector CT imaging, and LBP in
the community. We found no association between F] OA
at any spinal levels and the occurrence of LBP. This study
supports similar negative results of a previous CT
study'? and several facet joint injection studies.!>1%36
Based on the results of the present study, the use of CT as
a single diagnostic modality for pain originating from
facet joints cannot be supported.

The obsetrvation that the L4-L35 spinal level is associ-
ated with the highest prevalence of F] OA is not surpris-
ing. Several previous studies>**7-*° have shown that
facet joint degeneration develops much more rapidly at

Table 2. The Prevalence of Facet Joint OA by Age Group and Sex
Males Femazles Total Sampla
Age Group N % N % N % ¥*-Test (Males vs. Females by Age Group}
<4t § 3 1 125 6 240 P=106214
40-49 15 50.0 & 353 21 4a.7 P=10.3293
50-59 2 66.7 2 844 49 74.2 ’ P= 0141
60-69 16 888 17 835 K1} 89.2 P = 1.0000
=70 4 571 5 833 9 69.2 P = 0.2045
K-test (age graups) P=10.0070 P < 0.000% P < 0.0001

Statistically significant at level P < 0.05 marked bold.
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Table 3. The Prevalence of FJ OA by Spinal Level in Males, Females, and in Community-Based Population

Males females Total Sample
Spinal Level N % N % N % x*-Test (Males vs. Females hy Spinal Level)
L2-t3 17 16.50 1 13.75 bl 15.05 P = 05076
L3-14 7 26.21 23 36.25 56 30.60 P =10,1439
La-15 38 38.24 13 53.75 82 45.05 P = 0.0368
L5-St 32 3232 35 45.57 68 38.2 P={0.0707
x'-test (spinal levals) P = 0.0045 P < 00001 P < 0.0001

Statistically significant at level P < 0.05 marked bold.
Statistically significant et level P < £,10 marked italic.

the L4-L5 motion segment than at any other level.
Fujiwara et al*® found that the median grade of F] OA
at L4-L5 was significantly higher than that at other lum-
bar spinal levels. It has been well-established that degen-
erative spondylolisthesis is associated with F] OA and
occurs most commonly at the L4-LS5 level. 3% A possi-
ble reason for the high prevalence and severity of Ff OA
at the L4-L5 spinal level may be the relatively greater
stability of the L5-81 spinal segment compared to 14—
L5. Greater stability arises from a more coronal orienta-
tion of the L5-51 joints as opposed to the more sagittal
arientation of the L4-L5 facet joints,*”*3? an increased
pedicle-facet angle at the L5-51 level**~*° and additional
anatomic stability provided the fifth [umbar vertebra by
large transverse processes supported by strong iliolum-
bar ligaments,*¢

This study clearly shows that the prevalence of F] OA
increases with increasing age. This is in agreement with
Lewin T? comprehensive anatomic reviews of lumbar
synovial joints, which stated that the facet joints showed
only minor cartilage changes before the age of 45. After
age 435, advanced cartilage changes, subchondral sclero-
sis, and osteophytes become common phenomena.
Those findings were also confirmed in more recent stud-
ies.384%47—4% However, the occurrence of F] OA was
found in this study even in individuals younger than 40.
Tischer et a’® in a cadaveric study found significant car-
tilage changes in the lumbar spinal facet joints in young
{<30) individuals suffering from LBP. Gries et aP’! as
well, in a histologic study of young individuals {<40,
mean age 29.1}, found instances of partia] or total loss of

cartilage and cartilage replacement by pannus tissue in
some cases. An even higher prevalence was reported by
Eubanks ef a/*? in a recent cadaveric study in which FJ
OA was present in 57% of 20- to 29-years-old, 82% of
30- to 39-years-old, 23% of 40- to 49-years-old, 97% in
50~ to 59-years-old, and 100% in those >>60-years-old.

In the present study, the highest prevalence of F] OA
was in the age Group 60 to 69 with a slightly lower
prevalence observed in individuals older than 70. This
unexpected finding is most likely explained by random
error due to the relatively small group of participants
within the highest age group. Another more speculative
explanation is the possible indirect association between
FJ OA and decreased life expectancy. Previously, the
prevalence of hand osteoarthritis has been found to be
inversely correlated with survival rates.* Published data
also suggest that osteoarthritis may be associated with
risks for comorbid conditions such as cardiovascular dis-
ease/death,’® % hypertension, chronic pulmonary dis-
ease,”57 peptic ulcer and renal diseases,*® gastritis, and
phiebitis.”*** Possibly, the slightly lower prevalence of
F] OA in the oldest age group reflects these associations,

In the present sample we did not find staristically sig-
nificant differences in any age group between males and
females in terms of the general prevalence of lumbar FJ
OA. This finding is in agreement with the study by Alp-
erovitch-Najenson D* that similarly found no sex dif-
ference in the prevalence of lumbar FJ OA. Fujiwara et
ai*® in a MRI study of 14 patients with degenerative disc
disease also found no significant sex difference in the
grade of FJ OA at each lumbar spinal level. In terms of

Table 4. The Prevalence of Facet Joint OA by Age Group in Individuals With and Without LBP

Mal Fisher's Exact Test
es {LBP vs, Non-LBP

Females

Fisher's Exact Test

(LBP vs. Non-LBP Total Sample

Fisher's Exact Test

Age by Age Groups for

by Age Groups for {LBP vs, Non-LBP

Group  With LBP  Without LBP Males) With LBP  Without LBP Females} With LBP  Without LBP by Age Broups)
<40 11(33.3} 4{30.8) P= 1.00hﬂ 0 (0.0) 1{14.3) P= 10000 1{25.0} 5{25.0} P=1.0000
40-49 2{100.0} 13{46.9) P= 04828 1{60.0} 5{31.3) P = 1.0000 31{75.0] 18{41.9} P=03112
50-59 4(44.4) 18 {78.3) P =0.0950 71{77.8) 20 {87.0} P = 06042 11 {61.1) 38 {82.6} P==0.1003
60-69 2{160.0) 14 {87.5} P = 1.0000 {1000} 1{97 P = 1.0000 8(100.00  95(89.3) £ =1.0000
=70 0{0.0 4(66.7) P = 04286 1{100.0) 4(100.0) * 1(50.0} 8180.0} P = 04545
All ages 9{52.94} 53 (61.63) P = 0503t 15(78.95)  41{67.21) P=10.3291% 24{64.86)  95(63.76) =031
"Row o column sum s zerg. No statistics computed for this table,

tFJ OA by LBP for males.

tFJ OA by LBP for females.
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Table 5. Results of the Multiple Lagistic Regression
Analysis, Where LBP (Yes vs. No} Was Used as a
Dependent Varizble

Odds Ratio Estimates

Paint §5% Wald

Parameter Estimate  Confidence Limits P

FJ DA L2L3 (Yes vs. No) 1.630 {0.547, 4.856) 0.3800
FJ DA L34 (Yes vs, No) 0.639 {0.221, 1.795) 0.3870
FJ DA L4L5 {Yes vs. No} 0.869 {0.336, 2.250) 0.1723
FJ DA L551 (Yes vs. No) (1989 {0.413,2.372) 0.9808
Sax {Femals vs. Male) 1.465 {0.672, 3.196} 0.3368
Age group 704 (vs, <40) 1.157 {0.162, 8.234} 0.9794
Age group 6069 {vs. <40} 1,743 (0.372,8.118) 0.3729
Age group 50-53 {vs. <40} 2208 (0605, 8.043) 0.0606
Age group 4043 {vs, <40} 0.507 {0.112, 2.288) (10842
Depression {CES-D} score 0.938 {0.923, 1.079) 0.9593
B 1.043 {0.971,1.121} 0.2437

specific spinal levels, however, the present study did rc-
veal statistically significant differences in the prevalence
of FJ OA between males and females of all ages at the
L4-L5 spinal level with females demonstrating a signif-
icantly higher prevalence of F] OA than males. This
study supports the conclusions drawn by the meta-
analysis of Srikanth et al°® that there is a gender differ-
ence in the prevalence and incidence of OA affecting the
hand and knees, with females generally at higher risk.
The findings are in coritrast to another study suggesting
that men havea greater prevalence of Ff QA than women
at all lumbar levels.?®

A potential gender based difference in the prevalence
of F] OA is possible based on the fact that cartilage is a
sex-hormone-sensitive tissue.5® Ha ef 4! performed an
immunohistochemical study of the lumbar facet joints
and demonstrated estrogen receptors in the facet carti-
lage and found that increased expression of estrogen re-
ceptors correlated directly with the severity of FJ OA.
Fujiwara et al*® performed a cadaveric study in which
lumbar spinal motion segments were compared between
males and females with similar age, grade of disc degen-
eration, cartilage degeneration, and osteophytes. The fe-
male motion segments showed significantly greater mo-
tion in lateral bending, flexion, and cxtension. Greater
motion in spinal segment can lead to excessive wear and
tear, and therefore, to higher prevalence of FL. OA in
females. _

There are some limitations of the present study that
are worthy of mention. This is a cross sectional sample
and inferences of increasing facet joint prevalence with
age are inferred by looking at individuals in different age
groups rather than following them longitudinaly. At
present we have not adjusted for the presence of other
important covariates such as prior spine surgery and oc-
cupation which could influence the presence of LBP. This
would be important in future analyses.

® Conclusion

This is the first CT-based study that describes the preva-
lence of lumbar FJ OA at different spinal levels in com-

munity-based population. The results of this study show
a high prevalence of F] QA (59.6% of males and 66.7%
of females) that increases with age. The highest preva-
lence was observed at the L4-L5 spinal level. At lower
spinal levels women have higher prevalence of lumbar FJ
OA than men. In the present study, no significant asso-
ciation was observed becween ¥] OA, identified by CT, at
any spinal level and LBP.,

m_Key Points

¢ There is a high prevalence of FJ QA in the com-
munity-based population (59.6% of males and
66.7% of fermales).

® Prevalence of FJ OA increases with age and
reaches 89.2% in individuals 60- to 69- years- old.
¢ The highest prevalence of FJ OA is in L4-LS
spinal level.

s Individuals with FJ OA identified by CT at any
spinal level showed no association with LBP.
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- The sequelae of disk degeneration are among the leading

causes of functional incapacity in both sexes and are a
commot source of chronic disability in the working years,
Disk degeneration involves structural disruption and cell-
mediated changes in composition. Mechanical, traumatic,
nutritional, and genetic factors all may play a role in the
cascade of disk degeneratio, albeit to variable degree in
different individuals, The presence of degenerative change

is hy no-ineans an indicator of symptoms, and thereis a
very high prevalence. in asyrnptomatic. individuals. The
etiology of pain ag the symptom of degenerative disease is

complex apd appears to be a cambination of mechanical
deformation and the presence of inflammatory mediators,

“The role of imaging.ds to provide accurate morphologic
‘fiiformation and influence therapeutic decision making. A
‘necessary component, which connects these two pur-

poses, is accurale natural history data. Understanding the
relationship of etiologic factors, the morphologic alter-
ations, which can he characterized with imaging, and the
mechanisms of pain production and their interactions in
the .produchon of symptorms will require more accurate

.am:l' 'éprodumh[e stratification of patient cohort;s
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BEVIEW: Lumbar Degenerative Disk Disease

fodicand Boss

eration, ag it is commonly applied to

the intervertebral disk, covers such a
wide variety of clinical, radiologic, and
pathologic manifestations as to be really
“only a symbol of our ignorance” (1). De-
spite thig admonition, or perhaps because
of it, we will alttempt in this review to

I L has been staled that the term degen-

summarize current thoughts about the

etiology, manilestations, and symplom
production in lumbar degenerative disk
disease and the role imaging currently
plays in ite identification and manage-
ment, Given the gaps in our knowledge
and the complexily of the suhject, which
will become readily apparent, we have
chosen 1o exclude detailed treatment op-
tions from the discussion.

The sequelae of disk degeneration re-
main among the leading causes ol func-
tional incapacity in both sexes and are a
common source of chronic disability in
the working years, Irt accordance with its
incidence, morbidity, and socioeconomic
impact, degenerative disk disease has
given and continues 10 give rise lo exten-
sive research eflorts into its epidemiol-
ogy, anatomy, biomechanics, biochemis-
try, and neuromechanisms (2).

Traditionally, disk degeneration has
been linked to mechanical loading. The

\ echamcal traumatlc nutri-

genemmon ..
‘-,.j Rehiable avg: repmdumble terml- . _'
;. mology s ciitical 1o meaninigful o
descnptlon of morphologm abnor-
malities: . :
% The Btlology of* pam in. degenera- i
tive disease-is more bomplex than"”
a simple mechanical exp[anation
u The prognostic valug: f imaging is.
confounded by the hlgh preva-
letice of morphologitsighanges in -
the asymptomatlc papulatmn .
mn panents with uncomphcated low N
back g pam oF radlcmdpathx.
imaging Inay not:have an &ddmve
value over chmcal s'ssessment

importance of mechanical lactors has
been emphasized by experiments on ca-
daver spines with both a severe single
event and relentless loading {3-7). Fail-
ure of disks is more common in areas
where there are the heaviest mechani-
cal stresses, such as the lower lumbar
region. It has been suggesied that me-
chanical factors produce endplate dam-
uge, the antecedent to disk degenera-
tion (8).

The disk is metabolically active, and
the metabolism is dependent on dilfu-

sion of fluid either from the marrow of '

the vertebral bodies across the sub-
chondral bone and cartilaginous end-
plate or through the annulus fbrosus
from the swrrounding blood wvessels.
Morphologic changes in the vertebral

- bone and cartilaginous endplate, which

occur with advencing age or degenera-
tion, can interfere with normal disk nu-
trition and further the degeneralive
process, This disruption of the normal
endplate results in deformation when
under loading, This allows nuclear ma-
terial to pass through Lhe endplate, re-
ducing intradiscal pressure with subse-
quent bulging and loss of height and

adding more stress {o the surrounding,

annulug, Compressive damage to the
veriebral body endplate alters the dis-
tribution of siresses in the adjacent
disk. Continual cyclic loading makes
these chanpges worse. Diminished blood
flow in the endplale initiates tissue
breakdown first in ihe endplate and
then in the nucleus. These altered stress
distributions adversely affect digsk cell
metabolism. These changes then alter
the integrity of the proteoglycans and
waler concentration, reducing the num-
ber of viable cells with subsequent alter-
ation in the movement of solutes into
and out of the disk {9).

The importance of normal blood
flow Lo the homeostatic nutritional pro-
cess in the interveriehral disk complex
has heen suggesied to explain the asso-
ciation of atherosclerosis and aortic cal-
cification with increased disk degenera-
tion and subjective low back pain (10).
As degeneration progresses, structures
of the disk become more disarranged
and greater stresses are placed on the
annulus and lacet joints. As increased

forces are transmilted Lo the annulus,
there may he fragmentation and Rs-
suring. Disk degeneration involves
structural disruption and cell-medi-
ated changes in composition, but which
occurs first is not clear. Biochemical fac-
tors can increase susceptibility Lo me-
chanical disruption, and this could ad-
versely influence disk cell metabolism.
Regardless of the initiating mechanism,
these mechanisins would be interactive
and additive, the end resull being an
altered functionatl ability of the disk to
resist applied (orces.

In addition to mechanical and nutri-
tional caused, a genetie predisposition
has been suggested by animal models
that consistently develop degenerative
disk disease at an early age, as well as
by reports of familial osteoarthritis and
lumbar canal stenosis in humans (11).
In a study (12) of 115 male identical
twin pairs, the elfects of lifetime expo-
sure to commoenly suspected risk factors
on disk degeneration, including job
type, lifting, twisting, sitting, driving,
exercise, trauma, and cigarette smaok-
ing, were investigated. The particular
environmental [aclors siudied, which
have heen among those most widely
suspected of accelerating disk degener-
alion, had only modesi effects. These
small effects would help to explain the
mixed results of previous studies. Con-
sidering the very minor effects the par-
tieular environmental lactors sludied

-had in determining disk degeneration, a

strong genelic influence was suggested
(12). While failing to find a strong asso-
ciation or clear-cut etiologic influence,
the authors concluded that disk degen-
eration may be explained primarily by
genetic influences and by umidentified

L
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factors, which may include complex un-
predictable interactions.

In a cohort study (13) based on a
Danish twin registry, substantial genetic
influence on the susceptibility to degen-
eralive disk disease and low back pain
was shown. Shared environment was
important until the age of 15 years, but
as the twins grew older, the effect of a
nonshared environmeni increased and
nonadditive genetic eflfects became
morve evident, These lindings suggest in-
creasing genetic interaction (13).

Abnormatities ol collagen are most -

often ciled Lo support genetic influence
in degenerative disk disease. Type Il
collagen is the most abundant collagen
of cartilaginous tissues and is often re-
ferred to as the major collagen, forming
heterotypic fibrils with the less abun-
dant minor collagen types IX and XI,
These fibrils provide the strength nec-
essary Lo resist tensile forces. Disease
that causes mutalions in types Il and
Xl collagen has been demonstraied
in a wumber of chondrodystrophies.
Multiple epiphyseal dysplasia is associ-
ated with a disease causing muiation in
collagen IX, an important structural
component of the annulus fibrosus, nu-
cleus pulpusus, and hyaline cartilage of
the endplates. In a study looking for
additional disease-producing mutations,
researchers closely examined the genes
coding Lthe three chains of type IX colla-
gent. While no changes typical of disease
producing mutations were identified,
iwo amino acid subslitutions were iden-
tified that are substantially more preva-
lent in patients with lumbar degenera-
tive disk disease than in normal con-
trols. Both of these involve a tryptophan
substitution (Trp2 and Trp3). In the
case of the Trp3 allele, il is a genetic
factor associated with a threeflold in-
crease in the risk of symplomatic de-
generative disk disease (14-16). While
these Trp alleles together occurred in
16% of the Finnish patients with lumhar
disk disease, it has been pointed out that
other loci are almost certainly involved. A
prime candidate is one that encodes ag-
grecan, an abundant proteoglycan, in car-
titage whose extensive hydration contrib-
utes to resistance io tissue deformation.
Knock-out mice for aggrecan have a high

prevalence of disk herniation and degen-
eration (15,17},

Several additional studies (18-21)
suggest that not just the process of de-
generative disk disease but perhaps
even its sequeleae, including disk hernia-
tion, low back pain, and radiculopathy,
are sirongly influence by genetic fac-
tors, Studies suggest that Jow back pain
is also associaled with polymorphism in
the interleukin (IL) 1 locus (22). This is
of interest in that cylokines such as tu-
mar necrosis [ictor a (TNF-a), IL-1,
and IL-6 are imporiani inflammatory
mediators, as will be discussed latter.

Clearly there are many interactive
factors al play, Mechanical, traumatic,
nutritional, and genetic factors all may
play a role in the cascade of disk degen-
eration, albeit to variable degrees in dif-
ferent individuals. Whatever the eticl-
ogy, by the age of 30 years, 85%-85%
of adults show evidence of degeneraiive
disk disease at autopsy (23).

lorpholegic Alterations and Imaginy

Terminoloyy

No less a problem than understanding
atiology is agreeing on terminology that
is reliable and reproducible o describe
the morphologic alierations produced
hy the degenerative process (24-27).
For the purposes of this review, we
have used the lerminology described by
Mileite (28}. The term degeneration in-
cludes any or all of the following: real or
apparent desiccation, fibrosis, narrow-
ing of the disk space, diffuse bulging of
the anmulus beyond the disk space,
extensive fissuring (ie, numerous annu-
lar tears) and mucinous degeneration of
the annulus, defecis and sclerosis of the
endplates, and osteophytes at the verie-
bral apophyses. At magnetic rescnance
(MR} imaging, these changes are mari-
fested by disk space narrowing, T2-
weighted signal intensily loss from the
intervertebral disk, presence of fs-
sures, lluid, vacuum changes and calcifi-
cation within the intervertebral disk,
ligamentous signal changes, marrow
signal changes, osteophytosis, disk hev-
niation, malalignment, and sienosis.
While there is confusion in the differen-

tiation of changes ol the pathologic de-
generative process i lhe disk from
those of normal aging, we will use the
term degenerative (o include all such
changes (29~-31).

Conventional theory would imply
that degeneration and aging are very
similar processes, albeii occurring at
different rales (32). Resnick and Ni-
wayama (32) emphasized the dilTerenti-
ating features of two degenerative pro-
cesses involving the intervertebral disk,
which had been previously described by
Schmorl and Junghanns (33), These in-
clude “spondylosis deformans,” which
affects essentially the annulus Ghrosus
and adjacent apophyses, and “interver-
tebral osteochondrosis,” which affacts
mainly the nucleus pulposus and the
vertebral body endplates but also in-
cludes extensive fissuring (numerous
tears} of the annulus fibrosus. Scientific
studies suggest that spondylosis defor-
mans is the consequence of normal
aging, whereas interveriebral ostec-
chondrosis, somelimes also called de-
teriorated digk, results from a clearly
pathologic, through nol necessarily
symptlomatic, process (33-38). Ante-
rior and lateral marginal vertebral body
osteophytes have been found in 100% of
skeletons of individuals over 40 years
of age, and therefore ave consequences
of normal aging, whereas posterior os-
leophytes have been found in only a
minority of skeletons of individuals
over 8@ years, and therefore are not
mevitable consequences of aging (34).
Endplate erosions with osteosclerosis
and chronic reaclive bone marrow
changes also appear to be pathologic,

Anatomic Considerations
The intervertebral joint is a three-joint
complex consisting of the endplnte-disk-
endplate joint of the anterior column
and the two facet joints of the posterior
column supporied by ligaments and
muscle groups. Understanding the in-
terrelationship of these elements has
hecome more critical as surgical inter-
vention, much like joint surgery in the
pasi, is transitioning from fusion to joint
replacementt.

The inlervertebral disk and the diar-
thradial joints (zygoapophyseal joint or

Radiology: Volume 245; Number 1-~0clober 2007
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facet joints) interactively degenerate,
causing altered stresses on the integrity
and mechanical properties of the spinal
ligamentis, which resulis in degenera-
tion of the spinal unit as a whole
(39,49). The manner of degeneration of
the various components of the spine is
mediated and manifested by the specific
structure involved, The cartilaginous,
synovial, and fibrous structures each de-
generate in a specific manner, which is
associated with characteristic imaging
and pathologic aberrations,

Degenerative Disk Changes

The major cariilaginous joint (amphiar-
throsis) of the vertehral column is the
intervertebral disk. Each disk consists
of an inner portion, the nucleus pulpo-
sus, surrounded by a peripheral por-

Figure 1

tion, the annulus fibrosus. The nucleus
pulposus is eccentrically located and
more closely related lo the posierior
surface of the intervertebral disk. With
degeneralion and aging, iype 1 collagen
increasés oulwardly in-the annulus and
there is a greater water loss from the
nucleus pulposus than from the annulus.
This results in & foss of the hydrostatic
properties of the disk, with an overall
reduction of hydration in both areas to
aboul 70%. In addition lo water and

“collagen, the other important biocherni-

cal consliluents of the interveriebral
disk are the proteoglycans. The individ-

‘ual chemical struclures of the proteogly-

cans are nol changed with degenera-
iton, but their relative composition is.
The ratio of keratin sulfate to ehon-
droitin sulfale increeses, and there is a

Figure1: Annularlear, {a) Left
parasagitiai and (b} fransverss
T2-weighted fast SE (repstition
time msecfecho time msec,
4000/120) MR images through
L4-5 disk spate. Note high signat
intensity in the outer annulus
andfor fongitudinal ligament com-
plex inalefl parasagiital location,
E which represents area of anular
disruption (arrows).

Figure 2

California Applicants' Aftorneys Association
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Figere 22 Hislologlc siide of
degensrated intarverlebral disk.
Endplate shows areas of cracks,
fissures, and pala staining {long
arrow). Chondracytes (shorl ar-
- raws) and granulation tissue (G}
~ " charactaristic of regeneration and
. gg degeneration, are noted. Adjacent
., marrowspace SNows nereased
© & lipid elements and he trabeculae
. appear thickened.

diminished association with collagen
that may reduce the tensile strength of
the disk. The decrease in water-bind-
ing capacity of the nucleus pulposus is
thought to be related to the decreased
molecular weight of its nuclear proteo-
glycun complexes {aggregales), The
disk becomes progressively more £-
brous and disorganized, with the end
siage represented by amorphoas fibro-
cartilage and no clear distinction be-
tween nucleus and annulus (41-43). On
T2-weighted images, the central disk
signel intensity is vsually markedly de-
creased and at distinct variance to that
seen in unaffected disks of the same
individual. Work with T2-weighed spin-
echo (SE) sequences (44) suggests that
MR is capable of depicting changes in
the nucleus pulposus and annulus fibro-
sus relative (o degeneralion and aging
based on a loss of signal intensity.

In work with cadaver spines of vari-
ous ages, absoluie T2 measurements cor-
related more closely with glycoamino-
glycan concentraiion than absolute wa-
ler content, Thus, the signal intensity
may not be related to the tolal amount
of water but vather lhe state of water.
At present, the role that specific bio-
chemical changes (proteoglycan ratios,
aggregation of complexes) play in the
altered signal intensity is not well un-
derstood. Given that the T2 signal inten-
sity in the disk appears to track the
concentration and regions ol high glyco-
aminoglycan percentages more than ab-
solute water content, il seems likely that
the health and status of the proteogly-
cans are major determinates of signal
intensity (45).

It has been proposed that annolar
disruption is the critical factor in degen-
eration and, when a radial tear develops
in the snnulus, there is shrinkage with
disorganization of the fibrous cartilage
of the nucleus pulposus and replace-
ment of the disk by dense [ibrous tissue
with cystic spaces (31,46-49). Annular
tears, also properly called annular fis-
sures, are separations between annular
fibers, avulsion of fibers from their
veriebral body insertions, or breaks
through fibers that extend radiaily,
transversely, ar concentrically and in-
volve one or many layers of the amnular

Radioiogy: Volums 245: Number 1—Oclober 2007
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lamellae. The term tear or fissure de-
scribes the spectrum of such lesions and
does not imply that the lesion is conse-
quent to trauma (Fig 1). Although it has
cerlainly been verified that annular dis-
ruption is a sequela of degeneration and
certainly is often associated with it, ils
role as the causal agent of disk degener-
alion has certainly not been proved, MR
is the most accurate anatomic method
for assessing intervertebral disk dis-
ease. The signal intensily characieris-
tics of the disk on T2-weighted images
reflect changes caused by aging or de-
generation. A classification scheme for
lumbar intervertebral disk degeneration
has been proposed that has reasonable
intra- and interobserver agreement (50).
To date, however, there has been no cor-
relation between MR disk changes and
patient’s symptoms.

With loss of water and proteogly-
cans, the nucleus pulposus is desiccated
and friable with yellow-brown discolor-
ation. Its onion-skin appearance begins
to unravel, and cracks, cleflts, or crey-
ices appear within the nucleus and ex-
tend into the annulus fibrosus. Fissur-
ing, chondrocyle generaticn, and granu-
lation tissue [ormation may be noled
within the endplate, annulus fibrosis,
and nuclens pulposus of degenerative
disks, indicating attempts at healing
{48) (Fig 2). Radiolucent collections
{(vacuum disk phenomena) representing

. gas, principally nitrogen, occur at siles

of negative pressure produced by the
abnormal spaces {31}, The vacuum phe-
nomenon within a degenerated disk is
represented on SE images as areas of
signal void (52). Whereas the presence
of gas within the disk is nsually sugges-
live of degeneralive disease, spinal in-
fection may (rarely) be accompanied by
intradiscal or mtracsseous gas (53).

Asg intervertebral osteochondrosis
progresses, there may be calcification of
the disk, Calcification has usually been
described on MR images as a region of
decreased or absent signal intensity.
The loss of signal is attributed to a low
mobile proton densily, as well as, in the
case of gradient-echo imaging, to its
sensitivity to the helerogeneous mag-
netic susceptibility found in calcified tis-
sue. There is, however, variability in

Figure 3

. b

G

Figure3: Calcified intravertsbral disk, Saglttal mitfine {a) T1-weighted (450/12), (b) contrast-enhancad
T1-wsighled (450/12), and (c) T2-weighted (4000/120) SE images of lumbar spine. High signal intensity

(arrows) is identified withinL5-31 disk space onaand b,

signal intensily of calcium at various
sequences, and the type and concen-
{ration of calcification are imporiani
factors. Hyperintense disks on T1-

weighted MR images may be secondary

to calcification (Fig 3} {(54). For concen-
trations of calcium particulate up to
30% by weight, the signal intensity on
standard T1-weighted images increased
but then subsequently decreased (35,56).
These data likely reflect particulate cal-
cium reducing T1 relaxation times by a
surface-relaxation mechanism, Llyper-
intensities that are affected by fat-sup-

* pression lechniques have also been

noted within intervertebral disks and
are thought Lo be related to ossification
with lipid marrow formation in severely
degenerated or fused disks.

Degenerative Marrow Changes

The relationship among the vertebral
body, endplate, annulus, and disk has
been studied (57-59) by using both
degenerated and chymopapain-treated
disks as models. Signal intensily changes
in vertehral body marrow (Fig 4) adjacent
to the endplates of degenerated disks
are a common observation on MR im-
ages and appear Lo take three main
forms.

Type | changes demonstrate de-
creased signal intensity on T1-weighted
irmages and increased signal inlensity on
T2-weighted images and have been

Figure 4

Figure 4: - Normal marrow. Histologic slide of
noermal hematopoetic () fipid (), and bore fra-
besular (7)elements. -

identified in approximately 4% of pa-
tients scanned [or lurnbar disease (Fig
5), approximately 8% of patlienis after
diskectomy (60,61), and in 40%-50%
of chymopapain-treated disks, which
may be viewed as a model of acute disk
degeneration (58): Histopathologic sec-
tions of disks with type 1 changes show
disruption and fissuring of the endplate
and vascularized . fibrous tissues within
the adjucent marrow, prolonging T1
and T2, Enhancement of iype | verte-
hral body marrow changes is seen with
adriinistration of gadopentetile dimeg-
lumine that at times extends to involve
the disk itsell and is presumably related to

“the vascularized filrous Lissue within the

adjacent marrow (Fig 6}.

Hadiology: Voluma 245: Number 1—UCclober 2007
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Type H changes are represented by
increased signal intensily on T1-weighted
images and isointense or shghtly hyperin-
tense signal on T2-weighted images and
have been identified in approximately
16% of patients at Mii imaging {Fig 7).
Disks with type I changes also show
evidence of endplate disruption, with
yellow (lipid) marrow replacement in
the adjacent vertebral body resulting in
a shorter Tt (Fig 8).

Type Hl changes are represented by
a decrensed signal intensity on both T1-
and T2-weighted images and correlate
with extensive bony sclerosis on plain

Figura b

radiographs. The lack of signal in the
type Il change no doubt reflects the rel-
alive absence of marrow in areas of ad-
vanced sclerosis (Fig 9). Unlike type III,
types 1 and II changes show no definite
correlation with sclerosis o radiogra-
phy (59}, This is nol surprising when
one considers the histology; the sclero-
sis seen on plain radiographs fs a reflec-
tion of dense woven bone within the ver-
tebral body, whereas the MR changes are
more . a_reflection of the intervening
marrow elements. 3
Similar marrow changes have also
been noied in the pedicles. While orig-

Figure 5: Degenerative type |
marrow change. (a) Saglttal mid-
tine T1-welghted SE (456/12)
Image demonstrates cecreased
slgna Intensity of marrow space
adjacent to £5-57 disk (arrows).

(b) T2-waightad SE {4000/120)
image in the same region {arrows} |
shows increased signal inlensily.

Figure 7

California Applicants’ Aftorneys Association
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Figure 7: Degeneralive type Il
vertebral body marrow changes.
(a) Sagitial midline T1-weighled
SE (450/12) image demanstrates
degenerative changes ofL5-51
disk space and figh signal inten-
[ - sily {arrows) inadjacent vertebral
body marrow. (b) T2-welghted SE
g (4000/120)image shows that

.marrow signat Intensity adiacent
fo depenerated L5-51 disk Isnow
only skightly hyperintense relativa
lomore normal marrow.

inally described as being associaled with
spondylolysis, they have also been noted in
patients with degenerstive [acel disease
and pedicle fractures. Again, the changes
are probably a veflection of abnormal
stresses, be they loading or motion {62,63).

Degenerative Facet and Ligamentous
Changes

The superior articulating process of
one veritebra is separated from the in-
ferior arifculaling process of the ver-
tebra above by & synovium-lined artic-
ulation, the zygoapophyseal joint. Like
all diarthredial synovium lined joints,
the lumbar facet joinis are predis-
posed to arthropathy with alterations
of the articular cartilage. With disk
degeneration and loss of disk space
height; there are increased stresses on
the Facel joints with cranincaudal sub-

Figura &; _ lype | degenerative

marrow ohanges. Fibravascular tlssus (FVJhas

.1 replaced normal miarrow elements bejween thick-
enedhone trabecirlae (7).

Figure B: Histologic slide of dagenerative type
1l marrow changes shows increased lipid content
of the marrow space (L), Nolealso thickened wo-~
ven bone {rabeculae ().
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luxation resulting in arthrosis and os-
teophytosis. The superior articular
facet is usually more subsiantially in-
volved. Facet arthrosis can result in
narrowing of the central canal, lateral
recesses, and foramina and is an im-
portant component of lumbar stenosis
(Fizg 10). However, it has heen pro-
posed thatl facel arthrosis may occur
independently and be a source of
symploms on its own (64,63). Syno-

Figure 9

Figure 10

Figure10:  Spinalstenosls. Sagittal (a) T1-welghted SE (450/15) and (b) T2-weighled fast SE {4600/120) images through Jower fumbar spine. There is grade i degen- |
erative spondylolisthesis at L4-5, thickening of the |lgamants posteriorly, and severe stenosis of central canal (arrows). Transverse {c) T1-welghted (450/15) and
(d) T2-weighted fast SE (4000/120) imagas thraugh L4-5 disk space show severa bilateral degenerative facet changes with distraction and flid in the feftjoint (arrows).
There is sevare centraf canal stenosls and thickening of posterior ligamends.

Radiplogy: Volume 245 Number 1-—Qclober 2007

vial villi may become entrapped within
the joint with resulting joint effusions.
The mechanism of pain may be related
10 nerve root compression [rom de-
generative changes of the faceis or by
direct irrilation of pain fibers from the
innervated synovial linings and joint
capsule {65). Osteophytosis and her-
niation of synovium through the lacel
joint capsule may result in synovial
cysis, although the etiology of these

Figure & Degenerative type I
I vertabral bady marrow changes.

a Sagitial midline {a) T1-weightad
- 4450712} and (bj fast SE T2
welghted (4000/120}) Images -
demonstrate markedly decreased
Signal intensity of adjacent mar-
3 row spaces at E4-b inhe presence
R of severe degenerative disk dis-
2358 {aIrows).

facel joint cysts is unclear (Fig 11).
There is a more straightforward rela-
tionship of synovial cysts with osteoar-
thritis and the instability of the facel
joints than degeneraiion of the inter-
vertebral disk alone. In a review of
patients with degenerative facet dis-
ense, synovial cysts occurred at ante-
rior or intraspinal location in 2.3% of
cases and posterior or extraspinal lo-
calion in 7.3% (66).

The important ligamenls of the
spine include the anterior longiludinal
ligament, the posterior longiludinal liga-
ment, the paired sets of ligamenta flava
{connecting the laminae of adjacent ver-
tebrae), intertransverse ligamenis {ex-
tending between transverse processes),
and the unpaired supraspinous ligament
(along the tips of the spinous pro-
cesses). As these ligaments. normally
provide stability, any alteration in the
vertebral articulations can lead to liga-
mentous taxity with subsequent’ deterjo-
ration. Loss ol elsstic: lissue, calcifica-
lion and ossification, and bone prolifér-
ation at sites of ligamentous attachment
10 bone arg recognized mam['es!auon of
such degeneration,

- Bxcegsive lordosis or extensive dlSk

' space Joss in the lumbar spine.leads to
close approximation and contact of spi- |
nous processes and to degeneration of

49
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intervening ligaments (67,88): Llisto-

logically, granwdomatous reaction and:

pertvascular cellular mfiltration charac-
terize ihe condition (Fig 12).

Morphologic aird Funectional Sequellas

Cornmon, potential complications of de- -

generative disk disease include align-

ment abnormalities, intervertebral disk

Figure 11

Figure 11:

Degenerative synowal nyst Transverse (a)T1~we|gmed SE {45041 5) (h) T!-welghted comrast-

displacement, and spinal stenosis. Vari-
ous types of alignment ashnormalilies

" can exist alone or in combination, but

the two most frequent are segmenml
mstabﬂlr.y and apundylohathes:s

-Instabllrty

"Segmentai instability can result fromn
_degen_eratwe changes l_nvo_ivmg the in-

terveriebral disk, vertebral hodies,
and facet joints that tmpair the usual
pattern of spinal movement, produc-
ing motion that is irregular, excessive,
or resiricled. It can be transtational or
angular.

Spondylofisthesis resulls when one
veriebral body becomes displaced rela-
tive Lo the next most inferior veriebral
body. The most common lypes inelude
degeneralive, isthmic, ieirogenic, and
traumatic. Degenerative spondylolis-
thesis is seen usually with an intact pars

" interarlicularis, is velated primarily {o

degenerative changes of the apophyseal
joints, and is most common al the L4-3

~ vertebral level (Fig 10). Predilection for

degenerative spondylolisthesis at that
level is thought to be related to the more
sagittal orientation of the facet joints,

~ which makes them increasingly prone

to anterior displacement. Degenerative

N disk disease may predispose to or exac-

erbate this condition secondary to nar-

'  rowing of the disk space, which can pro-

Figure 12

entanced SE (450/15), and {c) T2-weighted fast SE (4000/4 20} images through L4-5 disk space. Note sevare
bilateral degenerative facet changes and degeneraliva synovial cyst projecting medialiy from the feft facet, :
causing central canal slenosis {arruwhaad] Thera is dlstraclmn and llu:d witht n degenarated facet jolnks
(arrows). :

Figure 13

‘Figua 13: Degenerated £4-5
disk. Sagitlal midfine {a) T1-
weighted SE (450/15)and (b}
T2-walghted fast SE (4000/120)
images show mild reduction in
L4-5 disk space and Joss of signat
intensity on b, There Ismild con-
vex posterior bulging ofthe infer-
vertebral diskat this level (arcow).
Note normat signal intensity and
raarphology of L3-4 and L5-51
disks.

Figure 12:  Savere degenerated posterio
ligaments. Sagittal midline T2-weighted SE
{4000/120)} imaga shows mifd grade ] degener-
alive spondylolisthesis at L4-5. There is close
approximation of spincus processes of L4 and
L5 and high-signai-intensity degenerative
changes in the region of intraspinal ligaments
{arrows) {Baastrup disease).
o it
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duce subsequent malalignment of the
articular processes and lead to rostro-
caudal subluxation,

* Herniatien

Herniation refers to localized displace-
ment of nucleus, cartilage, lragmented
apophyseal bone, or fragmented annular
lissue heyond the inlervertebral disk
space. The disk space is defined rostrally
and caudally by the verlebral body end-
plates and peripherally by the outer edges
ol the vertehral ring apophyses, exclusive
of osteophytic formations, The term lo-
calized cantrasts with the term general-
ized, the latter heing arhitrarily defined as
greater than 50% (180°) of the periphery
of the disk (28) (Fig 13).

Displacement, therefore, can ocour
only in association with disruption of
the normal annulus or, as in the case ol
intravertebral herniation (Schmorl node)
(Fig 14), a break in. the vertebral hody
endplate. Since details of the integrity of
the annulus are often unknown, the di-
agnosis of herniation is usuvally made by
ohservation of displacement of disk ma-
terial -beyond the “edges of ‘the ring
apophyses that js Ilocalized, meaning

less than 50% (180° ) of lhe cnrcumf'er- -

ence of the digk..

Lucallzed dlsplacement in:the axlal
(honzontal} plane can be local, signily-
ing less than 25% ol the chsk circumfer-

ence, or broad based, meaning between

25% and 50% of the disk r_:ircumfei-—
ence. Presence of disk tissue circumfer-
entially. (50%-100%) beyond the edges

of the ring apephyses may. be calied

bulging and is nol consndered a form of
herniation,

A disk may have more than one her-
niation. The term herniated disk does
not imply any knowledge of etiology, re-

lation to symploms, prognosis, or need

{or treatment, When dala are sufficient
1o make the distinction, & herniated disk
may be more specifically characierized
as proiruded or exiruded. These dis-
tinctions are based on the shape of
the displaced material. Protrusion is
present if the greatest distance, in any
plane, between the edges of the disk
material beyond the disk space is less
than the distance between the edges of
the base in the same plane (Fig 15).

Figurs 14

Figure 14:  (a} Sagital T1-
welghted SE (450715} and
{b) sagittal midline T2-weighted
N fast SE{4000/120} images
B through lumbar spine. There is
intrabody herniation info anterior
BN superior aspect of L5 vertabral

® body and type (| degenerative
marrow changs surrounding this
herniaticn (arrow),

Extrusion is present when, in at least
one plane, any ane dislance helween
the edges of the disk material beyond
the disk space is greater than the dis-
tance hetween the edges of the base in
the same plane or when no conlinuily
exists between Lhe disk material heyond
the disk space and that within the disk
space {Fig 16). Extrusion may be fur-
ther specified as sequesiration il the dis-
Placed disk material has lost completely
any continuity with the parent disk, The
lerm migration may be used to signily
displacement of disk material away From

Figura 18:  Protruded hemiated
disk. Sagittal {left} and transverse
(right) T2-weighted fast & (4000/
120)images through lower lumbar
spineand L4-5 disk level. Note
convex posterior margin on left
3 image {airow). Patruided disk
herniation Is characterized by
broader base than the extension of
disk material beyond the dtsk
space (afrow]

the site -of extrusion, regardless of
whether itis sequestrat.ed or not (Fig 17),
~Herniated disks in the craniocaudal
{vertical) divection through a break in
the veriebral body endplate ore re-
ferred to s intravertebral herniniions
(Fig 14). Nonacute Schmorl-node intra-
body herniations are common spinal ab-

normalities regarded as incidental ob--

servations. They have been reported in
38%-75% of the population (69,70).
While intrabady hernjations may occur
secondary to endplale weakness related
to bone displasia, neoplasms, infec-

Radlplogy: Votume 245 Number T—0clohar 2007
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tions, or any process thal weakens the
endplate or the underlying bone, most
intrabody herniations probahly form af-
ter axial londing trauma, with prefer-
ential extrusion of nuclear material
through the vertebral endplate rather
than an intact and normal annulus fihro-
sis. It has been suggested thal asymp-
tomatic intrabody herniations may be
traceable to a specific occurrence of
acute nonradiating low back pain in
the patient’s history, which supports
the cancept that intrabody hernintions
{Schmorl nodes) occur through sites of
endplate fracture. Type | vertehval body
marroew changes have been described

Figure 16

a

surrounding the acute interhody hernia-
tions (71).

Stenosis

Spinal stenosis was defined in 1975 as
any type of narrowing of the spinal ca-
nal, nerve rool canals, or interveriebral
foramina (72}, Two broad groups have
heen defined: acquired {usually related
to degenerative changes) and congenilal
or developmental. Developmental ste-
nosis can bhe exacerbated by superim-
posed acquived degenerative changes.
In the acquired type, there has been no
association between the severity of pain
and the degree of stenosis., The most

‘Figure 16:  Extruded disk her-

“niation. () Right parasagittal and
(b} transverse T2-weightad fast SE
imagas (4000/120) through lum-
bar spineand L 5-S1 disk space.
Extrudad disk herniations are”

- gharacterized by a base that is

narrower than the distance of disk

« materlalexiension beyondthe disk

space farrow).

Figre 17

b2

Figure 17: * Bxruded disk and fiee
fragment. Sapittat T1-weighted SE
(450/17) befare (left) and after
{right) corfrast enhancement
through lower lumbar spine. Nols
large extruded L4-5 disk fragment
tiat has migrated superiorly be-
hind the body of L4 {arrow). After
administration of paramagnetic
contrast madia, there is peripheral
enhancement of this mass, which
represents granulation fissue
wilhin the epidural fibrasis sur-
rounding nonenhancing central
core of disk materiaf,

commaon sympioms are sensory distur-
bances in the legs, low back pain, neu-
rogenic claudication, weakness, and re-
lief of pain by beunding forward. The fm-
aging changes are in general more
extensive than expected from the clini-
cal findings (73). Patients with symp-
toms reflerable to spinal stenosis tend to
have narrower spines than asymptom-
atic patients. While there does appear
Lo be a correlation between cross-sec-
tional area and roidsagittal messure-
ments in palients with symptomatic spi-
nal stenosis, absolute values and cor-
relalion beiween measurements and
symptoms appear 1o be lacking. The de-
gree of stenosis is not stalie, and exten-
sion worsens the degree of central and
foraminal stenosis by 1%, while flexion
appears Lo improve it by an average of
11%. Segmenial instability, which can
cause siatic and dynamic stenosis, is
considered a cause of fow back pain but
is poorly defined (74). Some evidence
suggests thal disk degeneration, nar-
rowing of the spinal canal, and degener-
ative changes in the facets and spinal
ligaments contribute to stenosis and
that instability increases with age. Un-
foriunately, there do not appear to be
reliable prognostic imaging findings that
would correlaie with surgical success or
even whether patients would benefit
from surgery {75).

Technicat Considerations far MR Imaging
Traditional clinical imaging has empha-
sized orthogonal T1- and T2-weighted
tmaging for morphologic assessment of
the discovertebral complex, These se-
quences also provide an evaluation of
the signal inlensily changes associated
wilh depenerative disk disease. Fast SE
T2-weighted images have replaced con-
ventional T2-weighted images because
of their shorter acquisition times, but
they provide no increased diagnostic ad-
vantage, Short inversion lime inversion-
recovery or fat-suppressed T2-weighted
images have been added by many
groups, ours included, because it is be-
lieved they are more sensilive 1o mar-
row and soli-tissue changes.

While these slandard sequences re-
main the mainstay of diagnostic imaging
of the spine, new techniques continue to
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be evaluated in hopes of providing
stronger correlation belween imaging
findings and patient symptoms. The util-
ity of many of these techniques for the
routine evaluation of degenerative disk
disease remains unknown, snd the
number of subjects in which they have
heen evaluated remains small. Never-
theless, these approaches may be im-
portant for redefining the direction of
spinal imaging away [rom strictly ana-
tomic one Lo one that combines more
physiologic and functional information
{76). Techniques that have been evalu-
ated to greater or lesser degrees of
success inctude assessment of spinal
motion {dynamic imaging, kinetic as-
sessment, or axial loading), dilfusion
imaging (water or contrast agenis), MR,
neurography, spectroscopy, [fmclional
MR of the spinal cord, and wirashort
echo-lime imaging. OF the variety of tech-
niques available, only MR neurography
and dynamic imaging have expanded be-
yond the experimental phase and have
demonstrated specific clinical utility (al-
beit in niche or select populations).

Dynamic Imagittg

The utility of dynamic spine MR remains
unclear, in part due to the varied meth-
ods used, Methods to date include axial
loading in the supine position by means
of a harness that is attached to a non-
magnetic compression footplate with
nylon straps that can be tightened or
use of an upright open MR systemn that
allows flexion and exiension imaging
{77,78). Dynamic MR has been used to
evaluate the occurrence of occult her-
niations, which may not be visible or be
less visible when the patient is supine,
to measure motion between spinal seg-
ments, and to measure the canal or fo-
raminal diameter when subjected to ax-
fal loading (76,78-81). Hiwatlashi et al
(80} evaluated 200 patients with clinical
symptoms of spinal stenosis and [ound
20 patlients with detectable differences
in caliber of the dural sac on routine and
axial loaded studies. In five of these se-
lected patients, all three neurosurgeons
involved in the clinical evalualion
changed their treatment decisions from
canservative Lo decompressive surgery.
While a small subset of patients may

benefit from ihis type of evaluation, the
benefit appears small for the added ma-
chine time and patient discomfori.

Neuragraphy

A large and varied literature exists con-
cerning the use of MR neurography for
the evaluation of peripheral nerves, in-
cluding brachial and lumbar plexi. Thin-
section MR neurography uses a high-
resolution T1 imaging for anatomic de-
tail and fat-suppressed T2-weighted or
short inversion time inversion-recovery
imaging to show abnormal nerve hyper-
intensily. Several reviews exist on this
subject (82-84). The technique is capa-
ble of depicting a wide variety of paiho-
logic conditions involving the sciatic
nerve, such as compression, irauma,
hypertrophy, neuroma, and tumor infil-
tration {85,86). MR neurography dem-
onstrating piriformis syndrome (pirifor-
mis muscle asymmetry and scialic nerve
hyperintensity) has 93% specilicity and
B4% sensitivity {(87). .

Uttrashost Echo-time Insaging

Typical clinical MR imaging does nol al-
low evaluation of tissues with very short
relaxation times, since echo times are
on the order of 8-15 msec. Ultrashort
echo-time sequences have been prelim-
inarily evaluated for a number of tis-
sues, including the spine, These se-
quences have echo times as short as
0.08 msec. The images show normal
contrast enhancement, with high signal
intensity from longitudinal ligaments,
endplate, and Interspinous ligamenis
{88-90).

Diffusion

Several authors have evaluated the ap-
parent diffusion coellicient (ADGC) in
normaf and degenerated intervertebral
disks. Antoniou et al (91) evaluated the
ADC of cadaveric human disks related
to matrix composition and matrix integ-
tity by using a stimulated echo se-
quence. They lound the ADCr in healthy
subjects were significantly greater in'the
nucleus pulposus than in the annulus
fibrosis. The ADCs were noted to gener-
ally decrease with degeneration grade
and age in the nucleus, A similar corre-
lation of ABC measurements and annu-

lar degeneraiion was nol found, The
mosl notable correlations were ob-
served between the ADCs of nucleus
pulposus and the water and glycoamni-
noglycan contents, Kealey et al (92)
evaluated 39 patients with multishot SE
eche-planar technique. They found a
significant decrease in ADG of degener-
ated disks compered with thal of nor-
mal disks. Kurunlahti et al (93) evalu-
ated the ADC of disk and lumbar mag-
nelic resonance angiograms in 37
asymplomatic volunteers. The lumbar
arlery status correlated with the diffu-
sion values within the disks, suggesting
that impaired blood flow may play an
important role in disk degeneration,
Kerttula et al {94) compared disk ADC
values in normal controls with those in
patients with prior compression frac-
tures (at least 1 year previously) and
feund ADC values in x and y direclions
decreased in degenerated disks and in
disks -of normal signal intensity in the

T trauma area,

- Diffusion-lensor imaging has heen
evaluated for iinaging of the annulus §i-
brosus {95} and potentially for imaging
defects or disruptions within the annu-
lus (76). Differences in diffusion have
been demonstraied for the interverte-
bral disk in compressed versus uncom-
pressed states (96).

Intravencus contrast enhancement
may also be used to assess diffusion into
the interveriebral disk. Normal disks
slowly enhance alter contrast material
njection, which may be as much as 36%
in animal models. This enhancemenl is
maodified by the type ol contrast agent
(ionic vs nonionic) and molecular
weight (97,98}, lonic material diffises
less rapidly into the disk than does non-
ionic media. Degenerated disks with
decreased glycoaminoglycan have more
intense and.rapid enhancement (39).
Disk enhancement has been documented
in normal and degenerated human lum-
bar disks (100). c

Symploms

The etiology of symptoms in patients
with degenerative disk disease is di-
verse, and there is often ambiguity in
the diagnosis {101). The symptom com-
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plexes are more often characterized by
variahility and change rather than pre-
dictahility and stability (102).

The most common symptom is pain.
Anatomic areas of the spine can sevve
as siles ol pain generation through in-
trinsic innervation or acquired innerva-
tion as & product of soll-lissue repara-
tion, Mecharnisms, which often act in
combination, include (&) instability with
associaled disk degeneration, facet hy-
pertrophy, or arthopathy; (b} mechani-
cal compression of nerves by bone, liga-
ment, or disk material; and (¢} bio-
chemical mediators of inllarmmation
and/or pain.

1t is important to reemphasize that
disk degeneration per se is not painful,
and in fact has a very high prevalence in
the asymptomatic population. In addi-
tion, imaging findings of degenerative
disk disease do not help predicl a subse-
guent symptom development over time
(103).

Mechanical compression or defor-
mity of nerve rools as a cause of pain or
nerve dysfunction is the classic concept
related lo displacement and effacement
of neural tissue by disk herniation and
dates to the observation ol Mixter and
Barr {104). Similar mechanical com-
pression or traction mechanisms may
he involved with instability or stenosis.
A variety of morphologic changes occur
in the nerve root with compression, in-
chuding venous siasis, edema, and ulli-
mately iniraneural and perineural fibro-
ses, Compression-induced impairment
ofboth arterial and venous supply is one
mechanism for nerve root dysfunction.
Intraneyral edema can occur even at
fow compression pressure levels (103).
Mechanical compression itsell may also
he capable of producing changes in
nerve impulses, which could be inter-
preted by the central nervous system as
pain (106). However, the concept of
nevral compression by itself is inade-
quate to explain part or all of many
symptom complexes.

The perplexing clinical scenaria of
patients who complain of incapacitating
back pain, but may have no overt mor-
phologic abnormality, has given rise to
the concepl of the disk as a pain gener-
ator, This was classically described by

Crock (107) as “chronic internal disc
disruption syndrome” (108,109), Many
differenl names have been given to this
idea, which becomes more confusing
when combined with the various diag-
nostic Lests that are used in an aitempt
1o diagnose this protean syndrome. Ad-
ditional terms in the literature include
internal annular tear, internal disk dis-
ruption, black disk disease, and disco-
genic pain, In a normal human lumbar
disk, nerve endings can be found only in
the periphery of the annulus, and the
pain fibers are part of the sympathetic
chain via the sinuvertebral nerve {110~
112). This innervates the outer layer of
the annufus fibrosis., Hlowever, in very
degenerated disks, nerves may even
penetrate into lie nucleus pulposus
(113). Potentislly, stimulation of these
fibers can occur not only from direct
disruption and mechanical pressure on
the annulus but also from various break-
down products of the nucleus pulposus
or secondarily upregulated inflamma-
tory mediators. Discography has been
cited as the reference standard for the
diagnosis of discogenic pain, but what it
means in terms of patient care has
never been prospectively tested.

The coneepl of disk tissue producing
an inflammatory response is noi new,
but has becorne more sophisticated and
targeted with the application of mono-
clonal antibedy techuology, and other
assay techniques (114) demonstrated
chemical radiculitis, which was thought
related to nuclear material and its glyco-
proteins, as being highly irritant o
nerve lissue, McCarron et al (113), us-
ing a dog model, demonsirated in 1987
that autogenous placemeni of nucleus
pulposus into the epidural space caused
acute and chronic inflammatory reac-
tion, with influx of histocytes and fbro-
blasts. Kayama et al (118) and Ol-
marker et al {117) demonsirated that
nucleus pulpesus applied to spinal
nerves induces a wide variety of func-
tional, vascular, and morphologic ab-
normalities, often followed by intrara-
dicular fibrosis and neural atrophy.
Nucleus pulposus can cause an inflam-
matory reaction with leukotaxis and
increased vascular permeability (118).
Direcl placement ol nuclear material is

not necessary in animal models to in-
duce an inllammatory response, but
simply an incision of the annulus fibro-
stis can produce morphologic and fune-
tional changes in the adjacentl nerves,
such as increased capillaries and re-
duced nerve conduction velocities
(116), with the presumed mechanism of
disk material leakage inlo the epidural
space. Monoclonal antibody staining of
disk material has shown that the cells
demonsirate an immunophenotype of
inflammatory response, that is, macro-
phages (119). As a manifesiation of this
inflammalory response, higher systemic
plasma fevels of C-reactive protein have
been found in patients with scialica ver-
sus healthy controls {120).

Multiple studies have demonstrated
vascularized granulation tissue surround-
ing the cartilage component of disk her-
niations (121,122), which correspond
to the common enhanced MR findings
ol peripheral enhancement surrounding
nenenhancing lumbar disk extrusions
in unoperated patients. Blood vessels
have been demonstrated inup to 91% of
herniations, being most prevalent with
disk' sequestrations (123). Gronblad et
al {124}, using monoclonal antibodies,
evaluated the types of inflammatory
cells found with disk herniations and
found them to be dominated by macro-
phages, There was also evidence of
IL-1 expression, an important proin-
flammatory cytokine.

Disk cells are also capeble of ex-
pressing cther proinltammatory sub-
stances, such ag TNF-a, which can pro-
duce radicular morphologic abnormali-
ties similar to those seen with nucleus
pulposus application (125). TNF-a is
overexpressed in degenerated disks and
is a proinfllammatory cytokine affecling
matrix metalloproteinases {(MMP} ex-
pression and increasing prostaglandin
E2. Weiler el al (126) demonstraied
TNF-a in cross-sections of human disks
and found synthesis of TNF-a in annular
and disk regions, increased TNF-a with
symptomatic disk disease, and TNF-c
expression associaled with increasing
disk degeneration. Olmarker and Ryde-
vik (127} showed that irhibition of
TNF-a prevented thrombus formation
and intraneural edema and reduced
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nerve conduction velocily. This set the
stage for an open label trial of anti-TNF
therapy in patients with sciatica {128-
130). Infliximah (Remicade; Centocor,
Malvern, Pa), a chimeric mouoclonal
human and mouse antibody, inhibits
TNF-a~induced infiltration ol leuko-
cytes to the site of injury. A single infu-
sion of infliximab produced & rapid hen-
eficial ellect on pain, which persisted
over 1 year, at the 3 mg/kg dose level.
Sustained improvement was also dem-
onstrated with the subculaneous injec-
tion of another anti-TNF agent, etaner-
cept (Enbrel; lmmunex-Amgen, Thou-
sand Qaks, Calif) {128). While intriguing,
the off-label use of these TNF inhibitors
is not recommended, since litile data
are currently available and only a very
small number of patients have been
treated. This trial does point out the
direction of research for treatment of
disk disease, with specific targeting of
inflamrnatory pathways.

A wide variety of inflammatory
agents are capable of expression from
both migratory macrophages into the
site of herniation and directly [rom
stimulated chondrocytes (131). Burke
el al {132) found increased levels of
IL-6, IL-8, prostaglandin E2, and mono-
cyte chemoattractant prolein-1 in disk
extracts of patients undergoing fusion
for discogenic pain. Monocyte chemoal-
tracltani protein-1 is a CC chemokine
that contributes to the activation and
recruitment of macrophages and is ex-
pressed by chrendrocyles that are stim-
ulated by other cytokines and some
MMPs. Disk Lissue is biologically active
and can respond to a proinfllammatory
stimulus by secretling IL-6, -8, and
prostaglandin E2, but net TNF-o. In a
rabhit disk herniation model, however,
Yoshida et al (133) demonsirated infil-
trating macrophages at day 3 postoper-
atively, with intervertebral disk cells
producing TNF-a and IL-1f on day 1
and monocyte chemoatiraclant pro-
tein-1 on day 3. In a mouse-derived co-
culture system of disk material and
macrophages, Kato el al (134) also
demonstrated upregulation of TNF-a
messenger RNA and protein expression
as the first point of the infammatory
cascade. The TNF-a~dependent glyco-

protein, TNF-a-stimulaled gene-6
(TSG-6), which is found in inflamma-
tory diseases of related connective tis-
sues, has been demonsirated in 98% of
disk herniations in one series (135).
Another component of the infllam-
matory response involves the matrix-
degrading enzymes called MMPs, There
are approximately 25 MMPs in five
classes based on the specificity of their
subsirate. These enzymes degrade the
extracellular matrix at physiolegic phl

levels, They are released by resident’
cells such as fibroblasts, macrophages

in herntated disks, and chondrocyles
from protrusions and nonherniated disk
(138). MMPs can play a direci role in
disk degeneration by causing matrix
proteclysis and disk resorption and
have an indirect role in angiogenesis,
MMPs involved in disk degeneration in-
clude MMP-1 {collagenase); MMP-3
(stromelysin-1}; MMP-9 (gelatinase B);
and MMPs-2, -7, -8, and -13 (137). Cells
within granulalion tissue in disk her-
niationys express MMP-1 and MMP-3
(138,139). MMP-3, but nof MMP-7
(matrilysin), appears necessary for disk
resorption, allthough the mechanism
may be indirect and correlates with
macrophage infiliration (140). The an-
giogenic properties are more indirect,
with endothelisl cell migration occur-
ring only after a proteolytic reaction
produced by MMP-3 (141). Cytokines
leading to MMP production within ihe
disk herniation may then result in angio-
genesis and disk resorplion. Given the
wide variety of MMPs present, it is
likely that there is a cascade of interact-
ing proteases for different components
of the disk matrix involved in disk re-
sorplion and degeneration.

Many other molecules have also
shown 1o he present in degenerated or
herniated disks that may play additicnal
roles in the inflammatory cascade, such
as intercellular adhesion molecule-1, §i-
broblast growth factor, and vascular en-
dothelial growth factor (142,143).
These twe latter agents coniribule io
neoangiogenesis. Vascular endothelial
growth factor appears Lo require TNF-o
lor induction. Additionally, it is a potent
inducer of plasmin and results in activa-
tion of a variety of MMDPs. Inleraction

between the vascular endothelial growth
tactor and MMPs could promaote disk ma-
(rix degeneratior, as well as neovascular-
ization of herniations.

Nerve fibers have been identified
in the outer third of the annulus in the
normal state, but may extend into the
inner anmulus and nucleus pulposus,
accompanied by bload vessels, in
chronic back pain patients {113).
These nerves also stain for substance
P, a putative nociceplive neurotrans-
mitter, along with calcilonin gene-re-
lated peptide and vasoactive intestinal
peptide. These small nonmyelinated
nerve fibers grow inlo the disk in areas
with local production of nerve growih
factor, which is produced by the neoan-
giogenesis of the disk matervial (113).
Coupled with nerve ingrowth and angio-
genesis is the production of inflamma-
tion by liberation of the potent inflam-
matory agent phosphalipase A2, which
catalyzes the hydrolysis of phosphoglye-
eride, an important merbrane constit-
uwent (144,145}, This production of
phospholipase A2 is induced by, among
other signals, the presence of 1L-1 and
TNE-~a, with the subsequent upregulation
of the arachadonic acid cascade, which
produces prostaglandin E2 and leukotri-
enes (146,147}, Prostaglandin E2 pro-
duction has the critical rate-limiting en-
zyme cyclooxygenase-2, which appears
to be primarily upregulaled during in-
flammation (148). The other hranch of
the arachadonic acid cascade is the pro-
duction of leukotrienes hy means of the
enzyme lipoxygenase. A bell-shaped pain
behavior dose response curve has been
demansirated for intraneural injection of
TNF-a and IL-183 in & rat model, peaking
at doses equivalent to those of endoge-
nous cylokines released locally after
nerve injury, An increase in perineural
macrophages was alse ohserved, particu-
larty for IL-13 (149).

Sensory and motor deficits would
appear 10 be the result of hoth a combi-
nation of mechanical deformation and
the presence of inflammation. A variety
of mechanisms and mediators are in-
volved in the infllammatory side of the
equalion, and a briel general overview
is allempted in Figure 18. Clearly, the
eliology of pain in degenerative disease
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is much more complex than a simple
mechanical explanation, and work on
these other factors will hopefully bring
us a greater understanding of the rela-
tionship between morphologic aller-
ation and clinical symptoms.

Importance of Imaging Findings

The role of an fmaging test is to provide
accurate morphologic information and
influence therapeutic decision making
{150). A neceéssary component, which
connects these two purposes, is accu-
rale natural history data.

Modern imaging has made impor-
tant strides in supporting the first goal,
accurate morphologic information, Not
only are morphologic changes depicted
in ever-increasing anatomic detail, but

additional information from the imaging -

study has been made available thai is
helping us io undevstand cellular and
biochemical alterations. The ebility to
better characterize these alterations
should provide a means of more accu-

Figure 18 R

Herniatien / Degeneratlon

Mechanical insult
Genetic predisposition

Chordrocyte
InHammatory response

TNF L1 ‘ Prolnflammatory

stimulus
Macrophage recrultment
MCP-1 GM-CBF L1, IL8IL6
VEGF § FGF + MvPS
Neovascularlzation Matrix degeneration
Nerve growth faclor
Nerve Ingrowth
CGRP VIP Substance P
PGE2 PLAZ NO Leukotrienies
Pain
Figure 18:  Flowchar! of hypothetical inffam-
matory cascade for degenerativa disk disease.
CGAP = calcitonin gene-related peplide, AGF ==
fibroblas! growttt faclor, GM-GSF = granuiocyte-
macrophage colony-stimulating factor, MCP=
monotyle ehemoattractant protein-1, NO=nitrlc
oxide, PGEZ = prostaglandin B2, PLAZ = phos-
pholipase A2, VEGF = vascular endothelial
growtfz factor, ViP = vasoactive intestinal peplide.

M

raiely strelifying patient changes thal
may allow a more accurate understand-
ing of eliology,

Any study looking at the natural his-
tory of degeneralive disk disease, prog-
nostic value of imaging, or its effect on
therapeutic decision making will be con-
founded by the high prevalence of mor-
phologic change in the asymplomatic
population (151-153}. A 20%-28% of
asymptomatic palients demenstrate
disk herniations, and the majority have
evidence of additional degenerative disk
disease (151-153). These findings are
not only nonpredictive at the moment,
bul prospectively as well. In a 7-year
follow-up of the Borenstein et al (103)
original patient group, the original MR
findings were not predictive of the de-
velopment or duration of low back pain.

As to natural history, some informa-
tion is aveilable. Degenerative disk
space narrowing, facet disease, and ste-
nosis tend to slowly progress over time,
Eventual stabilization of the three-juint
discoveriebral complex is thought to he
parl ol the natural history of degenera-
live disease, and it is assumed (o be
accompanied by a decrease in pain.
These impressions, however, are anec-
dotal and have not been tested by a
lormal natural history study. Some find-
ings, such as disk herniation and degen-
erative marrow changes, are known Lo

change. Multiple studies in which com- .

puted tomography or MR imaging has
been used have shown that the size
of disk herniations, especially larger
ones, can reduce dramatically in pa-
tients undergoing conservative ireai-
ment {134,155).

In a study of symptomatic patients,
the prevalence of disk herniation in pa-
tients with low hack pain and those with
radiculopathy at presentation was simi-
lar (156). There was a higher preva-
lence of herniation, 57% in patients
with low back pain and 639% in patients
with radiculopathy, than the 20%-28%
prevalence reparted in asymptomatic
series {152,153). Disks charucterized as
extruded showed more marked regres-
sion in patients with both low back pain
and radiculopathy. In general, one-third
of patients with disk herniation at pre-
sentation had sigmificant resolution or

disappearance by 6 weeks and two-
thirds by 8 months (155,156). The type,
size, and localion of herniation at pre-
senlation and changes in herniation size
and type over lime did not correlate
with outcome. In fact, the presence of a
herniation al a MR was & posilive prog-
nostic finding {156).

Interestingly, not only do disk her-
niations have a tendency to regress, but
also new or larger ones may appear al-
ter the onset ol symptoems, In this study,
13% of patients in this symplomatic se-
ries developed new or targer disk her-
niations over a 6-week period. In look-
ing at patients with low back pain or
radiculopathy, MR did not have addilive
value over clinfeal assessment. No prog-
noslic stgn ihat might alter treatment
versus clinical assessment alone was
ideniified. The size and type of disk her-
nialion and location and presence of
nerve root compression, significant in
terms of morphologic alteration, were
not relaled o patient oulcome. like-
wise, the presence or absence of steno-
sis, [rcet disease, or degeneralive mar-
row changes did not corvelate with pa-
tient ouicome (156).

This lack of prognostic value also
appears to apply to the conservative
managemeni of spinal stenosis. There
do not appear to be reliable prognos-
tic imaging findings that would correlate
with surgies} success or even whether
patienis would benefit from surgery and
spinal stenosis (75,157). A study of the
gualitative morphologie features of the
spinal canal dimensions and herniated
disks has not proved helpful in predict-
ing outcomes in patients with back pain
and sciatica. Demographic and clinical
features appear to predict outcome of
nonsurgical treaiment, whereas mor-
phometric features of disk herniation
and spinal canal are more powerful pre-
dictors of surgical outcome (158).

Degenerative marrow changes may
also change over time. In all thiee Lypes,
there is always evidence of associated
degenerative disk disease at the level of
involvement. Type | changes may revert
Lo normal or gonvert o Lype Il changes,
with {ime suggesting some stabilization
of the degenerative process. Type I
changes tend to be more stable but may
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converi {0 type | or a mixed combina-
tion of types | and Il. When changes do
occur in type Il marrow, they are usually
associaled with evidence of additional
or accelerated degeneration or a super-
imposed process such as infection or
trauma.

The clinical importance of marrow
changes associated with degenerative
disk disease remains unclear. Type |
changes seem to be associated with a
higher prevalence of active low back
pain symptoms. The exact eliologic
mechanism or mechanisms, while un-
known, have been (hought relaled to
some lype of unusual siresses, micro-
or macroinstabilility or microirauma.
Seme studies of discography in patients

life and is a consequence of a variety of
genetice, physiologic, and environmenial
factors, as well as normal aging. Given
the ubiquitous nature of the process and
its high prevalence in both symptomatic
and asymptomatic individuals, the jump
from identifying an anelomic derange-
ment to proposing a symptom complex
must be made wilh caution {2). There is
an opportunity for imaging to further
our understanding of the process.
What separates individuals with
dramatic morphologic findings whe
have no symptoms [rom individuals wilh
identical alterations who do? Under-
standing the relationship of etiologic
factors, the morphologic alierations,
which can be characterized at imaging,
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Magnetic resonance imaging of the lumbar spine in ... [N Engl J Med. ...
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Magnetic resonance imaging of the lumbar spine in people
without back pain.

Jensen MC, Brant-Zawadzki MN, Obuchowski N, Modic MT, Malkasian D, Ross JS.

Hoag Memeorial Hospital, Newport Beach, Calif. 92663.
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N Engl J Med, 1994 Jul 14;331({2).115-6.

N Engl J Med, 1994 Dec 1;331(22):1526.

N Engl J Med, 1994 Dec 1;331(22):1525-6.
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BACKGROUND. The relation between abnormalities in the fumbar spine and low back pain is controversial. We examined
the prevalence of abnormal findings on magnetic resonance imaging (MR} scans of the lumbar spine In people without
back pain. METHODS. We performed MRI examinations on 98 asymptomatic people. The scans were read independently
by two neuroradiclogists who did not know the clinical status of the subjects. To reduce the possibiity of bias in
interpreting the studies, abnormal MR! scans from 27 people with back pain were mixed randomly with the scans from the
asymptomatic people. We used the following standardized terms to classify the five intervertebral disks in the lumbosacral
spine: normal, bulge {circumferential symmetric extension of the disk beyond the inferspace), protrusion (focal or
asymimetric extension of the disk beyond the interspace), and extrusion {more extreme extension of the disk beyond the
interspace}. Nonintervertebral disk abnormalities, such as facet arthropathy, were also documented. RESULTS. Thirty-six
percent of the 98 asymptomatic subjects had normai disks at all levels. With the results of the two readings averaged, 52
percent of the subjects had a bulge at at least one level, 27 percent had a protrusion, and 1 percent had an extrusion.
Thirty-eight percent had an abnormality of more than one intervertebral disk. The prevaience of bulges, but not of
protrusions, increased with age. The most common nonintervertebral disk abnormalities were Schmorl's nodes (herniation
of the disk into the vertebral-body end plate), found in 19 percent of the subjects; annular defects {disruption of the outer
fibrous ring of the disk), in 14 percent; and facet arthropathy (degenerative disease of the posterior articular processes of
the vertebrag), in 8 percent. The findings were similar in men and women. CONCLUSIONS, On MRI examination of the
lubar spine, many people without back pain have disk bulges or protrusions but not extrusions. Given the high prevalence
of these findings ard of back pain, the discovery by MRI of bulges or pratrusions in people with low back pain may
frecquently be coincidental.
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Magnetic resonance imaging of the thoracic spine. Evaluation of
asymptomatic individuals.

Wood KB, Garvey TA, Gundry C, Heithoff KB.
Department of Orthopaedic Surgery, Universtty of Minnesota, Minneapolis 55407, USA.

We reviewed rmagnetic resonance imaging studies of tha thoracic spines of ninety asymptomatic individuals to détermine
the prevalence of abnormal anatomical findings. This group included sixty individuals who had no history of any thoracic or
{umbar pain and thirty individuals who had a history of low-back pain only. 1n addition, we reviewed imaging studies of
eighteen patients who had an operatively proved herniation of a thoracic disc and sfudies of thirty-one patients who had
been seen with thoracic pain. Sagittal T-weighted spin-echo and axial multiplanar gradient refocused images .at each disc
level were interpreted by us (two neuroradiologists and twe orthopaedic spine surgeons); we had no clinicat information
about the patients. Sixty-six (73 percent) of the ninety asymptomatic individuals had positive anatomical findings at one
leve| or more. These findings included hemiation of a disc in thirty-three subjects (37 percent), bulging of a disc in
forty-eight (53 percent), an annular tear in fifty-two (58 percent), deformation of the spinal cord in twenty-six (29 percent),
and Schevermann end-plate irregutarities or kyphosis in thirty-four {38 percent). This study documents the high prevalence
of anatomical irregularities, including herniation of a disc and deformation of the spinal cord, on the magnetic resonance
images of the thoracic spine in asymptomatic individuals. Wa emphasize that these findings represent roentgenegraphic
abnormalities only, and any clinical decisions concerning the treatment of pain in the thoracic spine usually require
additional studies.
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The relationship between the magnetic resonance imaging
appearance of the lumbar spine and low back pain, age and
occupation in males.

Savage RA, Whitehouse GH, Roberis N.
Magnetic Resonance and Image Analysis Research Centre, University of Liverpoo, UK.

The purpose of this study was to undertake a critical review of the potential role of magnetic resonance imaging (MRI) in
the evaluation of low back pain {LBP} and to determine i there were differences in the MRI appearances betwesn various
occupational groups. The study group, 149 working men {78 aged 20-30 years and 71 aged 31-58 years) from five
different occupations (car production workers, ambulance men, office staff, hospital porters and brewery draymen),
underwent MRI of the lumbar spine. Thirty-four percent of the subjects had never experienced LBP. Twelve months later,
the examination was repeated on 89 men. Age-related differences were seen In the MRI appearances of the lumbar spine,
Disc degeneration was most common at 15/S1 and was significantly more prevalent (P < 0.01) in the older age group
(52%) than in the younger age group (27%). Although LBP was more prevalent in the older subjects there was no
relationship between LBP and disc degeneration. No differences in the MR appearance of the iumbar spine were
observed between the five accupational groups, Overall, 45% had 'abnormal’ lumbar spines (evidence of disc
degeneration, disc bulging or protrusion, facet hypertrophy, or nerve reot compression). There was not a clear relationship
between the MRI appearance of the lumbar spine and LBP. Thirty-two percent of asymptomatic subjects had *abnormal
lumbar spines and 47% of alf the subjects who had experienced LBP had 'normal' lumbar spines. During the 12-month
follow-up period, 13 subjects experienced LBP for the first time. However, there was no change in the MRI appearances
of their lumbar spines that could account for the onset of LBP. Although MRI ks an excellent technigue for evaluating the
lumbar spine, this study shows that it does not provide a suitable pre-employment screening technique capable of
identifying those at risk of LBP,
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The value of magnetic resonance imagihg of the lumbar spine to
predict low-back pain in asymptomatic subjects : a seven-year
follow-up study.

Borenstein DG, O'Mara JW Jr, Boden 8D, Lauerman WC, Jacobson A, Platenberg C, Scheliinger D, Wiesel SW.
Division of Rheumatology, George Washington University Medical Center, Washington, DC 20037, USA.

BACKGROUND: In 1888, a group of sixty-seven asymptomatic individuals with no history of back pain undervent magnetic
resonance imaging of the lumbar spine. Twenty-one subjects (31%) had an identifiable abnormality of a disc or of the
spinal canal. In the current study, we investigated whether the findings on tha scans of the lumbar spine that had been
made in 1888 predicted the development of low-back pain in these asymptomatic subjects. METHODS: A questionnaire
ooncerning the devslopment and duration of iow-back pain over a seven-year pericd was sent to the sidy-seven
asymptomatic individuals from the 1989 study. A total of fifty subjects completed and returned the questionnaire. A repeat
magnetic resonance scan was made for thirty-one of these subjects. Twe neuroradiclogists and one orthopaedic spine
surgeon interpreted the original and repeat scans in a blinded fashion, independent of clinical information. At each disc
level, any radiographic abnormality, including bulging or degeneration of the disc, was idertified. Radiographic progressicn
was defined as increasing severity of an abrormality at a specific disc level or the involvement of additional levels.
RESULTS: Cf the fifty subjects who returned the questionnaire, twanty-nine (58%) had no back pain. Low-back pain-
developed in twenty-one subjects during the seven-year study period. The 1989 scans of these subjects demonstrated
normal findings in twelve, a herniated disc in five, stenosis in three, and moderate disc degeneration in one. Eight
individuals had radiating leg pain; four of them had had normal findings on the original scans, two had had spinal stenosis,
one had had a disc protrusion, and one had had a disc extrusion. In general, repeat magnetic rescnance imaging scans
revealed a greater frequency of disc herniation, bulging, degeneration, and spinal stenosis than did the original scans.
CONCLUSIONS: The findings on magnetic resonance scans were not predictive of the development or duration of
low-back pain. Individuals with the longest duration of low-back pain did not have the greatest degree of anatomical
abnormality on the original, 1989 scans. Clinical correlation is essential to determine the importance of abnormalities on
magnetic resonance images.
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