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Although advanced quantitative imaging may not be currently used to any degree in

the routine reporting of spinal examinations, this situation will change in the not too
distant future. Advanced quantitative imaging has already allowed us to understand a
great deal more regarding spinal development, marrow physiology, and disease
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The spine is the part of the musculoskeletal system most
conducive to, and most likely to benefit from, quantitative
imaging. Computed tomography (CT) and, more particularly,
magnetic resonance imaging (MRI) allow bone and soft
tissues to be evaluated free from the superimposition, mag-
nification, and obliquity errors of radiography. This, and new
imaging interrogation techniques, has enabled a profusion of
new spine imaging data to be realized. This review looks
broadly at the current issues, reported data, and potential
benefits of advanced quantitative spine imaging, specifically
addressing those areas considered to be of highest clinical
relevance.

Uses of Quantitative Spine Imaging

Quantitative imaging data can potentially be used in a variety
of ways.! On an individual patient basis, quantitative spine
imaging data can be used in these arenas:

 Diagnosis by having a normal or reference population
reference interval and comparing suspicious imaging
features with these reference intervals, for example to
diagnose developmental canal stenosis or cord atrophy.

* Stratifying disease severity according to predefined refer-
ence ranges as in stratifying bone loss by quantitative
computed tomography (QCT) or stratifying sarcopenia or
the degree of disk degeneration. Providing the patient
with easily appreciable objective data as to, for example,
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pathogenesis. Radiologists are ideally suited to drive this research forward. To speed
up this process and optimize the impact of studies reporting spine quantitative data,
we should work toward universal standards on the acquisition of spine data that will
allow quantitative studies to be more easily compared, contrasted, and amalgamated.

their degree of disk degeneration or muscle mass relative
to a matched population cohort.

* Monitoring disease progress or response to therapy as in,
for example, new treatments for spinal cord injury.

* Predicting disease progress in the absence of intervention
as in, for example, the likelihood of progressive canal
stenosis following input of multiple quantitative data
into a predictive model.

* Predicting outcome following intervention as in patients
who have spinal cord decompression.

* Predicting risk in, for example, the risk of developing
spinal cord injury if engaging in high-energy contact
sports.

On a larger scale, quantifiable image data can be used in
these situations:

* Define reliable normal and population reference intervals
for relevant covariables such as sex, height, and age.

 Use investigative studies and big data research to define
disease patterns, compare different populations, and pro-
vide valuable data on disease pathogenesis including early
detection. This seems to be the main benefit of quantita-
tive spine imaging.

When defining reference intervals for parameters such as
developmental spinal canal stenosis, we should appreciate
the difference between a normal sample and a population
reference interval.? For a disease with progressive deteriora-
tion such as disk degeneration or bone density, reference
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limits are usually obtained in normal young skeletally ma-
ture individuals, usually aged 20 to 30 years. “Abnormality” is
then rather arbitrarily defined as a deviation > 1 standard
deviation (SD) or > 2 SDs from this young Gaussian-distrib-
uted population mean as, for example, for the bone mineral
density (BMD) T-score. Alternatively, higher than the 90th
percentile or > 97% cutoffs can be used.> The symptomatic
and asymptomatic matched populations can be compared to
help validate these cutoff values.

For diseases in which there is no known deterioration over
time, such as developmental spinal canal size or facet joint
orientation, a large cross section of the population of any age
can be referenced before determining optimal arbitrary
cutoff values. To include only asymptomatic subjects in
this population, reference interval seems incorrect because
this would, for example, if determining developmental spinal
canal size, tend to favor patients with a developmentally
normal or capacious spinal canal while conversely including
only symptomatic patients would favor patients with a
developmental spinal canal stenosis.

Main Issues Limiting the More Widespread
Use of Quantitative Spine Imaging

Currently, three overriding issues limit the more widespread
use of quantitative spine image data: data reliability, time
utilization, and clinical relevance.

Data Reliability
The objective data provided should be precise, reproducible,
and clinically relevant.! One of the frustrating features cur-
rently of quantitative spine imaging is the variability of data
reported by different, seemingly rigorously conducted studies.
For example, comparing studies reporting cervical cord cross-
sectional area (CSA), two studies on asymptomatic European
and Japanese subjects, respectively, reported values of ~ 72 to
79 mm? for cervical cord CSA.*° Another study on asymptom-
atic Canadians reported values of ~ 93 to 97 mm?.®

Because objective analysis of imaging-based research data-
bases is normally undertaken by supervised research assis-
tants, close supervision on how (e.g., slice selection, digital
zooming, contrast adjustment) and where to obtain measures
is critical. This is particularly pertinent for boundary demarca-
tion in CSA measurements as, for example, whether spinal cord
measurements are made at the outermost margin of the spinal
cord or just outside the cord. Givenmir?, if the radius changes by
r + x, then CSA will change by (r + x).2 Because the structures
involved are often small, important before data point place-
ment would seem helpful. Even after thorough training,
though, readers still tend to produce different readings be-
cause there is a tendency to draw lines between gray levels of
anatomical structures differently.* Also, small but statistically
significant differences can exist between different MR imaging
systems due to factors such as corrections of geographic
distortion or systematic different placement of the patient.*

Given the level of high-resolution imaging data now achiev-
able on all standard body CT and MR systems, the main reason
for interstudy variability seems to be differences in measure-
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ment techniques such as using sagittal versus axial planes for
anteroposterior (AP) diameters, true axial versus oblique axial
planes, and variable placement of measurement points. Scien-
tific publications showing precisely where measurements
points were placed are very helpful, although articles often
do not include such images.” Ideally, like guidelines available
on who should acquire dual-energy X-ray absorptiometry
(DXA) or QCT measurements, internationally accepted stan-
dardized protocols should be devised for the acquisition and
measurement of advanced spine imaging quantitative data.?
These guidelines could then be adopted into protocols of
studies involving acquisition of quantitative spine imaging
data. Until this is done, considerable interstudy variability is
likely to persist.

Time Utilization

For quantitative imaging data to be integrated into clinical
practice, such data need to be obtained in an automated
fashion because manual measurements are too time consum-
ing for everyday use. Objective analytical data will someday be
produced automatically by computer analysis of spine imaging
raw data and be available for review when constructing the
standard radiologic report. There is little doubt this will be
available in the future with a digital readout of quantifiable
datareferenced to population or normal intervals like serology
laboratory reports. That said, in our experience, current auto-
mated image segmentation/quantification techniques in the
spine are not up to speed, requiring considerable adjustment
following initial automatic segmentation.

Clinical Relevance
Currently, little objective data are used in the day-to-day
radiologic reporting of spine examinations because it is time
consuming to obtain and of limited clinical relevance in the
individual patient setting. Most of the measured variables can
be readily reported in daily practice using semiquantitative
descriptors such as minimal, mild, moderate, or severe or mild
to moderate, for example. There is no doubt, however, that
image quantification of the spine will become more wide-
spread, more reliable, and more automated in the not too
distant future. Radiologic reports will continue to be com-
posed mainly of descriptive terminology as they are now with
quantitative data providing additional backup information.
The remainder of this review looks at 13 specific aspects
of quantitative spine imaging focusing mainly on age-related
physiologic changes rather than disease-related changes.

Developmental Cervical Spinal Canal Size

To date, no disadvantage has been found in having a large
spinal canal. All problems arise when the canal is too small to
accommodate the spinal contents (=Fig. 1). There are two
components to spinal canal stenosis. The first is how large the
spinal canal is when it is fully developed (i.e., developmental
spinal canal size).? Developmental canal narrowing is mea-
sured at the pedicle level removed from acquired degenerative
narrowing that occurs at the diskovertebral level. The second is
the degree of acquired spinal canal stenosis that occurs due to
superimposed narrowing from, for example, disk herniation,
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Fig. 1 (a) T2-weighted sagittal and (b) axial images of patient with developmentally normal caliber cervical spine compared with (c) T2-
weighted sagittal and (d) axial images of a patient with a developmentally small caliber cervical spinal canal. The patient with a developmentally
small caliber cervical spinal canal has developed cord compression with only moderate disk bulging at C4-C5, C5-C6, and C6-C7.

osteophytosis, facet joint and capsular hypertrophy, ligamen-
tum flavum hypertrophy, and spondylolisthesis.

Cervical myelopathy is usually due to acquired degenera-
tive change superimposed on a developmentally small spinal
canal.'® Patients with developmental canal stenosis tend to
present 5.5 years earlier with degenerative cervical myelop-
athy and with worse baseline neurologic function.!’ Regard-
ing treatment, surgeons may be more inclined to undertake
posterior decompression in patients with significant devel-
opmental spinal canal narrowing because it alleviates cord
compression by canal expansion rather than by removal of
the anterior compressive elements.

A developmentally small cervical spinal canal also predis-
poses to traumatic cord injury because it associated with
smaller neural foramina, degenerative foraminal stenosis,
and radiculopathy. A developmentally narrow canal may affect
cervical kinematics and mechanical loading, potentially accel-
erating degenerative disease.'?

Given the frequency of degenerative cervical myelopathy,
canal measurements from C3 to C7 are the most useful.
Reference intervals should be related to sex and height because
these are the two variables that most influence cervical spinal
canal size.*!® Radiographic measures (i.e., the Pavlov-Torg
ratio) do not correlate well with MR and CT, so radiography
should not be relied on to determine cervical spinal canal
stenosis.'#~1® Spinal canal CSA can only be measured on axial
images, but AP diameter can be measured on both sagittal and
axial images. Sagittal and axial images yield comparable
measures for spinal canal AP diameter with axial measure-
ments possibly being very marginally (~ 1.5%) larger.*

From an MRI-based study of 140 white asymptomatic
volunteers (mean age: 38 years; range: 18-78 years), we can
appreciate the considerable variability that exists for develop-
mental cervical spinal canal size.* For example, the AP diameter
of the spinal canal, measured on axial images at the mid-
vertebral body level, for a 1.7-m tall woman was 12.5 mm
(range: 9.5-16.5 mm)at C3 and 12.2 mm (range: 9.3-16.1 mm)
at C6.* This represents a ~ 70% spread for AP diameter across
the cohort.

An even greater variability in developmental canal size
was seen for spinal CSA than AP diameter.* For 1.7-m tall
women, spinal canal CSA was 189 mm? (125-287mm?) at C3
and 177 mm? (117-268 mm?) at C6. This represents ~ 120%
for CSA across the cohort. In other words, developmental CSA
varies more than AP diameter. Height has a much greater
influence on canal AP diameter and CSA (both < 0.001) than
age (0.042 and 0.031, respectively).*

The normal values reported by Ulbrich et al would have
been considered abnormal based on other study criteria. For
example, in a study of 1,211 asymptomatic subjects, the
mean AP diameter of the spinal canal at the C5 mid-vertebral
level was 15.8 & 1.5 for all subjects, 16.2 + 1.5 for men and
15.4 & 1.4 for women.'” A developmentally narrow canal was
defined as an AP diameter < 14 mm,'” which was present in
10% of subjects. In 0.5%, the canal was < 12 mm, in 2.4%, it
was < 13 mm, and in 7.3%, it was < 14 mm. Elsewhere, de-
velopmental cervical canal stenosis was defined as a cervical
canal diameter < 12 to 13 mm."®-2% Asymptomatic subjects
with spinal cord compression or cord signal changes had
significantly smaller cervical spinal canals than those with-
out cord compression or cord signal change,13 The critical AP
diameter below which cord compression was likely
was < 148 mm in men and <13.9mm in women.'> We
can appreciate even from these results the variability seen
inreported data. These is a real need for population reference
intervals to be established for different heights and sex and
move away from the one-measurement-fits-all scenario.

Symptomatic patients show a much higher prevalence of
developmental canal narrowing. For example, 50% of symp-
tomatic men and 78% of symptomatic women had an AP
diameter of < 15 mm at the C5 mid-vertebral body level.'> A
total of 68% of those patients with a narrow spinal canal
(< 14mm AP diameter) were female."® This sex difference
reflects using the same criteria for men and women.

A study of CT imaging comparing cervical spine injured
patients with control subjects concluded that the shape of
the spinal canal and not the area put the patient at risk for
spinal cord injury.” The values for spinal canal size on this CT
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study were generally larger than the values reported from
the MRI study.” No comparative study comparing CT versus
MRI in cervical spinal measurements has been performed.

Cervical Spinal Cord Dimensions

The spinal cord is malleable and changes shape to conform
with the surrounding spinal canal configuration, from circu-
lar in the upper cervical region to ellipsoid coronally in the
lower cervical region.* Although sagittal images provide an
indication of the likelihood of cord injury or compression,
cord size should only be measured as cord CSA on axial
images because cord AP diameter will give a false underesti-
mation of cord size due to the change in cord shape.

When measuring the spinal cord, cadaveric studies can
underestimate cord size measurements due to the effects to
fixation and shrinkage.6 Also, for in vivo imaging, cord area
tends to be slightly larger on T1-weighted rather than T2-
weighted axial images.?!

Men have slightly larger (~3.5%) cervical cords than
women.*>?1-24 Taller people also have larger spinal
cords.*?% The cervical spinal cord size reduced slightly in
size with age? in the order of 1% reduction in cord size per
decade.® Spinal cord size seems to remain relatively constant
in size during flexion and extension.?® The largest CSA of the
spinal cord seems to be at C4-C5 or C5-C6; the CSA of the
spinal cord CSA at C3 and C6 is comparable.*~®

Comparing two separate studies that measured the spinal
cord CSA in Japanese® and in European® volunteers, cervical
spinal cord measurements were consistently ~ 7% smaller
for Japanese volunteers, which may be related to differences
in height between both cohorts. So, for example, at C6, the
difference in average spinal cord CSA for women was 68 mm?
versus 75 mm?; for men, it was 71 mm? versus 77 mmZ2.*>

Within the same population cohort, the spinal cord does
vary in size, but this variation is much less than that seen in
spinal canal measurements. For 1.7-m tall European women,
average spinal cord CSAwas 75 mm? (55-101 mm?) at C3 and
75 mm? (56-102 mm?) at C6.* This represents an approxi-
mate 40% spread in spinal canal CSA for C3 and C6 across the
studied cohort. Because the variation in spinal canal CSA
(~120%) is much greater than spinal cord CSA (~ 40%), spinal
canal size has a much greater bearing on spinal cord to canal
mismatch than spinal cord CSA.

The spinal cord occupation ratio (SCOR), which reflects the
amount of spinal canal space occupied by the spinal cord, has
been used as a measure of spinal cord to canal mis-
match.>?%27-28 patients with spinal cord to canal mismatch
are at risk of spinal cord injury, degenerative cervical myelop-
athy, and neurapraxia. This may be due to less cerebrospinal
fluid around the cord, (1) making the cord more prone to
degenerative encroachment, (2) reducing the ability to absorb
kinetic forces that are transferred to the cord, (3) increasing the
likelihood of venous congestive myelopathy, and finally (4)
smaller cervical vertebrae may biomechanically be more
prone to degeneration.'>?° Patients with spinal cord mis-
match have worse baseline neurologic function. Because lower
baseline neurologic function is a negative predictor of out-
come, identification of a significant spinal cord mismatch may
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alter patient prognosis.'’ Comparing SCORs in degenerative
cervical myelopathy patients, the prevalence of mismatch was
lower in Europe at 2.3% compared with ~ 10% in Asia, Latin
America, and North America.® Routine assessment of devel-
opmental spinal canal stenosis may be indicated in those
engaged in extreme and high-impact contact sports such as
rugby, skiing, basketball, waterskiing, and football. Because
there is relatively more space around the cord in taller patients,
this probably puts a shorter person at higher risk of cervical
cord compression.4

The three approaches to assessing spinal cord objectively
are canal mismatch quantifying the (1) AP space around the
cord as a ratio, (2) AP space around the cord as an absolute
measure, or (3) CSA around the cord as aratio. It is not known
which of these approaches is best.

Using the first of these measures, spinal cord AP divided by
spinal canal AP diameter, it was recommended that an
SCOR > 75% (i.e., a cord occupying > 75% of the canal) at C5,
which was close to 2 SDs above the mean, should be used as an
indicator of spinal canal to cord mismatch.”> Alternatively,
averaging SCOR at the two most adjacent noncompressed sites
in patients with degenerative cervical myelopathy, a
SCOR > 70% was used as an indicator of significant mismatch.>!

The second approach is to subtract the spinal cord AP
diameter from the canal AP diameter.>>3 In a retrospective
analysis of cervical spine MRI examinations in athletes with and
without neuropraxia, a value < 5 mm increased the likelihood
of chronic neurapraxia risk, particularly if it was < 4.3 mm.3?

The third approach is to compare CSAs on axial imaging. In
a review of patients with minor cervical spine trauma, a
SCOR > 80% on axial MRI could identify patients at risk for
spinal cord injury.?’

Therefore, to date, a spinal cord to canal mismatch can be
categorized as a SCOR > 75% for an AP ratio, < 5 mm for an AP
absolute measure, and > 80% for a CSA ratio.?”-?832 Clearly,
SCOR at the moment can only be measured on MRI, whereas
spinal canal dimensions can be measured on both MRI and
CT. Spinal canal developmental size varies much more than
spinal cord size. Whether spinal cord area is related to or
independent of spinal canal area is not known. If the former
is the case, the focus should be on spinal canal size rather
than SCOR. If the latter is the case, it would seem reasonable
to focus on SCOR.

Cervical Vertebral Body Dimensions

The volume of the cervical vertebrae is relevant to study of
factors governing cervical vertebral body size as well as cor-
pectomy and cage placement, among other things. Establishing
reference standards for normal vertebrae and spinal dimen-
sions can be achieved only after controlling for sex, age, and
ethnicity due to the influence of these factors on vertebral
anatomy.>* In a study of cervical vertebrae of 277 human
skeletons born between 1825 and 1910, a detailed analysis of
vertebral body dimensions showed that African Americans had
significantly greater vertebral body width and depth in the C3-
C5 region than European Americans.34 The heights of the C3
and C4 vertebral bodies were significantly smaller in the
African American population. Cervical vertebral bodies became
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Fig. 2 (a) T2-weighted sagittal and (b) axial images of patient with developmentally normal caliber lumbar spinal canal compared with (c) T2-
weighted sagittal and (d) axial images of patient with developmentally small caliber lumbar spinal canal. The patient with a developmentally
small caliber lumbar spinal canal has developed lumbar spinal canal stenosis due to only mild anterolisthesis and disk bulging at L4-L5.

wider and deeper with age with the changes in depth much
more pronounced than the changes in width.>* There was a
significant reduction in vertebral body height with age.3*

That males have larger cervical vertebral bodies than
females regardless of ethnic origin is well documented.3”
While the height of the vertebral body decreases with age
mainly between C3 and C6, the vertebral body expands. For
example, in C3, between young and old patients, vertebral
body width increased by 6% and vertebral body depth
increased by 9%, whereas at C7, width increased by ~ 6%
while depth increased by ~ 15%.3> With advancing age,
reduction in vertebral body height tends to be greater in
women while the increase in vertebral body depth is similar
for men and women.>® Because there is no change in the two
measurements of the exit foramen with age, it can be
concluded that most of the vertebral body expansion in
depth seems to occur anteriorly. Another possible explana-
tion for the changing vertebral body shape with age is the
charge in cervical spine curvature that occurs to compensate
for the increased thoracic kyphosis.3’

Developmental Lumbar Spine Canal Size

Lumbar spinal canal stenosis is a common clinical entity.
Similar to the cervical spine, two features govern the develop-
ment of lumbar spinal canal stenosis: developmental lumbar
spinal canal size and acquired narrowing of the lumbar spinal
canal (=Fig. 2). It is important to separate these two elements
when quantifying lumbar spinal canal size.

Developmental lumbar canal size relates to the size of the
osseous spinal canal when spinal maturation is complete by
the age of 17 years. It is unclear what factors govern lumbar
spinal canal size, although it may be related to shorter
gestation age, lower birth weight, primiparity, and lower
socioeconomic class.>® Developmental lumbar spinal canal
size is measured at the level of the pedicles removed from the
acquired changes that predominate at the diskovertebral
level (~Fig. 3). To develop population reference intervals, a
large cross section of the population irrespective of symp-
toms must be studied. Using data obtained from abdominal
pelvic CT examinations performed for reasons not related to
the lumbar spine provides a good method of obtaining a

Fig. 3 (a) Developmental canal size is measured at the pedicular level removed from acquired degenerative narrowing that occurs at the
diskovertebral level. (b) Anteroposterior and lateral diameters for lumbar developmental canal size. (c) Cross-sectional area for lumbar

developmental canal size.
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population reference range for spinal dimensions with no
need for additional specific imaging>®*® (~Fig. 4).

Such an approach could be undertaken for each region, race,
and sex because considerable cross-population variation does
seem to exist in patients with smaller lumbar spinal canals
who are more likely to develop symptoms and require surgical
intervention.3**! Using this approach, a large (at least 34%
between largest and smallest quartiles) variation in lumbar
developmental spinal canal CSA can be appreciated.*® Spinal
canal CSA and depth is consistently smallest at L3, enlarging
cranially and caudally within the lumbar region.*’ There is no
accepted definition of what defines a normal or abnormal
spinal canal size.*? An L3 anteroposterior diameter < 13 mm
for males and < 12.4 mm for females represented the smallest
25% for a southern Chinese population.*® Similarly, an osseous
spinal canal < 212 mm? for males and < 213 mm? for females
represented the smallest 25% of the population.*°

Lumbar Vertebral Body Dimensions

The volume of the thoracic and lumbar vertebral bodies is
relevant to vertebroplasty and other procedures. Using CT-
based technique, verified by analysis of saw bone vertebral
bodies, vertebral body volume increased from T1 to L4 for
both female and male subjects.*> Mean thoracic vertebral
body volume was ~ 15.0 cm?; mean lumbar vertebral body
volume was much higher at ~35cm?34%* Considerable
individual variation in vertebral body size was present
ranging from 5.2 cm® for a T1 vertebral body to 60.6 cm®
for a L4 vertebral body.*? Vertebral body volume in men was
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larger than that of women only in the lumbar spine, mainly
accountable by an increase in vertebral body CSA.*> Although
thoracic and lumbar vertebral body height is, as expected,
closely related to patient height, lumbar vertebral body CSA
in males is related to patient weight.*® The L5 vertebral body
volume is normally up to 5% smaller than the L3 or 14
vertebral bodies.***** Patients with L5 pars defects tend to
have even smaller L5 vertebral bodies, ~ 10% smaller than L4,
with greater posterior wedging.**

Bone Mineral Density
BMD is the most important surrogate marker of bone
strength. It is most widely measured by DXA, although this
is an areal rather than volumetric assessment measuring
both cortical and trabecular BMD.*® Trabecular volumetric
BMD (vBMD) by single-energy QCT is a more accurate,
although less practical, reference standard for noninvasive
vBMD assessment.*’ With QCT, osteopenia is defined as a
trabecular BMD < 120 mg/cm?; osteoporosis is defined as a
trabecular BMD < 80 mg/cm>2 Radiation dose for lumbar
QCT is ~ 1 mSv for men and 1.6 mSv for women, many times
higher than lumbar DXA (1-6uSV) but comparable with
lumbar spine radiography (0.7-2 MSv).#7:48

Using spectral detection CT as a feature of dual-energy CT,
vBMD can be quantified without using a calibration phantom
(“phantomless”) yielding high correlation with standard QCT
assessment (r = 0.987).4°

Partial volume averaging due to bone voxels that contain
fat will reduce trabecular vBMD measurement by single-
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energy QCT by ~ 15%.°% A method to correct single-energy
QCT for marrow fat content was also recently developed.’’!
After first adjusting manufacturer-calibrated values for the
European Spine Phantom (ESP-145), density measurements
can be adjusted to account for bone marrow adipose tissue
(BMAT) content as measured by MRI as follows:

VBMD  gmaTcorr = VBMD  gspeorr + 0.7576 x BMAT (%) -
12.96 (mg/cm?>).

After correcting for marrow fat content, mean L2-14 verte-
bral body vBMD decreased in women from 20 to 80 years
by — 2.57 + 0.11 mg/cm?/year, ~ 15% less than the uncorrected
value (- 3.00+0.13 mg/cm?/year). Mean vBMD annual de-
crease for men was — 1.70 + 0.14 mg/cm>/year, ~ 10% less
than the uncorrected value (1.92+ 0.15mg/cm?/year).!
Dual-energy CT can also accurately measure marrow fat content
and enable correction of QCT vBMD data accordingly.”%>?

Bone islands are much more common than sclerotic
metastases and tend to have higher bone density.”>>* This
density difference can be used to distinguish bone island and
sclerotic metastasis with a high level of certainty. This is done
by drawing a region of interest (ROI) as large as possible on
the lesion without extending beyond the lesion’s margins,
irrespective of whether intravenous contrast was adminis-
tered or not. Either a mean attenuation>885 HU or a
maximum attenuation > 1,060 HU for the lesion has a sen-
sitivity of 95% and specificity of 96% for diagnosing a bone
island.>

Marrow Fat Content and Composition
Magnetic resonance spectroscopy (MRS) can measure bone
marrow fat composition as well as content but is limited in
allowing assessment of only one vertebral body. Single-voxel
MRS-based marrow fat quantification should ideally be
based on a multi-TE MRS measurement to minimize con-
founding effects on proton-density fat fraction and water
fractions.>>

Chemical shift encoded separation techniques (fat-water
imaging) can also accurately measure marrow fat content
and has a shorter acquisition time of 3 to 4 minutes across a
wider scan plane, although it cannot assess marrow fat
composition.SG‘58 The reproducibility of "H MR spectroscopy
and chemical-shift imaging is high, tending to be best in
those areas with the highest inherent fat fraction.”®"®' A
standardized T1-signal intensity can also be measured, that
is, the vertebral marrow to subcutaneous fat ratio.®? Al-
though straightforward, accuracy is compromised because
T1 signal intensity depends on factors such as coil position,
saturation band positioning, and postprocessing homogeni-
zation of B1 inhomogeneity, in addition to marrow fat.2

Marrow fat content increases from the cervical to the
lumbar spine.®’®> When comparing fat measurements be-
tween studies, we need to consider from which vertebrae
were taken. The L3 vertebral body is the most usually
measured, although the T11 and L1 vertebral bodies may
be more representative.®%:3

There is a gradual physiologic increase in vertebral mar-
row fat content with age, from ~ 25% marrow fat content at
25 years to 65% at 65 years.64’65 This increase is different in
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between the ages of 55 and 65 years for women. This mirrors the
reduction in bone mineral density that occurs at that time in women.

males and females. Males show a gradual increase of 7% per
decade in lumbar vertebral marrow fat content; females
show an increase of ~ 5% per decade up to 55 years followed
by a dramatic increase in marrow fat content between 55 and
65 years of ~ 25%%*%% (~Fig. 4). Male lumbar vertebrae have
~ 10% more fat than females up to 50 years.?* Between 50
and 60 years, this sex difference narrows and disappears.®*
After 60 years, females have ~ 10% more marrow fat in their
vertebrae than males®® (~Fig. 5).

Overall, there is at least a 40 to 50% increase in fat cell
content with increasing age. This increase in fat content
happens primarily due to an increase in fat cell number rather
than fat cell size,%” and it seems to be associated with little, if
any, change in marrow fatty acid profile.®® This increase in fat
cell volume occurs primarily at the expense of red marrow
volume. Although the trabecular volume decreases with age,
the overall percentage decrease in trabecular volume is small
at ~ 5% in volume. Because the marrow cavity is a defined
space and vascular sinusoids and other marrow structures do
not seem to expand with age, we can infer that for any increase
in fat cell content, there is almost a corresponding decrease in
functioning or red marrow content. In other words, marrow fat
content should be a good surrogate marker for hematopoietic
marrow content (~Fig. 6).5°

The inverse relationship between increasing marrow fat and
trabecular bone loss in osteoporosis has been recognized
histologically for 50 years.”® MRI, and more recently dual-
energy CT, have enabled marrow fat content to be quantified
noninvasively on a large scale and at different anatomical
sites.>? Over and above the physiologic increase in marrow
fat content with age, osteoporosis is associated with an even
greater increase in marrow fat content for both males and
females. Using MRS, marrow fat content in older men with
normal BMD, osteopenia, and osteoporosis was 50.1 4 8.7%,
55.7 +10.2%, and 58.2 + 7.8%, respectively (p = 0.002).71 Simi-
larly, for older women, marrow fat content in those with
normal BMD, osteopenia, and osteoporosis was 59.2 & 10.0%,
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Fig. 6 The bone marrow is confined by the rigid bone cortex. As marrow fat content increases with age, red marrow content decreases because
any age-related with or without osteoporoticrelated change in trabecular bone volume is relatively small. In other words, marrow fat contentis a
surrogate marker of red marrow fat content. Physiologic changes in bone marrow content are exaggerated in patients with osteoporosis. BMD,

bone mineral density.

63.3 +9.5%, and 67.7 + 8.5%, respectively (p = 0.002).”% Similar
results were shown using three-dimensional gradient-echo
chemical-shift-encoded fat-water imaging.>® In a study of 51
patients (28 females; mean age: 69.7 + 9.0 years), mean fat
content of normal BMD vertebrae (56.3 + 14.8%) was higher
than that of osteoporotic vertebrae (62.4 + 11.0%; p = 0.007).>°
Trabecular bone loss, which can be specifically measured by
QCT, as opposed to DXA that usually measures both trabecular
and cortical bone loss, seems to be much more associated with
increased marrow fat content than cortical bone loss.”?

Higher prevalent marrow fat predicts future increased
osteoporotic bone loss. Postmenopausal women with a
marrow fat content above the median experienced average
bone loss of 4.7% over 4 years, whereas those with a marrow
fat content below the median only experienced bone loss of
1.6%.”4 Similarly, for each 1 SD (~ 8%) increase in baseline
marrow fat content, trabecular vBMD tended to increase by
~ 0.9% more over a 3-year period.””

Increased marrow fat may also increase vertebral fracture
risk. Mean vertebral marrow fat was 55% in those with a
prevalent vertebral fracture compared with 45% (p < 0.001)
in those without a prevalent vertebral fracture even after
adjusting for the effect of marrow fat on DXA measure-
ments.”® To date, no longitudinal studies have investigated
whether marrow fat content is related to incident vertebral
fracture.”> In addition, osteoporosis marrow fat is also
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increased in other conditions associated with reduced
BMD such as anorexia nervosa, alcohol abuse, spinal cord
injury, and prolonged bed rest.>?

Although chronic osteoporotic-type fractures can be readily
recognized on MRI, quantitative MR imaging can be helpful in
distinguishing between acute/subacute vertebral fracture and
malignant fracture. The presence of fat within the fractured
vertebral body on T1-weighted images is very helpful sign in
identifying the fracture as osteoporotic.”” In equivocal cases,
chemical shift fat to water imaging can augment standard
imaging in quantifying fat content within the fractured verte-
bral body. Either the absolute fat content or a fat fraction ratio
can be used where the fat content of the fractured vertebral
body is compared with the fat content of an adjacent normal-
appearing vertebral body. A fat fraction < 9% within the frac-
tured vertebral body or a fat fraction ratio < 0.2 indicates
malignancy with a 96% sensitivity and 89% specificity.’®”°

MRS can also evaluate fat composition. The portion of
unsaturated vertebral marrow fat in healthy young subjects
was higher than postmenopausal osteoporotic women (0.127
versus 0.091),% a finding confirmed by spectroscopy of iliac
crest aspirates.”> Patients with prevalent vertebral fracture
patients have 1.7% lower unsaturation levels and 2.9% higher
vertebral marrow fat saturation levels than those with no
fracture.®’ People with diabetes also had 1.3% lower unsatura-
tion and 3.3% higher vertebral marrow fat saturation levels,
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whereas diabetic patients with fracture had the lowest mar-
row unsaturation and highest saturation.®! Diabetes may
change marrow fat composition but have little or no effect
on marrow fat content.?’

Bone Marrow Perfusion

MRI can measure marrow perfusion with high reproducibly
using empirical time-intensity curve measures such as maxi-
mal enhancement (Emax) and enhancement slope (Eslope).60
Pharmacokinetic modeling can also be applied, although these
measures are less robust and more theoretical. Within the rigid
confines of the bone cortex, because the two main constituents
of bone marrow are red and fatty marrow, fatty marrow
content is a surrogate marker for red marrow content. In other
words, the higher the fatty marrow content, the lower the red
marrow content. Red marrow, being much more metabolically
active than fatty marrow, is the main driver of bone marrow
perfusion. Therefore, as expected, changes in bone marrow
perfusion coincide well with changes in red marrow content.®”
Bone marrow perfusion is also related to endothelial dysfunc-
tion and atherosclerosis with a weak negative correlation
(r=- 033; p=0.0018) between vertebral body perfusion
and carotid artery intima media thickness.?

Vertebral marrow perfusion reduces with aging.28>%7 Over-
all Emax was >60% greater in subjects aged <50 years
(58.2 +44.6) than subjects aged > 50 years (21.9 + 14.8).83
For females only, an even greater difference was apparent
with Eslope in those < 50 years (87.2 + 54.1) being 80% greater
than those > 50 years (18.0 = 13.8).23 Although vertebral bone
marrow perfusion is higher in young females than young
males, the rate of perfusion decline is also higher in females,
such that vertebral bone marrow perfusion is higher in older
men than older women.®> This pattern closely matches
changes that occur in red to fatty marrow composition with
age. Also, in line with changing marrow fat content, the upper
(L1-L2) lumbar vertebral bodies are better perfused than the
lower (L3-L5) vertebral bodies.8>-8°

Bone perfusion is also closely related to BMD. As BMD
decreases, marrow fat increases. Patients with osteoporosis
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have lower bone marrow perfusion than those with osteo-
penia, whereas patients with osteopenia have lower bone
marrow perfusion than those with normal BMD?®3 (=Fig. 7).
This reduction in perfusion affects the marrow but not the
surrounding muscle, indicating it is an integral marrow effect
rather than part of a more generalized circulatory im-
pairment.”? Bone perfusion is a critical element in bone
fracture healing including microfracture healing. Wee can
appreciate how compromised perfusion in osteoporotic bone
could lead to impaired microfracture healing and thus to
microfracture propagation until a spontaneous macroscopic
insufficiency fracture occurs, occasionally followed by frac-
ture nonunion. %87

Bone Marrow Diffusion
Free movement of extracellular water molecules in the bone
marrow is affected by the cellular compaction and the amount
of interstitial fluid. Extracellular water motion also depends on
factors such as blood flow, capillary permeability, interstitial
pressure, temperature, and the viscosity of interstitial fluid.
The standard measure of water diffusivity in tissues is the
apparent diffusion coefficient (ADC) acquired from single-shot
echo planar imaging. The ADC of water is 3.0 x 10> mm?/s.
The ADC of bone marrow is the lowest of nearly all tissues at
0.20 to 0.60 x 10~>mm?/s, and particularly fatty marrow that
has an ADC about half that of red marrow.?~%2

Overall, ADC values tend to decrease with increasing age;
the correlation (r = — 0.3 to - 0.4; p=0.001) is weak 2394
Mean vertebral ADC values in subjects aged <30 years
(0.54 +0.07 x 10~3 mm?[s) is higher than that in subjects
aged > 30 years (0.47 + 0.08 x 103 mm?/s).>* The correlation
between decreasing ADC values and increasing age is higher in
women (r=— 0.581; p < 0.001) than men,”>°>% most likely
due to age-related increase in marrow fat and decrease in
marrow perfusion. Marrow ADC values also decrease from L1
to L5 in line with increasing fat and decreasing perfusion from
the upper to the lower lumbar region.”’

ADC values in middle-aged to elderly patients with nor-
mal BMD were 0.47 4+ 0.03; those with osteopenia were
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Fig. 7 Typical time-intensity perfusion curves of vertebral body marrow perfusion from dynamic contrast-enhanced magnetic resonance
imaging examination in subjects with (a) normal bone mineral density (BMD), (b) low bone mass (osteopenia), and (c) osteoporosis. The rate
and degree of intravenous contrast in subjects with osteoporosis is less than in normal BMD subjects. Emax, maximal enhancement; Eslope,

enhancement slope.
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0.42 +0.02 and with osteoporosis were 0.39 = 0.03.% Simi-
lar differences were found by some’%°? but not all'®° other
studies, probably related to different examination protocols,
analytical methods, and cohorts.”3

Bone Marrow Metabolism
Based on the degree of glucose utilization, fluorodeoxyglucose
accumulation provides a measure of tissue metabolic activity
and, as such, can be used as a useful measure of bone marrow
metabolic activity.'®" Combining volumetric MRI data and
quantitative metabolic data from positron emission tomogra-
phy (PET) to calculate the relative metabolic activity of red and
yellow marrow in the L1, L3, and L5 vertebral bodies, the mean
maximum standardized uptake (SUV,.x) of fat and red mar-
row was 0.38 + 0.1 and 2.6 + 0.6, respectively. In other words,
metabolic activity of red marrow was seven times that of fatty
marrow.'%? Bone marrow metabolic activity tended to de-
crease with age more in the proximal femora and humeri
(r=-10.60to - 0.67; p < 0.01) than the axial skeletal (sternal
manubrium, 12th thoracic, 5th lumbar vertebra, and iliac
crests) correlation coefficient — 0.28 to — 0.48; p < 0.05).'03
A '®F-NaF PET/CT provides a specific measure of mineral-
ized bone, rather than bone marrow metabolism and can also
quantify arterial calcification.’® 19> Analyzing this tracer
uptake in patients undergoing '8F-NaF PET/CT for suspected
bone metastases, SUV ean in the lumbar spine was 6.9 4+ 1.9
(2.2-14.4), which was several times higher than the femoral
neck, 2.7 + 1.0 (0.9-8.0).7%0 Mean regional bone metabolism
at the lumbar spine and femoral neck decreased with in-
creasing age (r=— 0.44; p < 0.001) and overall was lower in
female patients.'®? Bone mineral metabolism was also neg-
atively correlated with hypertension (p = 0.003), hypercho-
lesterolemia (p=0.01), and prior cardiovascular events,
which is not surprising given the well-known association
between osteoporosis and arteriosclerosis, particularly arte-
rial calcification.'00:106

Disk Volume and Degeneration
Disk volume is relevant to the study of disk degeneration and
other aspects of spinal pathology.'?” The volume of a normal
lumbar intervertebral disk is ~ 10 cm® when measured in the
evening and ~ 11 cm? when measuring in the morning after a
night’s rest. In other words, the disk, through the effect of its
hydrophilic proteoglycan molecules, attaches ~ 0.9 cm® of
water into the disk overnight. Hence people are slightly taller
in the morning and astronauts in space, who lack this cyclical
fluid flow as a result of microgravity, lose height and have
back pain. In osteoporotic and low bone mass patients, while
central disk height is increased, giving rise to the biconcave
appearance, overall lumbar disk volume is actually reduced
compared with normal BMD patients.'®® This may be due to
compromised nutritional supply from the neighboring ver-
tebrae as BMD decreases.'?®

To improve the quantification of disk degeneration, surro-
gate MR measures of tissue hydration, such as T1-, T2-, and T2*
relaxation times, and T1p have been investigated. Diskal T2
relaxation times decrease with disk hydration and, to a lesser
extent, with reduced proteoglycan and collagen con-

Seminars in Musculoskeletal Radiology ~ Vol. 24 No. 4/2020

tent.'%%172 T2 relaxation provides a continuous measure of
small changes in disk composition over time such as diurnal
variation in disk water content''? and the effect of normal
aging."’>"13 T2 relaxation times of the nucleus pulposus
decrease ~ 10% per decade with physiologic aging.''® Overall
disk T2 relaxation time tends to be lower in chronic low back
pain patients than in symptomatic controls, especially in the
posterior annulus fibrosus.''* This heightens the importance
of addressing different areas of the disk when comparing
different cohorts. On T2-weighted images, T2 or T1p maps,
both the nucleus pulposus and the inner fibers of the annulus
fibrosus have comparable signal intensity because the bound-
ary between these two components of the disk is indistinct.
Several methods have been described to demarcate the
nucleus and annulus on MR images, either based on visual
assessment or quantitative measures based on equal areas of
five or seven ROIs placed horizontally across the disk, with or
without an intervening gap. The central three ROIs are
usually defined as the nucleus pulposus. Visual assessment
seems to produce a more reliable delineation of the nucleus
and annulus than quantitative delineation.'’® T1p relaxation
measurement, which probes the interaction between water
molecules and their macromolecular environment, has the
potential to identify early biochemical changes in the disk,
although the specific determinants of T1p relaxation are not
well understood. T1p mapping may be slightly more sensi-
tive than T2 mapping for disk degeneration, although it is
more time consuming. Both T2 and T1p have a floor effect
such that with more severe degeneration neither T2 or T1p
measurements will change. Differences in T1p values be-
tween healthy and degenerative disks can be small, whereas
errors in T1p quantification are many including B1 RF
inhomogeneity and BO field inhomogeneity as well as data
acquisition. This limits its clinical application as does the
current lack of validation with a reference standard.''®

Ligamentum Flavum Thickness
The ligamentum flavum extends from C2 to S1, bridging the
anteroinferior part of the more cephalad lamina to the
posterosuperior aspect of the more caudad lamina. It pre-
vents separation of the posterior elements during spinal
flexion and restores an erect posture after flexion. With
increasing age, there is reduced elasticity of the ligament
with an increase in the collagen and a decrease in the elastic
fiber content. Most ligamentum flavum hypertrophy is
caused by reduced disk height bulking the ligament rather
than true hypertrophy of the ligament.'?”-117 Hypertrophy of
the ligamentum flavum reduces the size of the central canal,
lateral recesses, and exit foramina, compressing the descend-
ing and exiting nerve roots, and leading to radiculopathy.
Average thickness of the ligamentum flavum in the cervical
spine is 2.2 4+ 0.4 mm, thinnest at C2-C3 and thickest in the
lower cervical region.'®

Average thickness of the ligamentum flavum in the thoracic
region is 2.6 + 0.7 mm, thinnest in the upper and thickest in
the mid- to lower thoracic region.119 No age variation was
apparent.''® Maximum thickness of the ligamentum flavum in
the thoracic spine is at the T10-T11 level (3.3 0.9 mm),
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Fig. 8 The axial facet joint angle is typically measured between the mid-vertebral body sagittal line and a line drawn between the anteromedial
and posterolateral edges of the superior articular facet at the disk level. In this example, the angles are 32 degrees and 34 degrees. There is no
facet joint tropism. The sagittal angle is measured as the angle between a line bisecting the intervertebral disk and one drawn between the
superior and inferior aspects of the facet joint. In this example, the angle is 96 degrees.

possibly due to larger tensile forces and mobility at this
level.""® In the lumbar spine, ligamentum flavum thick-
ness >4 mm is considered hypertrophy.'>12 The ligamen-
tum flavum tends to be thickest at L4-L5 followed by L5-S1
and is ~ 5 to 10% thicker on the left side.'?!

Facet Joint Orientation

Facet joint orientation/asymmetry is relevant to spinal bio-
mechanics and seems to be related to the development of
spondylolisthesis.'?2

The axial facet joint angle is typically measured either
between the mid-vertebral body sagittal line and a line
drawn between the anteromedial and posterolateral edges
of the superior articular facet at the disk level122 (~Fig. 8).
Normally, the facet joint angle moves away from the mid-
sagittal line, from an average of ~ 42 to 58 degrees while
descending the lumbar spine.'%?

In a population study, using data deemed from routine
abdominopelvic CT examinations, and defining spondylolis-
thesis as an intervertebral body shift > 7% of the AP diameter
of the inferior vertebral body, spondylolisthesis was present
in 8.7% of males and 16.4% of females, and most prevalent at
L4-L5."22 Facet joint angles in the axial plane decreased, on
average, with age in women but not in men, from ~ 48 to
43 degrees at L4-L5 and from ~ 53 to 47 degrees at L5-51."22
Facet joint angles in the sagittal plane decreased in men more
than women'?? (~Fig. 8). This sagittal decrease in men was
from ~ 83 to 80 degrees at L3-L4 and from ~ 81 to 79 degrees
at L4-15."%2 This sagittalization and axialization of the facet

joint with age may help explain why older people are more
prone to degenerative spondylolisthesis.'?

Facet joint tropism refers to facet joint angle symmetry.
Facet joint trophism is considered acceptable if the side-to
side difference in facet joint angles in either the axial or the
sagittal plane is < 7 degrees.'?? Facet joint tropism in the
axial plane is considered moderate if the difference is 7 to
15 degrees and severe if the difference is > 15 degrees.'%?
Facet joint trophism is most severe at L4-L5, where a 20%
prevalence of moderate and a 6% prevalence of severe
trophism can exist.'®? Also, patients with degenerative
spondylolisthesis tend to have more facet joint tropism.'?2

In conclusion, we can appreciate how the many aspects of
spine anatomy and physiology make it particularly condu-
cive to quantitative analysis. Quantitative analysis of spine
imaging data has begun to provide us with a much better
understanding of spinal disease. More standardized analytics
methods will allow more ready comparison of research
studies with radiologists in a great position to drive this
research forward.
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