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Abstract

Objective The aim of this study was to evaluate the diagnostic performance of susceptibility-weighted magnetic resonance

imaging (SW-MRI) for the evaluation of osseous foraminal stenosis (FS) of the cervical spine compared to conventional

MRI-sequences, using computed tomography (CT) as a reference standard.

Materials and methods Twenty-one patients with suspected radiculopathy of the cervical spine were prospectively included. CT

and MRI data sets were available for all patients. As standard of reference, 280 neuroforamina of the cervical spine, including 58

foraminal stenosis, were identified on sagittal CT images. T1-, T2-, and SW-MRI of the cervical spine were performed. The

presence of foraminal stenosis was assessed on sagittal views in all sequences. Sensitivity and specificity were calculated and

differences in detection rate and severity scoring of foraminal stenosis between the different sequences were tested. CT was used

as reference standard for all analysis.

Results Fifty-six of 58 osseous foraminal stenosis could be correctly identified on SW-MR magnitude images. SW-MRI

achieved a sensitivity of 96.6% and specificity of 99.5% for the identification of foraminal stenosis. In comparison, conventional

T1-weighted MRI sequences achieved a sensitivity and specificity 0f43.1% and 100% respectively. T2-weighted MRI sequences

achieved a sensitivity and specificity of 65.5% and 99.1%, respectively. The overall detection rate was significantly (p < 0.05)

higher on SW-MRI and there was no significant difference (p > 0.05) in severity scoring compared to CT. T1- and T2-weighted

MRI underestimated the degree of foraminal stenosis. Intermodality and interobserver agreements were highest for SW-MRI.

Conclusions SW-MRI enables the reliable detection of osseous foraminal stenosis of the cervical spine in patients with spinal

radiculopathy with a higher sensitivity compared to conventional T1- and T2-MRI sequences, with CT as a reference standard.

Key Points

* Susceptibility-weighted magnetic resonance imaging enables the reliable detection of osseous foraminal stenosis of the cervical
spine with CT as a reference standard.

* This could be relevant for younger patients in order to prevent unnecessary radiation exposure.

o This may also facilitate a one-stop-shop approach and speed up diagnostic work-up.
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Introduction

Cervical radiculopathy is one of the most common symptoms
of degenerative changes of the cervical spine and ordinarily
caused by cervical spondylosis and posterolateral interverte-
bral disc herniation [20]. Conservative management of cervi-
cal radiculopathy improves symptoms in most patients and is
usually attempted. Nonetheless, surgery can be required when
conservative management fails and symptoms such as pain,
paresthesia, sensory loss, or progressive weakness with motor
dysfunction occur [8]. However, there is no generally accept-
ed consensus regarding the indications for surgery in patients
with cervical radiculopathy [2, 4, 18]. The overlap of symp-
toms with adjacent dermatomes makes imaging, in addition to
clinical examinations, frequently necessary to identify the
cause of cervical radiculopathy. Subsequently, surgical plan-
ning is based on the identified cause of cervical radiculopathy.

Radiographs in anterior-posterior and lateral views of the
cervical spine are typically acquired. The evaluation of the
foramina is usually performed by using oblique radiographs.
To evaluate underlying osseous changes of foraminal stenosis,
additional computed tomography (CT) scans are in some
cases performed preoperatively. However, CT is associated
with a limited sensitivity in identifying non-osseous causes
of foraminal stenosis.

With its excellent soft tissue resolution and non-invasive-
ness, magnetic resonance imaging (MRI) is usually the pre-
ferred imaging technique for presurgical evaluation of degen-
erative changes of the spine as disc hydration, spinal canal
stenosis, foraminal stenosis, spondylolisthesis, and spinal cord
changes. A major advantage of MRI is the absence of ionizing
radiation. However, MRI is associated with certain limitations
especially with regard to the differentiation of osteophytes and
disc calcifications, sensitivity to patient motion [7, 17, 21].
Axial and sagittal MR images were shown to be associated
with a low specificity for foraminal lesions [12, 24].

Susceptibility-weighted MRI (SW-MRI) enables the as-
sessment of magnetic susceptibility of tissues including ferro-
magnetic, paramagnetic, and diamagnetic substances. This
novel sequence therefore allows the MRI-based detection of
bone minerals as they are diamagnetic. The potential of SW-
MRI has mainly been used for the differentiation of intracra-
nial bleeding from calcifications or to identify intracranial
veins [10]. More recently, SW-MR imaging has also been
used to evaluate calcifications in other regions of the body
as for example the prostate gland [1, 23].

The aim of this study was to test the diagnostic performance
of SW-MRI for the evaluation of osseous cervical foraminal
stenosis compared with conventional MRI sequences, using
CT as a reference standard. The MRI-based detection of osse-
ous changes of the cervical spine causing foraminal stenosis has
the potential to limit the use of additional conventional radiog-
raphy or CT with the associated exposure to ionizing radiation.
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Material and methods
Study population

Approval for this study was prospectively given from the local
ethics review board. Before undergoing the study protocol,
written consent was obtained from all subjects. A clinical
MRI scan of the cervical spine was required in all subjects.
Overall, 280 neuroforamina of 21 subjects with suspected
radiculopathy were available for analysis. In addition to the
standard sagittal and axial study protocol, a susceptibility-
weighted imaging sequence was performed. On average, CT
and MRI scans were performed 2.91 +3.99 months apart.
Only patients in whom CT scans of the cervical spine, per-
formed within the last 12 month, were available were included.
Before the MRI examination, patient history was searched for
previous CT examinations within the last 12 months or sched-
uled CT examinations in the near future. Overall, 26 patients
could be included initially of which 4 had to be excluded
because they were unable to complete the MRI examination
due to various reasons (e.g., pain, claustrophobia) and 1 had to
be excluded since the MRI examination was in total non-
diagnostic due to severe foreign body artifacts (Fig. 1). The
study population included 12 female (57.1%, mean age 51.8 £
13.1) and nine male (42.9%, mean age 53 = 14.4) subjects who
underwent MRI of the cervical spine in our institution.

Imaging protocol

Magnetic resonance imaging was performed on a Siemens
1.5 T scanner (Avanto; Siemens Healthineers AG) in a stan-
dardized supine position with a standard neck coil for the
cervical spine. The following spine MRI protocol, which is
routinely used in our department for the diagnosis of cervical
spine lesions, was applied: sagittal T1 TSE, T2 TSE, and axial
T2 MEDIC (T1 TSE: field of view [FOV] 240 mm?, matrix
448, TR/TE=803/21 ms, 150° flip angle, and 3-mm slice
thickness; T2 TSE: FOV 240 mm?, matrix 448, TR/TE =
2800/77 ms, 150° flip angle, and 3-mm slice thickness). In 4
of the 21 subjects, a sagittal STIR sequence was acquired
instead of the regular sagittal T2 TSE STIR TSE: field of view
(FOV) 280 mm?, matrix 320, TR/TE =4000/30 ms, 150° flip
angle, and 3-mm slice thickness. A 3D fast low-angle gradi-
ent-echo sequence (SW-MR) was added to the routine spine
protocol. Artifacts were minimized by using a standard ventral
saturator. SW-MR is based on magnitude and phase images
which are reconstructed from the acquired three-dimensional
raw data sets [6, 11, 16]. A velocity-compensated 3D-GRE
sequence is part of the SW-MRI and comparable to standard
GRE sequences for the detection of T2* time-shortening le-
sions. Phase information grants the differentiation of calcifi-
cations and other lesions such as microbleeds or tissue arti-
facts [3, 6, 11]. Imaging parameters of the SW-MRI sequence
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Fig. 1 Flowchart depicting
inclusion and exclusion of
patients for this study. Initially, 26
patients with suspected spinal

radiculopathy that were referred

26 patients with CT scan available

for an MRI of the cervical spine
had CT images available. Of these
26, a total of 5 had to be excluded

rl

within 12 months of MRI

because they either did not
complete the MRI examination or
the MRI images were non-
diagnostic. Overall, 21 patients

4 Patients did not complete MRI

1 Patient excluded due to non
diagnostic images (artifacts)

could be included in this study

21 Patients included in the study

were automatically aligned to the sagittal T1/T2-weighted se-
quences: FOV 240 mm?, matrix 384, TR/TE 49/14 ms, 15°
flip angle, number of phase encoding steps 767, slice thick-
ness 3 mm. Acquisition time for SW-MRI was 5 min and 11 s
on average. Clinical standard CT scans of the cervical spine
were performed by using a 64- or 128-section Aquilion sys-
tem (Canon Medical Systems). No changes of protocols were
made during this study.

Imaging analysis

SW-MR, MR, and CT images were evaluated using PACS
workstations (Centricity Radiology RA1000; GE Healthcare).
CT and MR images were interpreted by two observers with
experience in MSK radiology: two radiology residents with
5 years and 4 years of diagnostic training respectively, both
having 2 years of specific MRI experience. MR images in each
sequence as well as CT images were evaluated independently
by both reviewers in random order. MR images were read more
than 1 week prior to CT images.

A total of 280 foramina in 21 patients were analyzed from
C1-2 to C7-T1. Foramina at each level were assessed on both
sides. Due to foreign body related magnetic susceptibility ar-
tifacts, a total of 14 foramina could not be evaluated and were
excluded from the analysis. As a standard of reference, osse-
ous foraminal stenosis of the cervical spine were identified on
sagittal CT scans. Window settings were adjusted on sagittal
images to identify the nerve root, surrounding perineural fat
and osteophytes. Foraminal stenosis were visually detected on
sagittal T1- and T2-weighted images based on the shape of the
foramen and perineural fat with hyperintense signal in both
sequences. A normal foramen was considered to be oval in
shape with a harmonious curvature to the bony margins.
Osseous changes in degenerative disease of the disc space
and the facette joint originated either on the anterior or the

posterior margin of the foramen, therefore initially creating a
shape similar to the number “8.” With progression of the
osteophytic changes, it continued to lead towards an occlusion
of the foramen. Osteophytes display an isointense signal to the
vertebra on conventional T1- and T2-weighted spine MR
scans.

On SW-MRI scans, foraminal stenosis were also identified
based on the shape of the foramen. Osteophytes were identi-
fied based on their cortical and medullary continuity with the
vertebral body: hyperintense to the disc and the surrounding
adipose tissue on inverse SW-MR magnitude images. Phase
images were used to confirm that the hyperintense signal on
inverse SW-MR magnitude images related to osseous struc-
tures (Figs. 2 and 3). In order to facilitate the interpretation of
the phase image, which tends to give poor anatomical detail,
an image fusion was performed (Fig. 3).

Additionally, foraminal stenosis was graded by percentage
of stenosis, perineural fat obliteration, and changes of the
nerve root: “normal” representing no perineural fat oblitera-
tion; “mild” representing < 50% stenosis, mild perineural fat
obliteration, and no morphological change of nerve root;
“moderate” representing > 50% stenosis, moderate perineural
fat obliteration without collapse of the nerve root; “severe”
representing > 50% stenosis and collapse of the nerve root
[13]. Additionally, the sagittal diameter of the foramina was
measured in all MRI sequences and CT images.

Statistical analysis

Variables are reported as mean + standard deviation.
Sensitivities and specificities of SW-MRI compared with
those of T1- and T2-weighted MRI scans and computed to-
mography images were computed. Additionally, the rate of
detection of CT-confirmed foraminal stenosis of SW-MRI
was compared to T1- and T2-weighted sequences using a X
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Fig. 2 Example images of a “normal” cervical spine without stenosis of
the neuroforamina in sagittal planes. Images show the cervical spine of a
35-year-old woman reporting neck pain. No osseous foraminal stenosis
was detected. Facette joint degeneration on the right side was identified as
the most likely cause of the clinical symptoms. From left to right: a
inverted magnitude SW-MR image, b T2-weighted MR image, ¢ T1-

test. The severity score results for computed tomography were
compared to those of SW-MRI and T1/T2-weighted MRI
scans using Wilcoxon signed rank test. A p value of less than
0.05 was considered statistically significant. Interobserver re-
liability was tested using Cohen’s Kappa and the benchmark
scale by Landis and Koch. Intermodality variation for foram-
inal diameter measurements was assessed using Bland-
Altman plots, which were generated to display the spread of
data and the limits of agreement. Linear regression was ap-
plied to determine the relationship between sagittal diameter
measurements on SWI, conventional MRI spine sequences,
and CT.

Results

Detection rates for cervical foraminal stenosis

Within the group of 280 cervical neuroforamina, a total of 58
osseous foraminal stenosis detected using computed tomogra-

phy images of the cervical spine as a reference standard (Figs. 2
and 3). The overall prevalence of osseous foraminal stenosis
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weighted MR image, d computed tomography image. Osseous foraminal
edges can be clearly delineated on SW-MRI. On T1- and T2-weighted
images, the delineation of the neuroforamina was more challenging.
Image at the bottom show magnified views of the highlighted segments
(red box)

was 85% in our study population (three subjects showed no
detectable stenosis on computed tomography images). On
inverted SW-MR magnitude images 57, osseous foraminal ste-
nosis (98.3%) were detected, whereas one stenosis (1.7%) was
overdiagnosed and two stenosis were not detected (3.4%).

T1-weighted MRI sequences performed the worst and were
only able to detect 25 osseous foraminal stenosis (43.1%),
whereas 33 stenosis (56.9%) were not detected. T2-weighted
MRI sequences performed better but still not as well as SW-
MRI detecting 33 osseous foraminal stenosis (56.9%), while
leaving 25 stenosis undetected (43.1%). Overall, the rate of
detection for computed tomography confirmed osseous fo-
raminal stenosis was significantly (p > 0.05) higher for SW-
MRI compared to both T1- and T2-weighted MR sequences
(Fig. 4).

Severity scoring of cervical foraminal stenosis

Using the severity score from 0 for no evident stenosis to 3 for
more than 50% stenosis with obliteration of perineural fat and
collapse of the nerve root, there was a significant difference
between the scores attributed on T1- and T2-weighted MR
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Fig. 3 Example images of neuroforaminal stenosis of the lower cervical
spine, sagittal planes. Images show the cervical spine of a 72-year-old
man complaining of neck pain, radiating pain, and paresthesia in his right
arm. Moderate to severe osseous foraminal stenosis was detected affect-
ing the neuroforamina C6—C8 on the right side, offering a morphological
correlate to the clinical symptoms. From left to right: a inverted magni-
tude SW-MR image, b fusion image overlaying the phase image onto the

sequences compared to the computed tomography reference
standard (Fig. 5). There was no significant (p > 0.05) differ-
ence between the attributed scores on SW-MRI compared to
computed tomography. The majority of the observed
neuroforaminal stenosis were graded as “mild” (grade 1),
while a small number were graded as “moderate” or “severe”
(n=11). The higher grade stenosis showed a tendency to-
wards an underestimation by T1- and T2-weighted MRI se-
quences and none of this type of stenosis was detected as
being higher grade on T1-weighted MRI sequences and only
3 being accordingly scored on T2-weighted MR sequences. In
contrast, SW-MRI correctly identified all of the 11 higher
grade foraminal stenosis and overestimated 1 additional
“mild” stenosis as “moderate.”

Sensitivity and specificity for the detection of cervical
foraminal stenosis

The measured sensitivity was significantly (p <0.05) higher
on SW-MRI compared to conventional T1- and T2-
weighted MRI sequences. The measured specificity was
comparable and not significantly different (p > 0.05) be-
tween the three sequence types at close to 100%. SW-MRI
achieved a sensitivity of 96.6% and specificity of 99.5% for
the detection of osseous foraminal stenosis of the cervical

inverted magnitude SW-MR image, phase image is color-coded, blue
pixels depicting positive phase changes, ¢ T2-weighted MR image, d
T1-weighted MR image, e computed tomography image. Red boxes
mark segments with neuroforaminal stenosis. Image at the bottom show
magnified views of the highlighted segments (red box). White arrow-
heads point to neuroforaminal stenosis

spine with a 95% confidence interval of 0.87-0.99 and
0.97-0.99, respectively. Conventional T1-weighted MRI
sequences achieved a sensitivity and specificity of 43.1%
and 100%, respectively with 95% confidence intervals of
0.30—-0.57 and 0.98-1.00, if computed tomography images
were excluded from analysis. Conventional T2-weighted
MRI sequences achieved a sensitivity and specificity of
65.5% and 99.1%, with respective 95% confidence intervals
ranging from 0.52—0.77 and 0.96-0.99, if blinded to com-
puted tomography images.

Intermodality agreement for diameter measurements
of osseous foraminal stenosis

Measurements of the sagittal diameter of foraminal stenosis
showed a relatively narrow intermodality variation on SW-
MRI compared to the reference standard computed tomogra-
phy (Fig. 6). Correlation between the two modalities was high
with y=0.78x +0.85, CI 95% = -0.79-0.93, R*=0.81.
Meanwhile, the intermodality variation was highest for T1-
weighted MRI sequences with y=0.41x+3.1, CI 95% = -
0.98-2.92, R*=0.21. T2-weighted MRI sequences also
showed higher variation with y=0.62x +1.72, CI 95%= -
1.14-1.93, R* = 0.45.

@ Springer



Eur Radiol (2019) 29:1855-1862

1860
*
*
601
@
n
e
S 407
(]
I3
P
£ 2
£
=]
4
0-

SWi ™

Fig. 4 Detection rate of neuroforaminal stenosis with the different
imaging techniques. The represented data demonstrate that SW-MRI en-
ables the detection of significantly (p <0.05) higher number of the
neuroforaminal stenosis of the cervical spine, compared to conventional
T1- and T2-weighted MRI sequences. All neuroforaminal stenosis were

Interobserver reliability for detection of osseous
foraminal stenosis

The interrater reliability for the reference standard imaging
technique computed tomography of the cervical spine was
highest according to the benchmark scale by Landis and
Koch for the detection of osseous foraminal stenosis with a
Kappa value of 0.98. SW-MRI performed comparably with a
high agreement and a Kappa value of 0.95. Conventional T1-
and T2-weighted MRI sequences still showed a high to im-
mediate agreement and performed significantly (p <0.05)
worse with a Kappa value of 0.73 for T2-weighted MRI se-
quences and a Kappa value of 0.66 for T1-weighted MRI
sequences.

Discussion

This study demonstrates that SW-MRI enables the reliable
detection of osseous foraminal stenosis of the cervical spine
in patients with spinal radiculopathy with a higher sensitivity,
compared to conventional T1/T2 MR sequences. Specificity
values did not differ significantly between the three MR se-
quence types. Computed tomography (CT) was used as refer-
ence standard for all measurements and comparisons.
Furthermore, interobserver agreement was higher for SW-
MRI compared to T1/T2 MR Sequences. Interobserver agree-
ment for T1/2 MR Sequences in our study was comparable to
previous studies on this topic [5, 9]. Intermodality agreement
on the diameter of the osseous margins of the foramina and the
grading of stenosis between CT and MRI was also highest for
SW-MRI.
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confirmed by the reference standard CT imaging. Detection rate was
lowest for T1-weighted MRI sequences. Black bars show number of
detected stenosis, shaded parts of bars show number of non-detected
stenosis. Stars representing statistically significant difference with
p<0.05 based on the X* test

The current state-of-the-art diagnostic work-up for the
detection and treatment-planning for cervical radiculopathy
caused by foraminal stenosis typically includes convention-
al radiography and/or CT imaging to detect and evaluate
osseous stenosis and additional MR imaging to detect
non-osseous causes for spinal and foraminal stenosis. This
usual approach leads to two separate diagnostic appoint-
ments and slows down the work-up of the patient.
Furthermore, radiation sensitive areas being in close prox-
imity to the area of interest, such as the thyroid gland, can be
exposed to ionizing radiation, which is especially relevant
in a younger patient collective.
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Fig. 5 Severity score of neuroforaminal stenosis with the different
imaging techniques. The represented data demonstrate that severity
scores attributed on SW-MRI were comparable to the reference standard
CT imaging of the cervical spine with no significant difference between
the two imaging modalities (p > 0.05). In contrast, T1- and T2-weighted
MRI sequences showed a significant difference (p < 0.05) in scoring and
tended to an underestimation of the degree of osseous foraminal stenosis.
T1- and T2-weighted sequences show lower severity scores of stenosis
compared to computed tomography and SWI. Data shown as mean + SD.
Stars representing statistically significant difference with p <0.05 based
on the Wilcoxon signed rank test
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Fig. 6 Intermodality agreement for foraminal stenosis sagittal diameter.
Intermodality agreement for foraminal stenosis sagittal diameter between
SWI, T1-, and T2-weighted MRI and CT as reference standard. a, b
Diameter measurements showed a strong correlation and agreement for
SW-MRI, indicating the good agreement between SWI and CT

So far different studies have tested novel approaches to
improve the MR-based evaluation of neuroforamina and the
associated pathologies [12, 15, 19, 22, 24]. The main limita-
tion of MRI, compared to computed tomography, is however
the limited value of MRI for the detection of osteophytic
changes as a cause of foraminal stenosis [5, 25]. Standard
T1- and T2-weighted MRI sequences do not allow a differen-
tiation of disc herniations, osteophytes, and disc calcifications
in standard MRI sequences [7, 17, 21]. In unclear cases, ad-
ditional CT scans can be required to identify osseous changes
and the degree of neuroforaminal stenosis.

Our study demonstrates that osseous foraminal stenosis can
be reliably detected on plane sagittal SW-MRI images.
Therefore, it can potentially limit the number of required ad-
ditional CT scans in the future. Especially young patient pop-
ulations may benefit from potential reduction in ionizing ra-
diation. Furthermore, delays in treatment and costs may be
reduced when necessary information regarding osseous and
non-osseous causes of foraminal stenosis are obtained with
only one imaging modality (one-stop shop). The overall ex-
amination time is lengthened by about 5 min, which was well
tolerated by all subjects during our study.

Limitations

Limitations of this study include the small sample size.
Another limitation of this study is that flexion and extension

Average in Percentiles (T1/CT)

Average in Percentiles (T2/ CT)

measurements. ¢, d For T1-weighted MRI sequences, the correlation
was low and intermodality variation was high, showing a wider confi-
dence interval. e, f T2-weighted MRI sequences showed a moderate cor-
relation. Bland-Altman plots: centerline, mean absolute difference central
line; upper and lower line, limits of agreement (95% confidence intervals)

of the spine influences the shape of the cervical foramen [14],
all images have been obtained in a similar supine position.
However, positioning was in some cases slightly different
during CT imaging. Moreover, some neuroforamina could
not be evaluated because of foreign body artifacts due to spi-
nal implants and/or disc replacements or artifacts due to air
bubbles in postoperative patients. It has to be noted that SW-
MRI is more sensitive towards these types of artifacts than
conventional T1/T2 spin echo sequences. Also in four of our
patients, the use of STIR images might have an influence on
the assessment of the degree of stenosis due to the suppressed
fat signal of the perineural fatty tissue. Also, the suppressed
fatty tissue results in a lower contrast to the low signal of
cortical bone. Furthermore, different interfaces between tis-
sues can cause phase shifts on phase images that can increase
the difficulty of image interpretation. Therefore, a certain di-
agnostic expertise in using this type of sequence needs to be
acquired by the image reader.

Conclusion

Susceptibility-weighted magnetic resonance imaging enables
the reliable detection of osseous changes causing foraminal
stenosis of the cervical spine in patients with spinal
radiculopathy with a higher sensitivity compared to conven-
tional T1- and T2-weighted MRI sequences, using CT as a
reference standard. Therefore, SW-MRI can be a useful option
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to avoid radiation exposure especially in young patients suffer-
ing from spinal radiculopathy or in follow-up examinations.
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