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A B S T R A C T

Objective: Angulated projections are used in radiography to show the cervical neural foramen. Imaging the
coronal oblique planes in an MRI of the cervical spine should therefore improve visualization of neural foramen
pathology. This has to be demonstrated.
Patients and methods: A multi-center investigation of 40 patients with monoradiculopathy and 10 healthy con-
trols was undertaken. T2-weighted sagittal, coronal oblique and axial slices were individually and separately
examined by four readers blinded to the diagnosis. The statistical evaluation compared against the clinical gold
standard of the neurological diagnosis of a single nerve root irritation or lesion.
Results: The sensitivity/specificity required to detect the relevant neural foramen pathology was 0.47/0.60 for
axial, 0.57/0.90 for sagittal and 0.55/0.70 for coronal oblique scans. The readers felt significantly more con-
fident in attributing the cause of pathology using coronal oblique planes. Interreader reliability was moderate to
substantial, with the highest values for the sagittal planes (0.39–0.76) and lower values for the transversal and
coronal oblique planes (0.15–0.63). Intrareader reliability was substantial, with values between 0.53 and 0.88.
Reading the axial planes was significantly more time consuming than reading the other planes.
Conclusion: The use of coronal oblique planes in cervical spine MRIs increases sensitivity and confidence in
attributing the cause of neural foramen obstruction. They are easy to interpret and demand less reading time
than axial planes, and so the inclusion of coronal oblique planes in the workup of cervical spine MRI is re-
commended, at least when neural foramen pathology is suspected.

1. Introduction

Radicular symptoms like cervicobrachialgia or radiculopathic
weakness of the arm are common [1] and may be caused by in-
flammatory or mechanical irritation of the cervical nerve roots [2–4].
Since the symptoms are often due to uncovertebral arthrosis or inter-
vertebral disc protrusion, the proper visualization of the neural foramen
is paramount [5]. Disc protrusions are reportedly the main cause of
cervical radiculopathy in younger people [6], while osseous neural
foramen narrowing is the leading cause in older patients [7,8].

The clinical diagnosis of cervical nerve root impingement is
achieved using the Spurling maneuver [9] (tilting the head to the ip-
silateral side while turning it backwards), resulting in neural foramen
narrowing, which has recently been demonstrated in radiographic 3D

analysis [5].
Since the nerve roots leave the cervical spinal canal via the angu-

lated neural foramina at approximately 45° [10], they are poorly vi-
sualized on orthogonal planes. In plain radiography of the cervical
spine, bilateral oblique views are standard [11] when the neural
foramen is of interest, but these angulations are not generally used in
magnetic resonance imaging (MRI) [12,13].

There are reports on the utility of angulated planes or 3D re-
formatting to better visualize neural foramen pathology [10,14–20],
however this technique has not been included in the pertaining
guidelines [12].

Improved visualization of neural foramen pathology is useful,
however, especially preoperatively, to discern the degree and the cause
(osseous or soft) of neural foramen stenosis. Preliminary tests of coronal
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oblique slices showed promising results in 25 patients of an outpatient
clinic (referenced below as Center 1) [21]. Recent reports on the MRI
imaging of neural foramen stenosis also showed strong results in the
coronal oblique angulations [22–26], but no report has included both
normal controls and the demanding task of discerning the exact loca-
tion of the symptomatic stenosis.

It was therefore hypothesized that it is useful to add coronal oblique
slices to the MRI of the cervical spine. To test the diagnostic accuracy of
the “new” sequence, we performed a multi-center evaluation on 40
patients and 10 controls against a clinical gold standard.

2. Patients and methods

This study adhered to the STARD 2015 (Appendix A) guidelines for
reporting diagnostic accuracy studies.

2.1. Subjects

At the beginning of the study, only Center 1 (a private practice in
Biberach, Germany) had experience with coronal oblique planes. With
the approval of our ethics committee, the imaging technique was es-
tablished in two other imaging centers (University Hospitals Ulm,
Germany and the Armed Forces Hospital, Ulm, Germany). Because of
the inclusion of the retrospective cases, it was decided that Center 1
should only participate with normal controls in the generation of pro-
spective cases to exclude overrepresentation of patients from that
center. Four of the 25 retrospective cases were excluded due to poor
image quality. Subjects from the two other sites were included pro-
spectively until the planned study cohort of 40 patients and 10 controls
was complete (see flowchart in Fig. 1).

2.2. Inclusion criterion

The inclusion criterion was a cervical mononeuropathy (neurolo-
gical diagnosis of monoradicular irritation or lesion, also used as the
reference standard) in conjunction with a referral to the MRI ex-
amination. The 10 healthy controls were included consecutively from
all sites, and inclusion criteria were the absence of radicular symptoms
and a normal appearing MRI of the cervical spine which had been in-
dicated to rule out cervical pathology.

2.3. Reference and reading

The reference/gold standard for mononeuropathy was defined as
the neurological diagnosis of pain or weakness attributed to a single
cervical nerve root. This diagnosis was made on clinical grounds – the
experimental reading of the MRI took place later in a blinded fashion,
so that informational contamination was ruled out.

T2-weighted sagittal, coronal oblique and axial slices were anon-
ymized, generating 150 “series” consisting of only one spatial orienta-
tion. To prevent informational contamination from other slice or-
ientations, no real localizers from the patients were used, but instead
schematic drawings without pathology. The experimental reading took
place in the presence of one author (GH), who took the time mea-
surements and checked completeness of data. Reading time was taken
on each individual rating, so that the time needed for different planes
could be computed. Four readers (all senior fellows: two radiologists
specialized in Musculoskeletal Radiology/Neuroradiology, one Head of
Neurology and one senior neurosurgeon, each with>10 years of ex-
perience reading spine MRIs), individually read the cases, blinded to
the diagnosis and the results of the other readers. Two were experi-
enced with coronal oblique slices; the others received 10min of
training. Criteria were reading time, level and side, as well as the cause
and grading of the neural foramen stenosis and the subjective level of

Fig. 1. Flowchart of subject inclusion of the 50 cases. The retrospective cases had been established beforehand. The 50 cases were included as planned. One case of
violation of the inclusion criteria was detected and replaced with a case from the retrospective reserve.
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confidence on a 100-point visual analogue scale (VAS). We were able to
compare the results of two readers with data from the previous pre-
liminary study [21] (intrarater agreement) and computed interrater
agreement for all four readers.

Since we were not interested in the performance of individual
readers but rather in the performance of the different angulations, we
decided to aggregate the data of the four readers when comparing the
angulations. Data from the individual readers was aggregated to form
an averaged blinded reader [27]. The congruence of at least three of the
four raters was necessary to reach agreement for qualitative variables,
and the arithmetic mean was calculated for quantitative variables.

This aggregated data (averaged blinded reader) can be used to
further calculate sensitivity and specificity of single slice orientations
against the clinical gold standard, but it can also be used to calculate
the combined sensitivity and specificity of any combination of slice
orientations. In clinical routine, for example, sagittal and axial or-
ientations are used. We wanted to test whether the exchange of one
orientation with the “new” coronal oblique or the addition of the cor-
onal oblique orientation would increase the sensitivity or specificity of
the diagnostic procedure. This necessitated the definition of a combined
sensitivity or specificity. Here we followed the clinical routine of par-
allel testing [28] and defined the combined sensitivity as the ratio of
cases detected in at least one orientation divided by the number of
positive cases (the “or rule” as described by Weinstein et al. [28]). This
measure would increase with each addition of an extra slice orientation.

The combined specificity according to the “or rule” [28] is computed
as the ratio of cases deemed negative in all orientations divided by true
negative controls. The combined specificity will therefore decrease with
the addition of orientations.

2.4. Sample size

Sample size was calculated from previous experience: a published
report [21] could demonstrate a 50% higher sensitivity of the coronal
oblique and sagittal orientations over the axial planes. A sample size of
50 would thus result in 80% power with p=0.05. Comparing sagittal
and coronal oblique orientations with a roughly 10% relative difference
in sensitivity would require a sample of over 900 cases, a number not
feasible in an experimental reading setting.

2.5. Scanners and sequences used

Scanning was performed with different MR-scanners (Magnetom
Harmony 1.0 T, Avanto 1.5 T and Skyra 3 T, Siemens, Erlangen,
Germany), and the sequence parameters are listed in Table 1. The
planning of coronal oblique scans is illustrated in Fig. 2. Exemplary
sagittal (Fig. 3), axial (Fig. 4) and coronal oblique (Fig. 5) scans are
shown.

2.6. Statistical analysis

Descriptive statistical analysis was performed with Microsoft Excel,
and further analysis was performed using “R” version 3.2.3, from the R
Foundation for Statistical Computing, 2015 [29]. t-Tests were per-
formed and Cohen's kappa was computed. Results were seen as sig-
nificant when p was< 0.05.

3. Results

3.1. Patients group description

The flowchart in Fig. 1 describes the selection process leading to the
study population of 50 subjects (see flowchart Fig. 1). The retrospective
cases had been imaged between October 2011 and September 2012.
The prospective phase took place between October 2013 and July 2015.
In Centers 2(3) respectively, 130(81) cases were screened, but the fol-
lowing numbers had to be excluded due to missing data concerning
neurological status in 66(72) cases, neurological symptoms not fitting
the inclusion criteria in 28(2) cases, inadequate image acquisition in
7(1) cases or inconclusive radiological data in 11(0) cases. Thus, 21(6)
cases could be included.

The 50 subjects comprised 27 males and 23 females, the average age
was 46.4 years (standard deviation 14.8 years). The symptomatology
was recorded prior to MR-scanning (not graded according to severity)
and referred to the following roots: C5: 0 cases, C6: 26 cases, C7: 12
cases, C8: 2 cases. Twenty-four cases had their symptomatic lesion on
the left side, 16 on the right side. The 10 controls were asymptomatic,

Table 1
Scan parameters of the sequences used.

Siemens Harmony 1 T Siemens Avanto 1.5 T Siemens Skyra 3 T

Orientation cor sag tra cor sag tra cor sag tra
Sequence T2 tse T2 tse T2 MEDIC T2 tse T2 tse T2 MEDIC T2 tse T2 tse T2 MEDIC
TR 3280–3870 3000–4830 894–901 3110 3500 854 4000 5600 737
TE 106–112 105–106 22–27 106 82 24 89 89 17
Slice no 10–12 11–15 15–19 10 13–15 12 14 15 15
s thickn 3 3 3 3 3 3 3 3 3
FA 150–180 170–180 30 170 150 30 150 150 30
FOV 280–310 280–310 220–280 280 250 157 ∗ 210 280 280 180
Resolution 320–448 348–448 256 384 384 384 512 512 384
NAQ 3–4 3–4 2 3 2 2 2 2 2

Parameters: TR: repetition time in ms, TE: echo time in ms, slice no: number of slices, s thickn: slice thickness, FA: flip angle in degrees, FOV: field of view in mm,
resolution: in pixels, NAQ: number of acquisitions.

Fig. 2. Illustration of the angulation for coronal oblique scans. N.B: The scans
should be planned at the level of suspected pathology to ensure perfect cov-
erage of the neuroforamina.
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according to the inclusion criteria.

3.2. Reading data

The reading data of the four readers was evaluated individually. The
data was then aggregated to create an averaged blinded reader. This
data is presented in Table 2.

There were significant differences between slice orientations in the
subjective certainty of the readers: they were significantly more certain
in their ratings on coronal or sagittal (turbo spin echo T2) than axial (T2
MEDIC) slices when discerning the side or level of the symptomatic
neural foramen. They felt significantly more confident using coronal
oblique slices than using the other two orientations when measuring the
stenosis or describing root impingement. They were significantly more
certain on coronal oblique slices than on axial slices when attributing
the cause of neural foramen stenosis.

They were also faster to read the coronal oblique and sagittal planes
than the axial planes. This was shown to be significant for sagittal
planes (p=0.004), and barely missed significance on coronal oblique
planes (p=0.056). There was no significant difference regarding the
results from the different scanners: correct detection rates for all
readers/the averaged blinded reader showed no significant differences
(Fisher test p= 0.33/0.12).

3.3. Comparison of different imaging angulations

The test statistics for the detection of the symptomatic neural
foramen in cervical spine MRI of different scan orientations are shown
in Table 3. The sensitivity and specificity of detecting the relevant
neural foramen stenosis was better for (T2 turbo spin echo) sagittal and
coronal oblique orientations than for the axial (T2 MEDIC) orientation.

The readers experienced with coronal oblique slices achieved higher

mean sensitivity (0.68 vs. 0.55) and specificity (0.8 vs. 0.7) than in-
experienced readers. Interrater reliability was higher for experienced
raters (kappa 0.67) than inexperienced raters (kappa 0.35). Intrarater
reliability reached kappa values of 0.53–0.88.

3.4. Combination of imaging angulations

The combination of the two commonly used orientations (axial and
sagittal) increased the combined sensitivity, and the addition of the
coronal oblique scans further improved it (see Table 4).

3.5. Intrarater and interrater agreement

Test-retest agreement mostly reached values of 60–80%, which can
be described as substantial [30]. It was worse for axial slices and better
for coronal oblique and sagittal slices (see Table 3).

Interrater agreement was highest for sagittal orientations. The
agreement mostly reached 40–80%, which can be described as mod-
erate to substantial [30]. Coronal oblique scans (as reported above)
were interpreted more coherently by experienced readers.

4. Discussion

Results using the proposed coronal oblique orientations in cervical
spine MRI were superior to the results using the traditionally favored
axial slices in the diagnosis of neural foramen pathology.

4.1. Routine angulations in cervical spine MRI

Sagittal and axial slices are acquired in a routine diagnostic MRI.
Although only these two orientations are recommended by national
bodies like the American College of Radiology [12] or the Deutsche

Fig. 3. A 53-year-old male with neurologically diagnosed (clinical gold standard) mononeuropathy of left C6. The neuroforaminal narrowing is ill defined on the
shown sagittal T2 weighted slices. The corresponding axial and coronal oblique orientations are shown in Figs. 4 and 5.

Fig. 4. The same case as in Figs. 3 and 5 (mononeuropathy of left C6). The neuroforaminal narrowing is not easily detected on the axial T2 weighted slices.
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Röntgengesellschaft [13], we think that the addition of coronal oblique
slices supports the diagnostic process, as has been shown by our data.
When considering sensitivity and specificity for a single orientation, the
coronal oblique slices were nearly as accurate as the sagittal planes (T2
turbo spin echo each), and were significantly better than the axial
planes (T2 MEDIC). In clinical routine, however, a combination of sa-
gittal and axial planes is used. In the context of our study, the combi-
nation of sagittal and coronal oblique scans would yield nominally
better test results (especially higher specificity for the diagnosis of
neural foramen pathology). The combination of all three planes further
increases sensitivity – at the cost of specificity. Nevertheless, coronal
oblique angulations have been included in the routine protocols in our
institutions, and the referring neurosurgeons demand them.

On first sight, our results seem worse than the excellent values
found in other reports [19,24,25]. This difference, however, may be
attributed to the fact that our inclusion criteria were clinical (mono-
neuropathy), while, for example, Shim et al. [19] included only cases

with a clear symptomatology and matching MRI. It is also more de-
manding to perform against a clinical gold standard and against normal
controls, and to name the side and level of the relevant pathology rather
than simply grading the maximal stenosis or any pathology.

We suppose that the small but incremental benefit of adding se-
quences to increase the sensitivity may correspond well with clinical
routine. Moreover, if you are interested in neural foramen pathology, it
makes sense to choose the perfect angulation to visualize the neural
foramen, however it is of interest that the combined specificity as de-
fined above is reduced by each addition to the diagnostic protocol. The
normally used combination of axial and sagittal planes is worse than the
combination of sagittal and coronal planes. When using the measures of
likelihood ratios LR+ and LR− (see Table 3), it would be preferable to
use only the sagittal plane or a combination of the sagittal and coronal
oblique planes. This is in contrast to the clinical routine, where neural
foramen pathology is often assessed on axial planes. These axial planes
demonstrated the lowest performance in our evaluation.

Fig. 5. The same case as in Figs. 3 and 4, experiencing mononeuropathy of left C6. The neuroforaminal narrowing is ill defined on sagittal (Fig. 3) or axial (Fig. 4)
slices. However, on the left side coronal oblique scans shown here, uncovertebral exostosis with narrowing of the neural foramen is nicely captured.

Table 2
Results of the calculated averaged blinded reader concerning the measurements on the different scan orientations.

Scan orientation S true SCS L true SCL %sten SC% G Root SCG SCC E time

Coronal oblique 0.71 72.4 0.74 74.9 46.5 72.3 1.4 72.4 77.2 50.3
Sagittal 0.78 72.6 0.74 73.7 38.9 67.3 1.1 68.2 74.7 47.7
Axial 0.68 68.9 0.67 66.8 42.9 64.2 1.3 64.6 71.4 55.4
t-Test p for difference 0.12–0.64 0.19–0.95 0.26–0.94 < 0.01–0.66 0.09–0.43 < 0.01–0.17 0.12–0.48 <0.01–0.12 < 0.01–0.26 < 0.01–0.33

Variables: S true: % of correctly identified laterality of the symptomatic neuroforamen. SCS: subjective certainty (VAS) concerning the side. L true: % of correctly
identified levels of the symptomatic neuroforamen. SCL: subjective certainty (VAS) concerning the level. %sten: % stenosis of the neuroforamen. SC%: subjective
certainty (VAS) concerning the % stenosis. GRoot: grading of the root impingement. SCG: subjective certainty concerning the GRoot. SCC: subjective certainty (VAS)
concerning the cause. E time: time needed for evaluation of the scans.

Table 3
Test statistics for the detection of the symptomatic neuroforamen in cervical spine MRI of different scan orientations

Scan orientation Sensitivity Specificity PPV positive LR negative LR Inter-K Intra-K

Coronal oblique 0.55 (0.38–0.71) 0.70 (0.35–0.93) 0.88 (0.69–0.97) 1.83 (0.68–4.92) 0.64 (0.38–1.09) 0.15–0.62 0.53–0.88
Sagittal 0.57 (0.41–0.73) 0.90 (0.55–1.00) 0.96 (0.79–1.00) 5.75 (0.88–37.62) 0.47 (0.31–0.72) 0.39–0.76 0.67–0.86
Axial 0.47 (0.32–0.64) 0.60 (0.26–0.88) 0.83 (0.61–0.95) 1.19 (0.52–2.71) 0.88 (0.49–1.57) 0.23–0.63 0.61–0.71

Abbreviations: PPV: positive predictive value. Inter-K: interreader kappa (ratings 2015). Intra-K: intrareader kappa (comparison between ratings 2013 and 2015).
Results are given with 95% confidence intervals (in brackets).

Table 4
Test statistics of combinations of different scan orientations for the detection of the symptomatic neuroforamen in cervical spine MRI.

Scan orientation Sensitivity Specificity PPV positive LR negative LR

Sagittal+ axial 0.65 (0.48–0.79) 0.4 (0.12–0.74) 0.81 (0.64–0.93) 1.08 (0.62–1.89) 0.87 (0.37–2.09)
Sagittal+ coronal oblique 0.62 (0.46–0.77) 0.6 (0.26–0.88) 0.86 (0.68–0.96) 1.56 (0.70–3.46) 0.62 (0.33–1.19)
Sagittal+ axial+ coronal oblique 0.68 (0.51–0.81) 0.2 (0.03–0.56) 0.77 (0.60–0.90) 0.84 0.58–1.23) 1.62 (0.44–6.07)

Abbreviations: PPV: positive predictive value. Sensitivity (If at least one detects correctly). Specificity (If all agree correctly). Results are given with 95% confidence
intervals (in brackets).

W. Freund et al. Clinical Imaging 53 (2019) 162–168

166



4.2. Subjective certainty

The subjective feeling of diagnostic certainty concerning neural
foramen pathology (see Table 2) is clearly better with coronal oblique
planes than other orientations. This is due to the optimal angulation of
the slices and thus visualization of the neural foramen.

4.3. Kappa

Although our numbers are worse than the data reported by [32], we
think that our task was much more demanding. We had to correctly
identify the presence and locus of a symptomatic neural foramen
against a clinical gold standard (validity) instead of the criterion used
by Park et al., where similarity of reporting was counted (reliability,
irrespective of a gold standard). The observed interrater reliability
differs between angulations with the most robust reliability for sagittal
planes, ranging from moderate to substantial [30], however, it is only
poor-to-substantial for axial or coronal oblique scans, with higher re-
liability among more experienced readers. Intrarater reliability is
mostly substantial to excellent with no significant difference between
the angulations. This is not surprising, since the more experienced
readers took part in the previous study, so that the data on intrarater
reliability refers to the more experienced readers.

4.4. Time considerations

The time needed to scan and to read is an important argument when
choosing the appropriate diagnostic procedures. The lateral parts of the
vertebral bodies and thus the neural foramen are often incompletely
covered in routine sagittal slices due to scanning time constraints. Here
five coronal oblique scans on each side offer improved coverage of the
neural foramen with an ideal angulation of approximately 45°. These 10
slices are acquired in the same time as 10 conventional slices. The
readers were able to read the coronal oblique and sagittal planes faster
than the axial planes.

4.5. Technical considerations

Optimized visualization of the neural foramen depends on the an-
gulation of the images. This can be achieved either by individually
planning 2D sequences a priori, or by reformatting data from 3D.
Reports show that the reconstruction of optimally angulated slices is
feasible [17,20], and that some techniques may even yield higher
contrast than standard sequences [33]. The application of contrast
medium is necessary for some diagnostic problems, and newer se-
quences like DWI or DTI show promise [34–36], but the concern of this
manuscript was more with the angulation per se.

Up to now, for practical reasons (mainly scan time and compensa-
tion rules) 2D sequences have been preferred in clinical routine. The
proposed coronal oblique sequences are shown in Table 1, and have
acquisition times similar to that of the sagittal sequences.

Since the scanner type did not significantly affect the results and the
cases presented in this study had been scanned on different scanners,
ranging from 1 to 3 T, and both in hospital- as well as practice-settings,
the results are deemed to be generalizable.

4.6. Limitations

We used a clinical gold standard in our study: the neurological di-
agnosis of mononeuropathy (irritation or lesion of a single radix). This
is sensible from the viewpoint of indicating the MRI, however the de-
finitions of other studies used the neurosurgical postoperative diagnosis
(and included only operated patients), thus enhancing the chance to
detect a confirmed mechanical cause of the symptoms. There is the risk
of circular reasoning, however, if only cases suspected first on clinical
and radiological grounds are included, which secondly underwent

surgery with confirmation of the clinical and radiological suspicion.
This inclusion process dramatically increases the chance of “diagnostic”
radiological procedures. Different etiologies were included in our
sample, however, so that not only mechanical causes but also in-
flammation or distension of the nerve roots could be causative – neither
of which are detectable by conventional MRI.

Blinding not only to clinical information but also to information
contained in other planes was deemed necessary, so the use of a sche-
matic localizer was introduced in order for the experiment to be able to
assess single slice orientations without contamination by information
from other orientations. The inclusion of the retrospective cases from an
earlier study resulted in a mixture of both retrospective and prospective
cases, but permitted the exploration of intra- as well as interreader
variability.

The comparison was made using T2 turbo spin echo (sagittal and
coronal oblique) and MEDIC sequences. This may account for some of
the disadvantages of the transversal planes, since the visualization of
anatomic detail may be better in Turbo spin echo sequences.

The sample size was calculated to permit comparisons between axial
and coronal oblique planes where earlier experience had shown effect
sizes of 50%. A comparison of sagittal and coronal oblique orientations
is thus not sufficiently powered, however it is not the aim to abolish
sagittal planes, but rather to include (perhaps in exchange with one
axial plane) the “new” orientation into the workup of cervical spine
MRI.

5. To conclude

We think that the proposed coronal oblique orientations can be
interpreted quickly, and yield important information.

A complete diagnostic workup of neural foramen pathology is im-
portant, especially preoperatively, since the results may influence the
indications for operative treatment and surgical technique. Coronal
oblique planes in cervical spine MRI improve sensitivity in order to
detect the laterality and level of pathology and add subjective con-
fidence in attributing the cause of neural foramen obstruction. They are
easy to interpret and show good test-retest agreement.
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