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ABSTRACT
BACKGROUND AND PURPOSE: MR imaging plays an important role in diagnosing MS and other related inﬂammatory diseases; however,
imaging of the spinal cord is still challenging. We hypothesized that a 3D double inversion recovery sequence for cervical spinal cord
imaging would be more sensitive in detecting inﬂammatory lesions than a conventional 2D T2-weighted TSE sequence at 3T.
MATERIALS AND METHODS: On a 3T MR imaging scanner, we examined 30 patients with suspected or established MS (MS, n ⫽ 16;
clinically isolated syndrome, n ⫽ 12; isolated myelitis, n ⫽ 2) and 10 healthy controls. Newly developed 3D double inversion recovery and
conventional 2D axial and sagittal T2-weighted TSE images of the cervical spinal cord were acquired. Two blinded neuroradiologists
independently assessed the scans in pseudorandomized order for lesion numbers and rated lesion visibility and overall image quality on
5-point scales. A subsequent consensus reading delivered deﬁnite lesion counts. Standardized contrast-to-noise ratios were calculated in
representative lesions of each patient.
RESULTS: Overall, 28% more lesions could be detected with 3D double inversion recovery than with conventional T2WI (119 versus 93, P ⬍
.002). On average, the standardized contrast-to-noise ratio was signiﬁcantly higher (P ⬍ .001) in double inversion recovery than in T2WI.
Lesion visibility was rated signiﬁcantly higher (P ⬍ .001) in double inversion recovery compared with T2WI despite lower image quality.
CONCLUSIONS: The novel 3D double inversion recovery sequence allowed better detection of lesions in MS and related inﬂammatory
diseases of the cervical spinal cord, compared with conventional 2D T2WI.
ABBREVIATIONS: DIR ⫽ double inversion recovery sequence; sCNR ⫽ standardized contrast-to-noise ratio

A

mong the inflammatory CNS diseases, spinal cord lesions can
most frequently be found in multiple sclerosis, though they
are very uncommon in other neurologic diseases.1 MR imaging of
the brain and spinal cord plays a major role not only for establishing the diagnosis of MS but also for evaluating its individual
course.2,3 The following sequences are recommended in the standard MS spinal cord imaging protocol: 2D (sagittal and axial)
proton-attenuation/T2-weighted images, sagittal T1-weighted
images pre- and postcontrast, and axial T1-weighted images postcontrast through suspicious lesions.4 MR imaging of the spinal
cord, however, is still challenging because of technical difficulties
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due to the small size of the spinal cord and its lesions and artifacts
caused by deglutition, respiration, and cardiac pulsation. This
challenge often leads to uncertainty during assessment of the
images. Numerous studies have compared different sequences,
such as STIR, which provides high lesion contrast, with this
standard protocol in MS.5-7 Other studies compared T2*weighted gradient recalled-echo sequences with and without a
magnetization transfer prepulse with axial T2 FSE and sagittal
STIR images.8 In inflammatory spine diseases with a diffuse
pattern, such as neuromyelitis optica, diffusion tensor imaging
has recently been used to measure fractional anisotropy with
great success.9,10
The double inversion recovery (DIR) sequence was first described by Redpath and Smith in 1994.11,12 In this sequence, the
signals from both the CSF and normal white matter are suppressed simultaneously, while inflammatory lesions remain unsuppressed and appear hyperintense. The fast spin-echo version
of DIR was introduced 1998 by Bedell and Narayana.13 Several
studies have shown that this sequence is very sensitive to MS lesions in the brain, especially with respect to intracortical leAJNR Am J Neuroradiol 36:219 –25
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MRI acquisition parameters of the 3D DIR and axial and sagittal T2WI TSE sequences
Sequence
3D DIR
2D T2WI TSE
Imaging plane
Sagittal
Sagittal
Axial
Acquisition matrix
208 ⫻ 208 ⫻ 300
212 ⫻ 233
308 ⫻ 207
1.2 ⫻ 1.2 ⫻ 1.3
0.94 ⫻ 1.18 ⫻ 2 0.65 ⫻ 0.88 ⫻ 4
Acquisition voxel size (mm3)
TR (ms)
5500
3071
4238
TE (ms)
287
100
100
TSE factor
173
29
25
IR delays (ms)
2550/450
Flip/refocusing angle
T2prep with TE ⫽ 125 ms
90°/120°
90°/120°
and 4 refocusing pulses
Acquisition time
7 min 36 sec
3 min 47 sec
3 min 15 sec
Sections
300
15
28

MS and related disorders with a high volume of stationary and ambulatory patients. Diagnoses were made by the treating neurologists, experienced experts in
MS and inflammatory CNS diseases. The
study was conducted in accordance with
the 1964 Declaration of Helsinki, and the
study protocol was approved by the local
ethics committee.

MR Imaging Acquisition

Scans were performed on a 3T scanner
(Ingenia; Philips Healthcare, Best, the
Netherlands). Our standard protocol
consists of multisection sagittal and axial T2-weighted images,
sagittal T1-weighted images pre- and postcontrast, and axial T1weighted images postcontrast. In this study, we additionally acquired a 3D fat-saturated double inversion recovery sequence
with suppression of the CSF and normal white matter. The acquired voxel sizes were 1.2 ⫻ 1.2 ⫻ 1.3 mm in the DIR sequence
and 0.94 ⫻ 1.18 ⫻ 2 mm and 0.65 ⫻ 0.88 ⫻ 4 mm the sagittal and
axial T2WI TSE sequences, respectively. The DIR sequence was
interpolated to a voxel size of 1.2 ⫻ 1.2 ⫻ 0.65 mm by zero-filling
of the k-space. It was then reformatted with section thicknesses
of 2 (sagittal) and 4 mm (axial) for a better comparison with
the 2D sequences. The acquisition times were 7:36 minutes
(DIR) and 7:02 minutes (T2WI: sagittal, 3:47 minutes; axial,
3:15 minutes). Additional parameters of the sequences are
listed in the Table.

Note:—IR indicates inversion recovery; T2prep, preparation pulse to ensure T2 weighting.

sions.14-16 An analogous DIR sequence for spinal cord imaging,
however, has not yet been established in clinical practice and research. To the best of our knowledge, the only published material
on spinal DIR imaging is a vendor demonstration of a DIR sequence of the cervical spinal cord.17
The aim of our study was, therefore, to compare a newly established cervical spinal 3D DIR sequence with the conventional
axial and sagittal T2WI TSE sequences at 3T regarding image
quality and lesion detectability. Because the DIR sequence improves the detection of lesions in the brain, especially in the cortex,14-16 we hypothesized that the spinal 3D DIR sequence would
also be a more sensitive tool for the examination of the spinal cord
in inflammatory diseases, especially in patients with suspected or
established MS.

MATERIALS AND METHODS
Patients and Healthy Volunteers
In 33 patients and 10 healthy volunteers, a DIR sequence was
acquired from the cervical spinal cord according to techniques
described below. Three of the patients were excluded because of
inadequate image quality in 3D DIR (but not in the conventional
T2WI TSE) images. Poor image quality in these cases was caused
by aliasing artifacts and magnetic field inhomogeneities presumably caused by adiposity (body mass index of ⬎35 in all 3 patients). None of the 10 healthy volunteers (4 women; mean age,
33 ⫾ 4 years; range, 27– 41 years) had to be excluded. In the
remaining 30 patients (17 women, mean age, 39 ⫾ 11 years; range,
20 –57 years), 12 had a prior diagnosis of definite MS, whereas MR
imaging was performed in the remaining 18 patients to establish
the primary diagnosis. The patients were examined due to a new
clinical attack compatible with myelitis or for routine follow-up.
Of note, although image data were collected prospectively with
the intent of subsequent blinded scientific evaluation, all images
were available to clinicians for routine clinical purposes and radiologic reporting immediately after acquisition and, hence,
could have impacted clinical diagnoses and decision-making.
The final diagnoses were MS (n ⫽ 16; 11 relapsing-remitting, 2
primary-progressive, and 3 secondary-progressive), clinically isolated syndrome (n ⫽ 12), and isolated myelitis of unknown etiology (n ⫽ 2). The median Expanded Disability Status Scale score
was 2.45 (range, 0 –7).
Patients were recruited consecutively at the department of
neurology at the Klinikum rechts der Isar (Technische Universität
München, Munich, Germany), which runs a dedicated center for
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MR Imaging Analysis
Scans were assessed independently by 2 experienced neuroradiologists (I.R. and J.F.K., with 2.5 and 9 years of experience, respectively), blinded to diagnoses and clinical symptoms, on a standard
PACS workstation. The 3D DIR and T2WI TSE image series were
assessed separately, each in pseudorandomized order, with a temporal delay of at least 2 weeks to exclude biases by memory effects.
A lesion was defined as a focal hyperintensity surrounded by a
normal isointense spinal cord. Confluent lesions with no distinct
delineation in between were counted as 1 lesion. Spinal cord lesions between the top of the C2 and the bottom of the C7 vertebral
body levels were counted. To assure comparable conditions with
the 2D T2WI TSE sequence, we counted lesions in the sagittal and
axial reconstructions of the 3D DIR sequence. Additionally, DIR
and T2 images were independently rated by the 2 neuroradiologists on 5-point scales in terms of overall image quality, lesion
visibility (5, excellent; 4, good; 3, average; 2, poor; 1, not diagnostic) and artifacts (5, none; 4, mild, not affecting diagnostic value;
3, moderate, minor impact expected on diagnostic value; 2, pronounced, major impact on diagnostic value; 1, severe, no diagnostic value). A definite lesion count was derived from an additional consensus reading held after a delay of at least 1 week
by both neuroradiologists, by using the thin-sectioned raw
data and coronal reconstructions in addition to the axial and
sagittal reconstructions.
The contrast-to-noise ratio comparison between 2 sequences
with identical voxel sizes and acquisition durations is traditionally

regions with normal signal without any
hyperintensities nearby. The noise region
was placed in the background in a region
without signal and noticeable artifacts.

Statistical Analysis
Differences in lesion number, sCNR, and
image quality were analyzed by using a
2-sided Student t test for paired samples.
The level of significance was set to P ⬍ .01
for the whole study. The interobserver
agreement was calculated by using the Lin
concordance (concordance correlation
coefficient).19 Bland-Altman analysis was
performed to assess agreement between
the 2 different radiologists for each of the
sequences.

RESULTS
Lesion Detectability
In the independent readings, both raters
detected substantially more lesions in the
reformatted DIR images than in the conventional T2WI TSE images (115 versus
96, P ⫽ .097, and 105 versus 85, P ⫽ .004).
The slightly higher lesion counts of the
more experienced reader were reflected in
the Bland-Altman analysis, which showed
FIG 1. Bland-Altman analysis of the lesion counts of reader 1 and 2 for the DIR sequence (upper
a similarly small, nonsignificant bias of
row) and the T2WI TSE sequence (lower row). There was an almost identical, nonsigniﬁcant bias
in both techniques, with reader 2 counting on average 0.33 more lesions on DIR images and 0.37 ⫺0.37 and ⫺0.33 between radiologist 1
more lesions on T2 images than reader 1 (95% CI, ⫺3.2–2.6; correlation coefﬁcient, r ⫽ 0.97; and and radiologist 2 on T2WI TSE and DIR
⫺2.8 –2.1, r ⫽ 0.94, respectively).
images, respectively (Fig 1, 95% CI,
⫺2.8 –2.1 and ⫺3.2–2.6, respectively).
performed on the basis of the ratio of the signal difference beThe concordance between radiologists was similar for both the
tween the 2 tissues of interest over the SD of noise. However, as
DIR and T2WI TSE sequence (both, concordance correlation cosignal noise decreases and contrast-to-noise ratio increases with
efficient ⫽ 0.91).
increasing voxel size and acquisition time, it is questionable to
In the consensus reading, differences in lesion counts between
compare (nonstandardized) contrast-to-noise ratios of sequences
the DIR and T2WI TSE sequences occurred in 13 patients, always
that are, in these respects, different, as is the case for the 2D T2WI
favoring the DIR images. All lesions apparent in the T2WI TSE
TSE and 3D DIR sequences used. According to Edelstein et al,18
images were also detected in the DIR images, but not vice versa
the contrast-to-noise ratio is proportional to the acquisition voxel
(Fig 2). Overall, 28% more lesions could be detected with the 3D
volume and the square root of the total sampling time. To account
DIR sequence than with the conventional 2D T2WI TSE sequence
for this dependency and establish comparability for the 2 se(119 versus 93, P ⬍ .002). On average, 4 lesions per patient were
quences, we defined a “standardized” contrast-to-noise ratio
detectable in the DIR sequence, compared with 3 in the conven(sCNR) according to
tional T2WI TSE sequence (range, 0 –13 [DIR], 0 –11 [T2WI
TSE]; mean, 3.97 ⫾ 3.85 [DIR], 3.10 ⫾ 3.00 [T2WI TSE]; P ⬍ .01;
S lesion ⫺ S spinal cord
sCNR ⫽
,
Fig 3).
SD background ⫻ V voxel ⫻ 冑t acq
where Slesion and Sspinal cord denote the mean signal in a region of
interest in the lesion and normal spinal cord tissue, respectively.
SDbackground is the SD of noise in a region of interest selected in the
background, Vvoxel is the voxel size, and tacq, the acquisition time
in seconds. Calculation and measurement of the mean values
were performed with standard tools of the PACS workstation. To
calculate the average signal intensity of lesions, we placed circular
ROIs in the largest lesion of each patient that was easily discernible
in both the T2WI TSE and DIR images. The ROIs for the mean
signal intensities of healthy spinal cord tissue were placed in

Image Quality
The sCNR was significantly higher in the 3D DIR sequence compared with the standard 2D T2WI TSE sequence (0.36 ⫾ 0.14
versus 0.26 ⫾ 0.14, P ⬍ .001); thus, the visibility of the lesions was
clearly improved in the 3D DIR sequence (Fig 4). On a 5-pointscale, lesion visibility was rated significantly higher in the DIR
sequence compared with the T2WI TSE sequence (4.8 versus 3.3
on a 5-point scale, P ⬍ .001), despite lower overall image quality
(3.7 versus 4.8, P ⬍ .001).
The DIR sequence seems to be more prone to motion artifacts
AJNR Am J Neuroradiol 36:219 –25
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FIG 2. Examples of 2 patients with lesions visible only in the DIR images and not in the T2WI TSE images. Sagittal (A and F) and axial (D and H) T2WI
TSE images; sagittal (B and G), coronal (C), and axial (E and I) reconstructions of the 3D DIR sequence of the spinal cord. The group of images on
the left (I, A–E) shows the cervical spinal cord of a 52-year-old female patient. Note the lesion in the spinal cord at the C4 vertebral body level,
which is only visible in the DIR sequence. This patient indicated pain in her left shoulder, weakness of her left arm, and tingling in her left palm.
In T2WI TSE images, 1 lesion was visible in the cervical spinal cord at the C2/C3 level with discrete contrast enhancement (not shown in the
image). At ﬁrst, the differential diagnosis included neoplasm and inﬂammation. Due to the cervical 3D DIR sequence, another small lesion was
detected at the C4 lateral level on the right (arrow), favoring the diagnosis of cervical myelitis. The group of images on the right (II, F–I) shows
the spinal cord of a 49-year-old patient with clinically isolated syndrome. Note the lesion in the spinal cord at the C7 vertebral body level, which
is only visible in the DIR sequence.

the study. No false-positive lesions of the
spinal cord were found in the control
group in any of the sequences.

DISCUSSION
The present study demonstrates that the
DIR sequence, which has been shown to improve visibility of MS-related inflammatory
lesions, in particular of intracortical lesions
in the brain,14,15 can be adapted for imaging of the cervical spinal cord. The newly
developed spinal 3D DIR sequence is more
sensitive than conventional T2WI TSE sequences for inflammatory lesions in patients with suspected or definite MS. This
sensitivity can be attributed to the higher
FIG 3. The number of lesions per patient according to the consensus reading of both radiolo- sCNR of the 3D DIR sequence and the corgists in the T2WI TSE and DIR sequences. Volunteers are not included. Range, 0 –13 (DIR), 0 –11 respondingly enhanced lesion visibility.
(T2WI TSE); mean, 3.97 ⫾ 3.85 (DIR), 3.10 ⫾ 3.00 (T2WI TSE); P ⬍ .01.
Early attempts to improve spinal cord
imaging in MS strived to establish a spinal
such as swallowing. Eight T2WI TSE images but only 2 DIR imversion of the fluid-attenuated inversion recovery sequence, trying to
ages were rated as completely free of artifacts (4.5 versus 3.8, P ⬍
take advantage of the high sensitivity of the FLAIR sequence for MS
.001). Furthermore, image quality of the DIR sequence was relesions inthebrain.6,20,21 However,duetopoorcontrastbetweenlesions
stricted in 3 patients due to aliasing artifacts and B1 inhomogeneand healthy spinal cord, the sensitivity of the spinal FLAIR sequence was
ities due to obesity. Therefore, these patients were excluded from
actually lower compared with conventional T2-weighted images.20
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FIG 4. Sagittal T2WI TSE (A and C) and DIR (B and D) images of the cervical spinal cord of 2 patients. A and B, Two lesions in the spinal cord at
the C4 vertebral body level of a 22-year-old female patient with clinically isolated syndrome. C and D, A diffuse myelitis of an 18-year-old female
patient with MS. The lesion-to-background contrast sCNR in DIR images is remarkably higher.

More recently, alternative techniques, such as classic T2WI
STIR, a modified T1WI STIR, and a 3D gradient recalled-echo
sequence, have been applied to spinal cord imaging in MS. Although these sequences yielded promising results, comparing favorably with T2WI TSE sequences,5-8 current guidelines still include the conventional proton-attenuation/T2WI TSE sequence
as part of the spinal cord imaging protocol in MS,4 which we
therefore chose as a reference. However, future studies need to
directly compare these sequences, all of which appear to be candidate techniques to replace or supplement conventional T2WI
TSE sequences in future standard MS imaging protocols.
At present, the diagnosis of MS is usually based on the McDonald criteria, as revised in 2010,22 which conceptually rely on
the demonstration of lesion dissemination in both space and time.
Both dissemination in space and dissemination in time can be
evidenced by clinical findings and history, but also by MR imaging,22 following the simplified MR imaging criteria developed by
Swanton et al.23 Herein, the detection of at least 1 lesion on spinal
cord MR imaging in addition to at least 1 cerebral lesion will fulfill
the criterion of dissemination in space, and the detection of any
novel spinal lesion in follow-up MR imaging will fulfill the criterion of dissemination in time.
Hence, current diagnostic criteria for MS rely heavily on the
detection of spatially segregated or novel lesions. Therefore, we
focused on lesion counts to compare the sensitivities of 3D DIR
and T2WI TSE imaging. Notwithstanding the authoritative role
of the McDonald criteria in MS however, lesion numbers alone
have limited informative value. Other parameters such as the lesion location, the overall volume of lesions, and the clinical impact are important and will influence patient management. Moreover, novel MR imaging– based techniques, including diffusion
tensor, magnetization transfer, and “tissue-specific” imaging,
may provide estimates of the degree of tissue damage in lesions;

reveal abnormalities in healthy-appearing tissue, as shown in neuromyelitis optica; and help differentiate lesions with distinct
pathologic substrates (demyelination, inflammation, edema, gliosis, remyelination) but similar intrinsic signal in T2WI sequences.9,10,24,25 Such techniques may provide valuable information beyond mere lesion visualization, and this may well be
incorporated into future diagnostic guidelines.
Current diagnostic criteria, however, warrant the assessment
of lesion-detection rates to compare imaging techniques in MS.
Their clinical relevance is highlighted by 2 of the 18 (11%) patients in our study, in whom a definite diagnosis had not been
established before imaging. In 1 patient with a prominent lesion
in the cervical cord, detection of a second lesion (conspicuous
only in the 3D DIR image) largely ruled out a neoplastic process
and favored the diagnosis of an inflammatory disease. In the other
patient, several spinal lesions, revealed only by the 3D DIR sequence, completed the criterion of dissemination in space, changing the diagnosis from “possible” to “definite” MS.
In addition, the benefits of the 3D DIR sequence are likely not
to be confined to improved lesion-detection rates. The high
sCNR, in combination with high isotropic spatial resolution and
the possibility of generating multiplanar reconstructions from a
3D dataset (eg, coronal planes, which are not commonly acquired
in routine spinal MR imaging of patients with MS), may allow a
more precise delineation of lesion borders, in particular of complex, elongated lesions and small lesions adjacent to the CSF (Fig
5). As one consequence, we would expect the 3D DIR sequence to
provide a more precise tool for volumetric measurements than
conventional 2D T2WI TSE sequences, which are prone to inaccuracies due to partial volume effects and lower contrast. This
expectation, however, needs to be confirmed by additional
studies.
We acknowledge limitations of our study. Most important, the
AJNR Am J Neuroradiol 36:219 –25
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FIG 5. Sagittal (A), coronal (B), and axial (C) reconstructions of 3D DIR images of the cervical spinal cord of a 42-year-old female patient with
primary-progressive MS. Elongated lesions in the lateral spinal cord are visible on both sides (arrow).

spinal 3D DIR sequence was more strongly affected by artifacts
and magnetic field inhomogeneities than conventional 2D T2WI
TSE sequences. Overall, these were outweighed by still higher
sCNR and consequently improved lesion-detection rates but led
to unacceptable image quality in 3 patients with marked obesity.
Moreover, the 3D DIR sequence of the thoracic spinal cord is
technically even more challenging because of large magnetic susceptibility differences of adjacent tissues (lungs versus abdominal
organs) and motion artifacts caused by cardiac pulsation and respiration. Preliminary studies of the thoracic spinal cord with a
modified 3D DIR sequence yielded results comparable with those
in the cervical spinal cord in selected patients (Fig 6). Nevertheless, at present, routine clinical application of the spinal 3D DIR
sequence is confined to the cervical spinal cord, and further optimization is required to improve its stability to make it suitable for
the lower part of the spinal cord as well. Furthermore, follow-up
examinations were not available to determine whether lesions
conspicuous only with the 3D DIR sequence would also become
visible in conventional T2WI TSE images after some time. Finally,
hyperintensities visible in the 3D DIR sequence are not specific for
MS lesions, but this feature also holds true for conventional T2WI
TSE sequences. One study correlating a postmortem 3D DIR sequence and histopathology showed the high specificity of the 3D
DIR sequence for lesions in the cerebral cortex of patients with
MS.26 A similar MR imaging-to-histopathology correlation
would be desirable for the spinal 3D DIR sequence but was not
possible in the present study. However, no abnormalities were
detected in the healthy volunteers in blinded analysis, so the risk
of false-positive findings in the spinal 3D DIR sequence is likely to
be very low.

CONCLUSIONS
The 3D DIR sequence allowed better detection of lesions in MS
and related inflammatory diseases of the cervical spinal cord in
224
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FIG 6. Sagittal T2WI TSE (A) and DIR (B) sequence of the thoracic
spinal cord of a 35-year-old female patient with clinically isolated
syndrome. On both sequences, a hyperintense lesion is visible in the
spinal cord at the T7 level (arrow).

comparison with conventional 2D T2WI TSE sequences. Currently, we recommend acquiring the 3D DIR sequence of the cervical spinal cord, especially in doubtful cases.
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