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Abstract

Objective To (a) assess the diagnostic performance of material decomposition (MD) water (iodine) images for the evaluation of

cervical intervertebral discs (IVDs) in patients who underwent dual-energy head and neck CT angiography (HNCTA) compared

with 70-keV images and (b) to explore the correlation of water concentration with the T2 relaxation time of IVDs.

Materials and methods Twenty-four consecutive patients who underwent dual-energy HNCTA and cervical spine MRI were

studied. The diagnostic performance of water (iodine), 70-keV and MR images for IVD bulge and herniation was assessed. A

subjective image score for each image set was recorded. The signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of

IVDs to the cervical spinal cord were compared between water (iodine) and 70-keV images. Disc water concentration as

measured on water (iodine) images was correlated with T2 relaxation time.

Results IVD evaluations for bulge and herniation did not differ significantly among the three image sets (pairwise comparisons;

all p > 0.05). SNR and CNR were significantly improved on water (iodine) images compared with those on 70-keV images (p <

0.001). Although water (iodine) images showed higher image quality scores when evaluating IVDs compared with 70-keV

images, the difference is not significant (all adjusted p > 0.05). IVD water concentration exhibited no correlation with relative T2

relaxation time (all p > 0.05).

Conclusion Water (iodine) images facilitated analysis of cervical IVDs by providing higher SNR and CNR compared with 70-

keV images. The disc water concentration measured on water (iodine) images exhibited no correlation with relative T2 relaxation

time.

Key Points

* There was no significant difference in cervical IVD evaluations for bulge and herniation among water (iodine) images, 70-keV
images and MR images.

» Water (iodine) images provided higher objective and subjective image quality than 70-keV images, though the difference of
subjective evaluation was not statistically significant.

* The disc water concentration exhibited no correlation with relative T2 relaxation time, which reflects the inferiority of the water
(iodine) images in evaluating disc water content compared with T2 maps.
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Abbreviations
ASIR-V  Adaptive statistical iterative reconstruction V

CNR Contrast-to-noise ratio

CTA Computed tomography angiography

DECT Dual-energy computed tomography

DLP Dose-length product

FSE Fast spin echo

GSI Gemstone spectral imaging

HAP Hydroxyapatite

HNCTA Head and neck computed tomography
angiography

IVD Intervertebral disc

MD Material decomposition

ROI Region of interest

SFOV Scan field of view

SNR Signal-to-noise ratio

Introduction

Dual-energy CT (DECT) with virtual monochromatic images
has shown promise for iodine load, injection rate and radiation
dosage reduction in the application of pulmonary, renal, upper
and lower extremity, and head and neck CT angiography
(HNCTA) [1-5].

The cervical vertebrae and intervertebral discs (IVDs) fre-
quently require evaluation during HNCTA because disc de-
generation can produce symptoms similar to those of cerebral
ischaemia, such as headache, fatigue and vertigo [6—8].
However, conventional CT is inferior to MRI for the evalua-
tion of disc degeneration because of the low soft-tissue con-
trast and subjectivity to beam hardening and motion move-
ment artefacts. MRI is the modality of choice for assessing
IVD. T1- and T2-weighted MRI help classify IVD degenera-
tion using the Pfirrmann and Modic grading systems [9, 10].
Moreover, T2 relaxation time reflect the water content of
IVDs [11, 12].

The material decomposition (MD) technique of DECT al-
lows the decomposition of a mixture of two or more different
elemental composition into its constituent materials, such as
iodine, water, calcium and hydroxyapatite (HAP), resulting in
various MD images such as water (iodine), iodine (water),
water (calcium) and calcium (water) images, which can help
to differentiate and quantify tissue types and material concen-
trations [13]. We observe that the nucleus pulposus of the disc,
a highly hydrated structure, manifests as an area of relatively
high signal intensity on MD water (iodine) images, indicating
that DECT may have great potential in IVD analysis, not only
for the IVD morphology display, but also for evaluation of
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disc degeneration. To the best of our knowledge, no studies
have been performed on cervical IVDs by using a MD tech-
nique. Therefore, the aims of this study were to evaluate if
water (iodine) images from patients who underwent dual-
energy HNCTA would allow improved analysis of [VDs com-
pared with 70-keV images and disc water concentration as
measured on water (iodine) images could reflect the water
content of [IVDs and show correlation with T2 relaxation time.

Materials and methods
Study population

Our prospective study was approved by the institutional re-
view board and written informed consent was obtained from
all patients who underwent HNCTA prior to study inclusion,
and an additional cervical spine MRI was taken for each of
them.

From November 2017 and January 2018, 24 consecutive
patients with neurological symptoms who had been referred
for HNCTA were prospectively enrolled. There were 16 men
and 8 women who ranged in age from 27 to 70 years (mean
age, 51.8 +£10.7 years). All the patients underwent cervical
spine MRI 2 to 7 hours after HNCTA on the same day.

Dual-energy HNCTA protocol

Dual-energy HNCTA images were acquired with a 16-cm-
wide detector CT scanner (Revolution CT, GE Healthcare).
Each patient was scanned in the supine position with the gem-
stone spectral imaging (GSI) mode. The scan parameters are
listed in Table 1. After scout CT scanning, each patient was

Table 1 Scan parameters for the dual-energy head and neck CT angi-
ography (DEHNCTA) protocol

DEHNCTA

Mode GSI helical

Rotation speed (s/rot) 0.5 s/rot

Pitch 0.992:1

Tube voltage (KVp) 80/140 KVp

Tube current (mA)* Dose modulation with noise index 5
Beam collimation 128 x 0.625

SFOV 50.0 cm

ASIR-V 50%

Note: * Automatic exposure control on. SFOV: Scan field of view. ASIR-
V: Adaptive statistical iterative reconstruction V
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injected with non-ionic contrast material (Ultravist 370, Bayer
Healthcare) through the right antecubital vein to avoid severe
reflux. The contrast medium dose was 45-50 mL delivered at
a rate of 44.5 mL/sec. The injection was performed with a
power injector (Missouri-XD2001; Ulrich Medical).
Automated scan triggering software (SmartPrep; GE
Healthcare) was employed to determine the scanning delay.
A region of interest (ROI) was placed on the descending aorta
to monitor the contrast medium. The scanning delay was set as
the time at which the CT value of the aorta ROI reached the
threshold level of 160 Hounsfield units (HU) plus 2 seconds.
The scan range was from the aortic arch to the top of the head.

We selected 70-keV images for comparison with water
(iodine) images because previous studies have demonstrated
that energy levels between 60 and 77 keV are effective for soft
tissue evaluation, and 70-keV has been used extensively for
clinical diagnoses [14, 15]. Two image sets of 70-keV and
water (iodine) images with section thicknesses of 1.25 mm
were reconstructed and transmitted to an offline workstation
(Advantage Workstation 4.7; GE Healthcare). GSI Volume
Viewer was employed to generate sagittal and axial water
(iodine) images for the evaluation of cervical IVDs.

MRI protocol

Spine MRI of all subjects were obtained with a 3-T MR im-
ager (Magnetom Skyra; Siemens Healthineers) equipped with
a dedicated 20-channel head and neck coil. The scan se-
quences and parameters are listed in Table 2.

Subjective image analysis

Two radiologists (with 7 and 23 years of experience in mus-
culoskeletal radiology) analysed the water (iodine) images,
70-keV images and MRI images together in a randomised
fashion. All three image sets were reviewed on an AW4.7
workstation. The water (iodine) images and 70-keV images
had section thicknesses of 1.25 mm and were reconstructed in

sagittal and coronal orientations that were linked with trans-
verse lines. Partial annotations were obscured to ensure blind-
ness during the subjective evaluation of water (iodine) images
and 70-keV images. The time interval of the evaluation of
each image set was one week.

Visual analysis

Both readers evaluated each IVD from C2—C7 of each patient
on the three image sets. The visual morphological evaluations
of all IVDs were performed based on sagittal and axial im-
ages. Discs were graded based on the morphologies of their
posterior, posterior lateral, anterior and far lateral aspects in
terms of focal disc herniation (protrusion or extrusion), disc
bulging or the absence of such abnormalities, which indicated
normal discs [16-18].

The subjective image quality based on the conspicuity of
IVDs and image noise was assessed using a five-point scale (1
= major artefact rendering poor opacification of the IVD and a
nondiagnostic image, 2 = major artefact with suboptimal
opacification of the IVD and low diagnostic confidence, 3 =
moderate artefact with limited opacification of the IVD but
image quality sufficient for diagnosis, 4 = minor artefact with
good opacification of the IVD and no influence on diagnosis,
5 =no perceivable artefact with excellent opacification of the
IVD). The scoring system is described in CT pulmonary an-
giography studies by Schueller-Weidekamm et al [19] and
Yuan et al [1]. When the two observers disagreed on the mor-
phologies and image scores of IVDs, consensus was reached
by discussion. Adjustments of window level and width were
allowed during qualitative assessment. The five-point scale
was used to evaluate each segment of one patient and then
compared.

Objective image analysis

Readers 1 and 2 performed quantitative image analyses inde-
pendently after subjective analyses.

Table 2 MR scan parameters for cervical vertebral imaging

MR T1 FSE sagittal T2 FSE sagittal T2 FSE FS sagittal T2 FSE axial T2 map sagittal

Repetition time (ms) 650 3770 4000 4000 1100

Echo time (ms) 10 97 88 104 13.8,27.6,41.4,55.2, 69.0
Field of view (mm?) 270 x 270 270 x 270 270 x 270 240 x 240 270 x 270

Voxel size (mm®) 0.7%0.7%x3.0 0.7%0.7%3.0 0.7%0.7%3.0 0.4%x04x3.0 0.7x0.7%3.0

Slice thickness (mm) 3 3 3 3 3

Interslice gap (mm) 0.6 0.6 0.6 0.6 0.6

Number of slices 11 11 11 3x5 11

Acquisition time (min:sec) 1:41 1:38 1:56 1:36 3:40

Note: FSE: fast spin echo
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The signal-to-noise ratio (SNR) and contrast-to-noise
ratio (CNR)

We measured CT number, water concentration and noise
(standard deviation of CT number or water concentration)
of each IVD on 70-keV and water (iodine) images. ROIs
were placed on the central region of the disc to reflect the
signal of the nucleus pulposus and to avoid a partial vol-
ume effect of adjacent bone, as were shown in Fig. 1. Then,
ROIs were automatically copied to water (iodine) images
at the same sagittal position, and water concentration and
noise were measured. Another ROI with the same area as
that on IVDs was placed on the suboccipital muscle to
measure the background noise. SNR was calculated as fol-
lows: SNR = Sldisc/noise, where SI = signal intensity.
CNR represents the difference in SI between the disc and
the cervical spinal cord of the corresponding level. CNR
was calculated as follows: CNR = (SIdisc — SIspinal cord)/
noise of the suboccipital muscle. SIdisc represents the CT
number or water concentration of IVDs and Slspinal cord
represents the CT number or water concentration of the
spinal cord of the corresponding level.

Fig. 1 Images from a 54-year-old
woman who underwent head and
neck CTA. a and b show where
ROIs were placed on each IVD
and spinal cord at the corre-
sponding level on sagittal 70-keV
and water (iodine) images, re-
spectively. ¢, Sagittal T2 map;
ROIs were placed on IVDs to ac-
quire T2 relaxation times
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T2 relaxation time of IVDs

ROIs were placed on each IVD at the central sagittal position
of the T2 map. T2 relaxation times were then collected.

Statistical analysis

All statistical analyses were performed with SPSS soft-
ware (version 22.0; SPSS, IBM). All numerical values
are reported as the means +standard deviation. The
Kolmogorov—Smirnov test was performed to test for nor-
mal distributions before further statistical analyses. For
analysis of the subjective data, IVD evaluations were com-
pared among the three image sets by using the McNemar—
Bowker test. For the pairwise comparisons among the
three image sets, the « is corrected according to the
formula:

’
o =
k(k2 1)_~_1

& = 0.0125. Image
2

quality scores were compared among the image sets and the
five segments by using the Friedman test; for the following

In our case, the exploited o =
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Table 3 Evaluations of cervical
IVDs among the three image sets IVDs Water (iodine) ~ 70-keV MR p value (water  p value (water p value (70
images images images vs. 70) vs. MRI) vs. MRI)
Normal 18 18 24 0.317 0.200 0.245
Bulging 24 23 13
Herniation 70 71 75

Note: data are numbers of IVDs

pairwise comparison, the significance of difference was deter-
mined by the adjusted p values provided by SPSS software to
rule out pseudo-positive errors. For analysis of objective data,
the mean SNR, CNR and T2 relaxation time from the two
readers were used. The mean SNR and CNR were compared
between water (iodine) and 70-keV image sets by using a
paired ¢ test. The mean SNRs and CNRs of five IVDs from
the same subjects were compared using the Friedman test.
Pearson correlation was employed to evaluate correlations of
both water concentration and CT number with T2 relaxation
time of the IVDs. The interobserver agreement for IVD eval-
uations was analysed with the weighted k value, and the
agreement for image quality score and each of the objective
measures was assessed with the intraclass correlation coeffi-
cient. Weighted k values and intraclass correlation coefficients
were interpreted as previously suggested: less than 0.20, poor
agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate
agreement; 0.61-0.80, good agreement; and 0.80—1.00, excel-
lent agreement [20].

Results

The mean CT dose index volume of all the subjects’ exami-
nations was 11.5 £ 1.2 mGy. The mean dose-length product
(DLP) was 471.1 + 82.2 mGy*cm.

A total of 119 IVDs were assessed in the 24 patients. One
C6/7 IVD was not evaluable due to vertebral block. In addi-
tion, seven IVDs from three subjects, including one C4/5
IVD, three C5/6 IVDs and three C6/7 IVDs, were excluded
due to serious artefacts. The T2 map of one subject was

Table 4  Evaluations of image quality among the three image sets

excluded because of poor image quality resulting from a mo-
tion artefact.

Subjective image analysis

Of the 112 included discs, 18, 18 and 24 were visually classi-
fied as ‘normal’ for water (iodine), 70-keV and MRI image
sets, respectively; 24, 23 and 13 showed bulging for water
(iodine), 70-keV and MRI image sets, respectively; and 70,
71 and 75 discs showed herniation as evaluated on water (io-
dine), 70-keV and MRI image sets, respectively. The
McNemar—Bowker test revealed no significant differences in
IVD evaluation among the three image sets, all p values >
0.0125 (o was set to 0.0125), as shown in Table 3. The mean
image scores of C2/3, C3/4, C4/5, C5/6 and C6/7 were 3.30,
3.80,4.10, 3.95 and 3.05; 3.15, 3.45, 3.70, 3.40 and 2.60; and
4.45,4.15,4.20, 3.80 and 4.10 for water (iodine), 70-keV and
MRI sets, respectively. Image quality showed no difference
for the evaluation of C5/6 IVD (p = 0.063). MRI showed
significantly improved image quality compared with 70-keV
images when evaluating C2/3, C3/4 and C6/7 IVDs, and with
water (iodine) images when evaluating the IVD of C2/3 (all
adjusted p < 0.05). However, although water (iodine) images
showed higher image quality scores, the difference was not
significant, as shown in Table 4. As for the comparison among
the five segments of IVD, C4/5 showed better image quality
than C2/3 and C6/7 on water (iodine) images (adjusted p =
0.023 and 0.016); C4/5 showed better image quality than C6/7
on 70-keV images (adjusted p = 0.002); although there was
statistical difference on image quality among the five seg-
ments on MRI, the multiple pairwise comparisons were not
significant (all adjusted p > 0.05).

Image quality Water (iodine) images 70-keV images MR images

p value p value (water vs. 70) p value (water vs. MRI) p value (70 vs. MRI)

C2/3 3.30+0.733 3.15+0.671 4.45+0.510 0.000% 1.000 0.000* 0.000*
C3/4 3.80 +0.768 345+0.686 4.15+0.489 0.000% 0.337 0.337 0.004*
C4/5 4.10+£0.718 3.70+0.733  420+0.696 0.012* 0.166 1.000 0.067
C5/6 3.95+0.759 340+0.681 3.80+0.523 0.063 - - -
Co/7 3.05+1.191 2.60+0.940 4.10+0.553 0.000* 0.246 0.081 0.000*

p value 0.000* 0.000* 0.006*

Note: data are the means + standard deviations; *p < 0.01. For the pairwise comparison of image quality, the p values provided on the above are the p

values adjusted by SPSS software directly

@ Springer



158 Eur Radiol (2019) 29:153-160
Table 5 The mean SNR, CNR and T2 relaxation time of each IVD on water (iodine) images and 70-keV images
C2/3 C3/4 C4/5 C5/6 Cce/1 p value
SNR
Water (iodine) images 166.0 +51.6 212.0 +80.9 180.2 +£72.5 188.2 £ 118.1 142.8 +60.2 0.061
70-keV images 87+2.7 11.2+43 9.0+34 9.1+4.1 8.1+28 0.211
p value 0.000%* 0.000%* 0.000* 0.000%* 0.000*
CNR
Water (iodine) images 164+54 14.6 £4.0 142+39 14.0+49 15.6 +6.5 0.208
70-keV images 94 +3.1 88+2.6 9.0+2.8 84+27 103 +£4.8 0.129
p value 0.000* 0.000%* 0.000* 0.000* 0.000*
T2 relaxation time (ms)
T2 map 56.3+18.2 50.5+11.3 51.7+124 51.7+16.6 58.9+23.8 0.416

Note: data are the means + standard deviations, *p < 0.01

The weighted k value for interobserver agreement on IVD
evaluation was 0.953, and the intraclass correlation coeffi-
cients for image quality score and objective measures were
0.965 and 1.00, respectively. These values all indicated excel-
lent agreement.

Objective image analysis
SNR and CNR of IVDs

The mean area of ROIs used for quantitative analysis was
10.99 +3.14 mm?. The SNR and CNR of the C2—7 IVDs were
significantly higher on water (iodine) images than on 70-keV
images (p < 0.05), as presented in Table 5 and Fig. 2.

The SNR and CNR of each IVD showed no significant
difference on either water (iodine) images or 70-keV images
(p > 0.05).

T2 relaxation Time of IVDs

The mean T2 relaxation time of each IVD from C2—C7 is
listed in Table 5. There was no significant difference among
IVDs (p = 0.416).

Fig. 2 Images from a 51-year-old
man who underwent head and
neck CTA. A herniation of C4/5
IVD is shown. a, axial 70-keV
image, b, axial water (iodine) im-
age. b shows improved IVD con-
trast compared with that of a
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Correlations of water concentration and CT number
with T2 relaxation time of IVDs

Correlations were found between the CT number and T2 re-
laxation time of C4/5 (r =—0.474, p = 0.022). No other corre-
lations between CT number and water concentration with rel-
ative T2 relaxation time were observed, as shown in Table S6.

Discussion

In this study, we explored the potential clinical application of
MD water (iodine) images for IVD analysis in HNCTA ex-
aminations. The results revealed that water (iodine) images
showed accurate IVD status as with MR images and 70-keV
images and resulted in improved SNR and CNR values com-
pared with the 70-keV images, which would facilitate the es-
timation of IVD status in clinical experience.

In subjective visual image assessment analysis, IVD eval-
uations for bulge and herniation did not differ among the three
image sets. As we expected, MR images exhibited best image
quality for the evaluation of IVDs. Although the difference is
not significant, water (iodine) images showed higher image
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quality scores when evaluating IVDs compared with 70-keV
images. This improvement in water (iodine) images over 70-
keV images was due to significant increases in the SNR and
CNR of IVDs in water (iodine) images, as demonstrated in
objective analysis. Due to the high water content of the nucle-
us pulposus, the discs exhibited higher signal on water
(iodine) images and bulging and protrusion could thus be
easily identified. Iodine (water) images are frequently used
for the precise evaluation of lesion enhancement in various
organs and water (iodine) images are often used as virtual
non-contrast images [20, 21]. Our results illustrated that the
application of water (iodine) images from dual-energy
HNCTA examinations for the evaluation of cervical IVDs is
promising.

The nucleus pulposus of the IVD is composed mainly of
high-molecular-weight glycosaminoglycans with fixed nega-
tive charges that induce osmotic swelling [22, 23]. The report-
ed water content of human IVDs ranges from 60 to 80%, with
higher water contents in the nucleus pulposus [11]. T2 relax-
ation time has been demonstrated to exhibit an excellent cor-
relation with water content [24]. However, in our study, water
concentrations of the IVDs exhibited no statistical correlation
with the corresponding T2 relaxation times, which conflicts
with our hypothesis. Possible explanations for this finding
include the following: first, the attenuation of IVD on CT
images is mainly determined by collagens rather than water,
while T2 relaxation time in MRI images is mainly reflecting
the amount of water in disks. Thus, the water (iodine) images
show inferior capability in evaluating disc water content com-
pared with T2 maps. Second, T2 relaxation time is the decay
constant for T2 signal intensity and can be deemed as an
intrinsic property of the IVD that reflects the molecular envi-
ronment created in the disc by water, proteins, collagen and
other solutes. Although T2 relaxation times of both the nucle-
us pulposus and annulus fibrosus correlate well with water
content, they vary with age, degeneration stage and duration
of compression [11, 25]. The interactions among these param-
eters are very complicated and there is no simple relationship
of T2 relaxation time with any single tissue parameter, as with
water concentration measured on the water (iodine) images.
Third, the ROIs drawn on the water (iodine) images were not
identical to those drawn on T2 maps. And fourth, the number
of patients recruited in our study was small, and correlations of
water concentration on water (iodine) images with T2 relaxa-
tion time and water content need to be verified in large-scale
studies.

Our study has several limitations. First, our study mainly
focused on the display of IVDs, and vertebral bones, interver-
tebral joints, radicular canals, spinal cord, paravertebral liga-
ments and muscles were not evaluated. Second, although
noise (standard deviation) has been employed to assess objec-
tive image quality in many previous studies, SNR and CNR
were chosen to reflect objective image quality because

standard deviations for water (iodine) and 70-keV images
were in different units and thus could not be directly com-
pared. Third, ROIs of the discs were used for analysis rather
than delineating disc margins and generating the whole disc
volume, which might not have fully reflected water concen-
tration and T2 relaxation time. ROIs on water (iodine) images
were copied to 70-keV images and were thus in the same
position, whereas ROIs on T2 maps were drawn independent-
ly, which might have led to position bias. ROIs were placed on
the nucleus pulposus, which is easily identified on MR im-
ages, whereas it is difficult to delineate on CT images; al-
though the ROI was placed in the central of IVD, the error
exists inevitably. Fourth, the small number of recruited sub-
jects limits the generalizability of our results. Fifth, although
we hid partial annotations for evaluations of IVDs and image
quality, the readers were not completely blinded because of
the intrinsic features of water (iodine) images and 70-keV
images.

In conclusion, water (iodine) images evaluated IVD status
accurately as with MR images and resulted in improved SNR
and CNR values compared with the 70-keV images, which
would facilitate the estimation of IVD status in clinical expe-
rience. However, no correlation between disc water concen-
tration and relative T2 relaxation time reflected the inferiority
of the water (iodine) images in evaluating disc water content
compared with T2 maps.
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