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Abstract

Background: Previously, dual-energy computed tomography (DECT) has been established for imaging spinal fractures
as an alternative modality to magnetic resonance imaging (MRI).

Purpose: To analyze the diagnostic accuracy of DECT in visualizing intervertebral disc (IVD) damage.

Material and Methods: The lumbar spine of a Great Dane dog was used as an ex vivo biophantom. DECT was
performed as sequential volume technique on a single-source CT scanner. IVDs were imaged before and after an
injection of sodium chloride solution and after anterior discectomy in single-source sequential volume DECT technique
using 80 and 135 kVp. Chondroitin/Collagen maps (cMaps) were reconstructed at | mm and compared with standard
CT. Standardized regions of interest (ROI) were placed in the anterior anulus fibrosus, nucleus pulposus, and other sites.
Three blinded readers classified all images as intact disc, nucleus lesion, or anulus lesion. Additionally, clinical examples
from patients with IVD lesions were retrospectively identified from the radiological database.

Results: Interrater reliability was almost perfect with a Fleiss kappa of 0.833 (95% confidence interval [CI] 0.83-0.835)
for DECT, compared with 0.780 (95% CI 0.778-0.782) for standard CT. For overall detection accuracy of IVD, DECT
achieved 91.0% sensitivity (95% CI 83.6-95.8) and 92.0% specificity (95% Cl 80.8-97.8). Standard CT showed 91.0%
sensitivity (95% Cl 83.6-95.8) and 78.0% specificity (95% Cl 64.0-88.5).

Conclusion: DECT reliably identified IVD damage in an ex vivo biophantom. Clinical examples of patients with different
lesions illustrate the accurate depiction of VD microstructure. These data emphasize the diagnostic potential of DECT
cMaps.
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the emergency setting and remains a time-consuming
procedure (7). In addition, some patients with spine
pathology cannot undergo MRI because of contraindi-
cations, such as cardiac devices, magnetic implants, or
claustrophobia (8,9).

CT is often used for detecting infectious sources
or for imaging patients with unspecific symptoms
(10). However, CT is less useful in diagnosing
IVD damage. Dual-energy computed tomography
(DECT) provides additional diagnostic information
by visualizing collagen-rich soft-tissue structures
as in patients with cruciate ligament pathologies
(11,12). In addition, meta-data confirm an excellent
diagnostic performance of DECT for bone marrow
edema (13).

DECT of the IVD is currently being used in imaging
spinal fractures (14-16). Virtual non-calcium (VNCa)
reconstruction of DECT scans has been shown to allow
accurate description of disc morphology in degenera-
tive disc disease (17). Alternatively, cMaps can be gen-
erated using three-material decomposition for collagen/
chondroitin. These provide a precise depiction of the
IVD microstructure (18,19). The diagnostic accuracy of
DECT cMaps in different IVD pathologies requires
further investigation. In particular, nucleus pulposus
(NP) prolapse and discitis are relevant pathologies in
the emergency setting or in critical care patients.
Potentially, cMaps might also be of use when planning
the biopsy route in patients with suspected bacterial
discitis.

The aim of the present study was to analyze the
diagnostic accuracy of DECT cMaps in identifying dif-
ferent patterns of IVD pathology in an ex vivo bio-
phantom. Clinical cases are presented to illustrate the
feasibility of visualizing IVD lesions using DECT
cMaps.

Material and Methods

Phantom

A 3-kg lumbar spine specimen from an adult Great
Dane dog was used as a phantom. There were no mac-
roscopic signs of spinal degeneration or pathology, nor
was anything known from the documentation. The
specimen was cooled for 6 h for transport and brought
to room temperature for the experiment. Six interver-
tebral discs of the lumbar spine were imaged before and
after injection of 0.8 mL 0.9% sodium chloride solu-
tion per IVD and after anterior discectomy using a
surgical blade (Fig. 1). The L3/4 IVD was later exclud-
ed because images were degraded by artifacts. Five
IVDs in total were included for further analysis. The
spine biophantom was surrounded by room air during
imaging.

Imaging

DECT imaging was performed at tube voltages of 80
and 135kVp on a 320-row single-source CT scanner
using sequential volume acquisition (Canon Aquilion
Prime; Canon Medical Systems, Otawara, Japan). Two
dual-energy volumes were acquired as the phantom
exceeded the 16-cm z-axis coverage of the detector.
Scans were acquired with ascending tube currents of
60/10, 110/20, 170/30, 230/40, 290/50, 400/70, 510/90,
630/110, 740/130, and 800/150 mA at 80/135kVp, with
an exposure time of 0.5s.

Reconstruction

A primary image dataset of 80 and 135kVp images
with a slice thickness of 0.5mm was generated from
the raw data using iterative reconstruction (AIDR-3D
standard) and a medium soft-tissue kernel without

(b)

Fig. |. Schematic images showing the preparation of the ex vivo spine phantom (a) for inducing the NP lesion by injection of sodium
chloride solution and (b) for generating the AAF lesion with a surgical blade. AAF, anterior anulus fibrosus; NP, normal nucleus

pulposus.
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beam hardening compensation. In a second step,
120 kVp equivalent virtual blended images were recon-
structed using an image-data-based weighted average
algorithm (Dual-Energy Image View; version 6.0 on
the CT-console). cMaps were generated with a raw-
data based algorithm (Dual-Energy Raw Data
Analysis; version 6.0 on the CT console) using an
established gradient of 1.10. Both 120 kVe and cMap
image stacks were reconstructed as volumes with a slice
thickness of 0.5mm and reformatted to oblique axial
images with a slice thickness of 1mm for further
analysis.

Reader assessment

For scoring, the images were uploaded into an in-house
developed software tool for blinded assessment (20).
Three readers scored all 150 images as oblique axial
cMaps separately, classifying the appearance as intact
disc, nucleus lesion after sodium solution injection, or
mechanical anulus lesion. For comparison, the readers
scored all 150 images as standard CT in axial recon-
struction, separately. A contingency table displays the
results of the rating (Table 1). Reader 1 had one year of
imaging experience (doctoral candidate), reader 2 had
three years of imaging experience (orthopedic surgeon),
and reader 3 had five years of imaging experience (radi-
ologist). For scoring, agreement of at least two readers
was considered a positive DECT finding.

Quantitative analysis

Standardized, 15 mm?” round regions of interest (ROI)
were placed in the normal anterior anulus fibrosus

lesion, in the AAF lesion, as well as in the paraverte-
bral muscle.

Analysis and statistics

Student’s t-test was performed to compare AAF and
NP attenuation values. Signal-to-noise ratio (SNR)
and contrast-to-noise ratio (CNR) were calculated.
The standard deviation (SD) of paravertebral muscle
ROI was used to account for background noise. SNR
was calculated by dividing the HU signal of the AAF
by the SD of paravertebral muscle. CNR was calculat-
ed by subtracting the HU signal of the mechanical
lesion of the AAF from the HU signal of the AAF.
The resulting value was divided by the SD of the para-
vertebral muscle.

Correlation analysis was performed for SNR and
the number of correct diagnoses using Pearson’s test
after normality was confirmed for the dataset.
Diagnostic accuracy parameters were calculated.
Fleiss kappa was calculated for inter-rater reliability.
All data were collected in Excel tables for further anal-
ysis. Statistical analysis was performed using Prism
version 8 (GraphPad, San Diego, CA, USA) and
SPSS version 25.0 (IBM Corp., Armonk, NY, USA).
A P value <0.05 was considered significant.

Patient selection

We retrospectively searched the radiology database of
our department for patients who underwent DECT of
the lumbar spine with different IVD lesions. For the
image examples, one patient for each of the following

(AAF), normal nucleus pulposus (NP), in the NP IVD lesions was researched: nucleus lesion;
Table I. Contingency table from a rating with three raters at different levels of experience.*

IVD damage + IVD damage — Total IVD damage + IVD damage — Total
DECT + 91 4 95 CT + 9l I 102
DECT - 9 46 55 CT - 9 39 48
Total 100 50 150 Total 100 50 150

NP lesion + NP lesion — Total NP lesion + NP lesion — Total
DECT + 41 4 45 CT + 41 I 52
DECT - 9 46 55 CT - 9 39 48
Total 50 50 100 Total 50 50 100

AAF lesion + AAF lesion — Total AAF lesion + AAF lesion — Total
DECT + 50 0 50 CT + 50 0 50
DECT — 0 50 50 CT - 0 50 50
Total 50 50 100 Total 50 50 100

*DECT cMap assessment is presented as a positive or negative test result against the true lesion as reference standard. IVD damage in general
(combining NP and AAF lesions) is compared with NP and AAF lesion separately. Standard CT assessment is provided for comparison.
AAF, anterior anulus fibrosus; Cl, confidence interval; CT, computed tomography; DECT, dual-energy CT; IVD, intervertebral disc; NP, nucleus

pulposus; NPV, negative predictive value; PPV, positive predictive value.
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anulus fibrosus lesion; and complete destruction of
the IVD.

Results

Phantom

A total of 150 IVDs were included in the analysis, i.e.
IVDs from five different spinal levels measured at 10
different tube currents in three different states: 50 IVDs
without pathology; 50 IVDs with NP damage; and

Nucleus lesion

50 IVDs with AAF damage. All discs had a subjectively
high density on cMaps compared to bone and sur-
rounding soft tissues, with AAF density being higher
than NP density. Images of the ex vivo biophantom are
presented in Fig. 2.

Reader assessment

The images proved the biophantom to be a suitable
model for investigating the identification of different
types of IVD pathology of the Iumbar spine.

Anulus lesion

Fig. 2. Conventional CT images in sagittal and oblique axial |-mm reformation. DECT cMaps are shown in axial and sagittal
reformation at | mm. Different patterns of IVD damage: NP lesion and AAF. AAF, anterior anulus fibrosus; CT, computed tomography;
DECT, dual-energy computed tomography; IVD, intervertebral disc; NP, normal nucleus pulposus.
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For detection of any IVD damage, DECT cMaps had
an overall accuracy of 91.3% (95% confidence interval
[CI]=85.6-95.3) with 87.0% (95% CI=78.8-92.9)
accuracy for NP lesions and 100% (95% CI=96.4—
100) for AAF lesions (Table 2). For comparison, stan-
dard CT had an overall accuracy for any IVD damage
of 86.7% (95% CI=80.2-91.7). CT accuracy for NP
lesions was 80.0% (95% CI=70.8-87.3) and 100.0%
(95% CI=96.4-100.0) for AAF Ilesions.

Analysis of interrater reliability yielded almost
perfect agreement with a Fleiss kappa of 0.833
(95%  CI=0.831-0.835) for DECT cMaps
compared with 0.780 (95% CI=0.778-0.782) for stan-
dard CT.

Table 2. Accuracy data from a rating with three raters at
different levels of experience.*

DECT CT
% 95% Cl % 95% Cl
IVD damage
Sensitivity 91.0 83.6-95.8 91.0 83.6-95.8
Specificity 92.0 80.8-97.8 78.0 64.0-88.5
PPV 95.8 89.8-98.3 89.2 83.0-93.3
NPV 83.6 73.2-90.6 81.3 69.6-89.2
NP lesion
Sensitivity 82.0 68.6-91.4 82.0 68.6-91.4
Specificity 92.0 80.8-97.8 78.0 64.0-88.5
PPV 9I.1 79.8-96.4 78.9 68.5-86.5
NPV 83.6 73.8-90.3 70.2 73.8-88.9
AAF lesion
Sensitivity 100 92.9-100 100 92.9-100
Specificity 100 92.9-100 100 92.9-100
PPV 100 92.9-100 100 92.9-100
NPV 100 92.9-100 100 92.9-100

*The table shows the sensitivity, specificity as well as positive and negative
predictive values for the detection of IVD damage. The data show a
moderately higher accuracy of DECT cMaps for NP lesions as compared
with standard CT. Both DECT and CT allowed the detection of all AAF
lesions.

AAF, anterior anulus fibrosus; Cl, confidence interval; CT, computed
tomography; DECT, dual-energy CT; IVD, intervertebral disc; NP, nucleus
pulposus; NPV, negative predictive value; PPV, positive predictive value.

25/145 mAs

SNR/CNR

The mean SNR was 5.144+1.97. The mean CNR in
relation to the AAF signal was 4.20+1.81. Fig. 3
shows the series of images acquired at ascendant tube
currents. There was no significant correlation between
SNR and the number of correct scoring-based diagno-
ses made by the readers, though a trend was noted with
P=0.08 (r=-0.58; 95% CI=-0.89 to 0.07).

Patients with IVD damage

Three patients with different IVD lesions were identi-
fied (Fig. 4). In all three patients, both DECT cMaps
and MRI identified the IVD lesion. Patient 1 had an
Anderson lesion located centrally in the NP at L3/4 due
to axial spondylarthropathy. Patient 2 suffered from
degenerative disc disease with a posterior anulus
lesion at L3/4 on cMaps. Patient 3 showed complete
destruction of the IVD due to bacterial spondylodiscitis
at L4/5, with methicillin-sensitive Staphylococcus
aureus on microbiological testing.

Discussion

DECT has promising potential for identifying IVD
damage based on collagen-/chondroitin-sensitive
maps. In our study of an ex vivo biophantom model
of a Great Dane dog, we show a high accuracy in the
range of 87%-100% for DECT cMaps in the detection
of IVD damage. The accuracy of DECT cMaps was
slightly higher compared with conventional CT that
showed an accuracy of 80%-100%. NP lesions were
more difficult to detect than AAF lesions. The lower
accuracy for detecting AAF lesions is attributable to
the lower inner contrast of IVD structures compared
with the strong contrast between air and anterior
anulus, where mechanical anulus lesions were located
in the phantom. The almost perfect agreement in the
analysis of interrater reliability suggests good reliabili-
ty, even across readers with different levels of
experience.

Overall, our results may be of particular interest in
the emergency setting, where CT is often more readily

46/260 mAs

65/370 mAs

Fig. 3. Dose-dependent visualization of a nucleus lesion (cMaps in oblique axial reformation at | mm). Images acquired at ascending

tube currents from left to right as indicated.
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Patient 2

Patient 3

Fig. 4. Images obtained in three patients with different spinal pathologies. Images show sagittal and axial reformations at 4 mm
including CT, DECT cMaps, and MRI T2 (T I -weighted sagittal MRI scan for patient |, as no axial image was obtained). Patient | has an
Anderson lesion located centrally in the nucleus (L3/4). Patient 2 has a posterior anulus lesion at the L4/5 level. Patient 3 shows

complete destruction of L4/5 due to bacterial discitis. CT, computed tomography; DECT, dual-energy computed tomography;
MRI, magnetic resonance imaging.
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available than MRI. Patients with traumatic IVD
damage or disc protrusion might benefit from a
prompt diagnosis to identify those who require surgery.
These data add to existing evidence, which supports
using DECT cMaps in IVD imaging. Another field
for implementing cMaps might be CT-guided interven-
tions in spondylodiscitis, as DECT might improve
biopsy-guidance in partially inflamed tissue. In addi-
tion, we supplement our experimental results by pro-
viding patient examples of spinal pathologies detected
on DECT cMaps including one Anderson lesion in
axial spondylarthropathy, one anulus lesion due to
degenerative damage, and complete IVD destruction
caused by bacterial discitis.

High accuracy in describing IVD morphology and
herniation has been reported for conventional CT
before (21). DECT has the potential to provide addi-
tional information based on the analysis of three-
material decomposition. Accordingly, Shinohara et al.
(17) used color-coded virtual non-calcium (VNCa)
images to detect edematous changes in the IVD and
have recently reported highly accurate detection of
degenerative IVD changes compared with MRI.
Especially in patients with contraindications to MRI
such as cardiac devices or claustrophobia, DECT can
therefore be a valuable alternative. In the present
study, we used a different postprocessing approach to
visualize the components of the disc directly. Both col-
lagen and proteoglycans contributed to the density of
the IVD on cMaps, which means that DECT cMaps
are sensitive to proteoglycans (22).

Recently, we have shown high agreement between
DECT cMaps and MRI in the characterization of
degenerative disc disease (23). In another study, we
demonstrated the diagnostic value of DECT cMaps
in the assessment of IVD damage due to osteoporotic
vertebral fractures (23).

The present study has some limitations. First, our ex
vivo biophantom is a spine from a Great Dane with an
IVD size that is different from that of the human IVD.
Still, the morphologic similarities suggest that the
canine spine is an adequate model of the human
spine. Second, the lesions in this experimental setup
only partially reflect IVD damage in human spinal
pathology. Injection of sodium chloride solution into
the IVD does not lead to enzymatic destruction of the
connective tissue network as in patients with spondy-
lodiscitis. Moreover, mechanical disruption of the
AAF differs from typical human pathologies such as
fracture-associated IVD damage in terms of morphol-
ogy. In addition, the spine model we used in the present
study does not include degeneration, which is a
common human IVD pathology. Based on our results,
however, we conclude that the spine biophantom pre-
sented here is a suitable model to mimic different

patterns of IVD damage and evaluate DECT cMaps
obtained in an ex vivo setting.

In conclusion, DECT reliably identified IVD
damage in an ex vivo biophantom. Clinical examples
of patients with different lesions illustrate the accurate
depiction of IVD microstructure. These data emphasize
the diagnostic potential of DECT cMaps.
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