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Purpose: MRI is the imaging modality of choice for soft tissue-related spine disease. However, CT is superior to
MRI in providing clear visualization of bony morphology. The purpose of this study is to test equivalency of MRIbased synthetic CT to conventional CT in quantitatively assessing bony morphology of the lumbar spine.
Method: A prospective study with an equivalency design was performed. Adult patients who had undergone MRI
and CT of the lumbar spine were included. Synthetic CT images were generated from MRI using a deep learningbased image synthesis method. Two readers independently measured pedicle width, spinal canal width, neu
roforamen length, anterior and posterior vertebral body height, superior and inferior vertebral body length,
superior and inferior vertebral body width, maximal disc height, lumbar curvature and spinous process length on
synthetic CT and CT. The agreement among CT and synthetic CT was evaluated using equivalency statistical
testing.
Results: Thirty participants were included (14 men and 16 women, range 20–60 years). The measurements
performed on synthetic CT of pedicle width, spinal canal width, vertebral body height, vertebral body width,
vertebral body length and spinous process length were statistically equivalent to CT measurements at the
considered margins. Excellent inter- and intra-reader reliability was found for both synthetic CT and CT.
Conclusions: Equivalency of MRI-based synthetic CT to CT was demonstrated on geometrical measurements in the
lumbar spine. In combination with the soft tissue information of the conventional MRI, this provides new pos
sibilities in diagnosis and surgical planning without ionizing radiation.

1. Introduction
Because of its ability to offer high soft-tissue contrast, MRI is the
diagnostic procedure of choice for most spinal pathologies. MRI offers
relatively high sensitivity and specificity for infections, tumors, disc
degeneration, pathologic fractures and herniations. As such, MRI is
routinely ordered as a diagnostic tool to plan a spinal surgery [1].
However, MRI is insufficient in evaluating the osseous structures in cases
where a high-resolution depiction of the patient’s bony anatomy is
required. Therefore, CT scans are often performed in conjunction with
MRI scans in the setting of preoperative evaluation of the spine [2], as
CT is known for its high geometric accuracy and allows for easier

segmentation based on HU values. However, the acquisition of a CT-scan
increases the patient burden and cost, and is particularly not recom
mended in the young population due to ionizing radiation. Therefore, it
would be useful to generate synthetic CT data demonstrating bony
anatomy from MRI. Different synthetic CT generation algorithms have
been developed, and recent studies [3,4,5] show that deep lear
ning–based models generate better synthetic CTs than more conven
tional methods. Particularly encouraging results were obtained for
radiotherapy treatment planning purposes [6,7] and PET/MR
[8,9,10,11]. In this study we evaluate a deep learning algorithm which
attempts to estimate HU values directly from intensities of MR images
[12]. It uses an axial 3-dimensional T1-weighted radio-frequency-
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spoiled multiple gradient echo sequence (3DT1MGE) to generate 3D
synthetic CT images. This technology was clinically validated in the
pelvis, cervical spine and sacroiliac joints [12–15].
The purpose of this study is to test the equivalency of MRI-based
synthetic CT (sCT) to conventional CT in quantitatively assessing bony
morphology of the lumbar spine.

L4 with disc and foramen L4/L5 and vertebra L5 with disc and foramen
L5/S1. Two radiologists (L.M., M.C., with 8 and 5 years of experience
respectively) independently measured left and right pedicle width (PW)
[17], spinal canal width (SCW), left and right neuroforamen length (NL),
anterior vertebral body height (AVBH), posterior vertebral body height
(PVBH), superior vertebral body length (SVBL), inferior vertebral body
length (IVBL), superior vertebral body width (SVBW), inferior vertebral
body width (IVBW), maximal disc height (MDH), lumbar curvature (LC)
and spinous process length (SPL) on sCT and CT. Prior to measurements,
instructions on how to do the measurements were defined and agreed
upon by the readers, in order to align their way of working. Importantly,
the nodes that define the endpoints of distances were positioned at the
outside of the cortical edge with respect to the anatomical structure. The
information on how the slices were determined and how the measure
ments were executed is shown in Table 1. Reader 1 (L.M.) performed all
measurements twice to investigate the intra-reader reliability. All im
ages were evaluated using a DICOM Viewer (RadiAnt, version 4.2.1,
Medixant, Poznan, Poland) and default window level.

2. Materials and methods
For this prospective study written informed consent was provided by
all participants. Approval was obtained from the local medical ethical
committee. Authors without conflicts of interest had full control of in
clusion of any data and information submitted for publication.
2.1. Study participants
Patients who were referred from February 2019 to May 2020 for a CT
of the lower lumbar spine and who were willing to undergo an addi
tional MRI of the lumbar spine on the same day, were included in the
present analysis. Pregnant patients, patients with metal implants or any
contraindications to MRI were excluded.

2.6. Statistical analysis
To make the data more comprehensible, the measurements on all
vertebral levels were combined, as well as the measurements of left and
right pedicle width, left and right neuroforamen length, anterior and
posterior vertebral body height, superior and inferior vertebral body
length, superior and inferior vertebral body width. A Bland Altman
analysis was used to evaluate the agreement among the two measure
ment techniques (sCT vs CT). As part of the Bland Altman analysis a onesample t-test was performed to assess potential significant differences
between the measurements on sCT and CT. P < 0.05 was considered
statistically significant. An equivalency design was chosen to prove
whether the outcomes did not differ by more than a clinically or
scientifically meaningful threshold [18]. This threshold is represented
by a predefined margin. In order to prove equivalence, the two-sided
95% upper confidence limit of the mean difference between the test
method, sCT, and the active control, CT, (calculated as sCT minus CT)
had to be below the predefined margin.
In spinal surgery the width of pedicles and size of vertebral bodies
(endplates, anterior wall, posterior wall) are important for accurate
screw placement, which is critical for successful surgery. In literature the
maximum translational error tolerance for image guided screw place
ment was found to be on average 1 mm for each spine level based on a
mathematical model [19]. In addition, based on a systematic review it
was found that a pedicle breach up to 2 mm is considered as safe and
acceptable [20]. This indicates that with a surface distance error of < 1
mm, it would still be within a safe range for screw placement. As the
maximum tolerated error should be < 1 mm, we tolerated a maximum
distance error per measurement of half that distance. In the equivalency
design, this translated to a distance error of − 0.5 to 0.5 mm, meaning an
equivalency margin of 0.5 mm was defined for all geometrical distances.
As the lumbar curvature is an angle, this measurement was excluded for
equivalency testing.

2.2. MRI protocol
MR images were obtained on a 3.0 T MRI unit (PrismaFit, Siemens
Healthineers, Erlangen, Germany) at the Ghent Institute for functional
and Metabolic Imaging using an axial 3D T1 Multi-echo Gradient Echo
FLASH sequence: 2 echoes: repetition time/echo time 1/echo time 2: 7/
2/3.5 ms, flip angle 10 degrees, bandwidth 1 830 Hz/pix, bandwidth 2
960 Hz/pix, field of view: 320 × 320 mm, acquisition matrix: 288 × 288,
120 slices per slab, 60% slice resolution. Phase oversampling 80% and
slice oversampling 86.7%, resulting in 0.6x0.6x0.8 mm voxels. The use
of CAIPIRINHA factor 2 reduces acquisition time to 4 min 03 s.
2.3. Synthetic CT reconstruction
Synthetic CT images were reconstructed with a research version of
the BoneMRI software (version 1.3, MRIguidance BV). The software runs
on site and is connected to the hospital PACS. The PACS automatically
forwards the source MRI images to the sCT software, which reconstructs
sCT images and automatically returns them to PACS in <30 min. No
manual input is required. In this study, this was performed off-site at
MRIguidance, using a Horos PACS (version 3.3.5, Nimble Co. LLC,
Annapolis, Maryland).
The software reconstructed sCT images from 3DT1MGE images using
a deep learning method based on the U-net architecture [16]. This
method exploits local spatial contextual information in the multi-echo
data to reconstruct the latent bone structures, which was learned
using paired MRI and CT data [12]. The resulting sCT image expresses
radiodensity contrast in HU values.
2.4. CT protocol
Participants underwent a CT scan (Somatom Definition FLASH,
Siemens Healthineers, Erlangen, Germany) on the same day. Axial CT
scan was performed using a dual-energy CT protocol: collimation: 32 ×
0.6 mm; pitch: 0.6; rotation time: 0.5 s; tube voltages: 140 kV and 100
kV; kernel: 150F medium Sharp ASA; iterative reconstruction Safire. For
further analysis, a weighted average image was computed with a default
ratio of 0.5:0.5 to resemble 120-kV images.

2.7. Sample size calculation

2.5. Image analysis

2.8. Inter- and intra-reader reliability

SCT and CT images were reconstructed in a coronal and sagittal di
rection (slice thickness/increment: 1/1 mm). Each lumbar spine was
divided into 3 levels: vertebra L3 with disc and foramen L3/L4, vertebra

The intra- and inter-reader reliability were defined for sCT and CT by
intra-class correlation coefficient (ICC) calculations. For the inter-reader
reliability a two way random effects, absolute agreement, single

A sample size of 30 participants was appropriate for equivalency
testing (with two sided 5% alpha and 80% statistical power) of all
measurements, except for the spinous process length measurements. A
sample size of 46 subjects is required to achieve the statistical power of
80%.
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Table 1
Overview of methods, planes and slices for measuring.
Method

Plane

Slice

PW

From left to right, perpendicular
to the central axis of the pedicle

Axial

At mid-pedicular level,
parallel to the endplates

SCW

From left to right

Axial

At mid-pedicular level,
parallel to the endplates

NL

From the most superior point to the
most inferior point of the foramen

Sagittal

At mid-pedicular level,
parallel to the endplates

AVBH

From the most superior point on the
endplate in the anterior quarter of the
vertebra to the most inferior point on
the endplate in the anterior quarter
of the vertebra
From the most superior point on the
endplate in the posterior quarter of the
vertebra to the most inferior point on
the endplate in the posterior quarter
of the vertebra

Sagittal

Mid sagittal slice

Sagittal

Mid sagittal slice

MDH

From the most superior point to the
most inferior point, perpendicular
to endplates as much as possible

Sagittal

Mid sagittal slice

SVBL

In the center of the vertebra on the
mid sagittal line from anterior
to posterior

Axial

The most superior slice with
a full vertebral face visible,
parallel with the central axis
of the vertebra

SVBW

The maximal width from left to right,
perpendicular to the mid sagittal line

Axial

The most superior slice with
a full vertebral face visible,
parallel with the central axis
of the vertebra

IVBL

In the center of the vertebra on the
mid sagittal line from anterior
to posterior

Axial

The most inferior slice with
a full vertebral face visible,
parallel with the central axis
of the vertebra

IVBW

The maximal width from left to right,
perpendicular to the mid sagittal line

Axial

The most inferior slice
with a full vertebral face
visible, parallel with the
central axis of the vertebra

LC

The angle between two endplates by
drawing the tangent line to the two
outer points of the endplates, limited
to the levels L4-L5 and L5-S1

Sagittal

Mid sagittal slice

SPL

From the most anterior point to the
most posterior point of the spinous process,
limited to the level L5

Axial

Along to the central axis
of the spinous process
on sagittal image

PVBH

Example (on sCT)

PW (pedicle width), SCW (spinal canal width), NL (neuroforamen length), AVBH (anterior vertebral body height), PVBH (posterior vertebral body height), SVBL
(superior vertebral body length), IVBL (inferior vertebral body length), SVBW (superior vertebral body width), IVBW (inferior vertebral body width), MDH (maximal
disc height), LC (lumbar curvature), SPL (spinous process length), sCT (synthetic CT)

measurement ICC model was used, whereas for the intra-reader reli
ability a two way mixed effects, absolute agreement, single measure
ment ICC model was applied [21,22].
All statistical analyses were performed using SPSS Statistics version
27.

3. Results
Thirty participants (14 men, 16 women) were included. The mean
age of the study participants was 40 ± 10 years (range, 20–60 years).
Participant inclusion with number of measurements is summarized in
Fig. 1. Sagittal images of the lumbar spine using 3DT1MGE sequence,
sCT and conventional CT are shown in Fig. 2 and Fig. 3. Examples of
measurements on CT and sCT are displayed in Fig. 4.
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Fig. 1. Flowchart of participant inclusion with number of measurements.

3.1. Bland Altman analysis and equivalency test

each measurement, showing the deviations are independent of the size
of the measurements.
No statistically significant difference was found between sCT and CT
for the pedicle width, spinal canal width, and spinous process length. For
foraminal width, vertebral body height, length and width some minor
but statistically significant differences were found, but the mean dif
ferences were within the equivalency margin. Therefore, taking into
account the predefined margin for the equivalency design, sCT can be
stated to be equivalent to CT for the measurements on pedicle, spinal

Table 2 provides the average difference between sCT and CT for the
geometrical measurements of both readers and all patients. In more
detail, supplemental Table S1 displays the mean and standard de
viations of sCT measurements, CT measurements and mean differences
between sCT and CT per measurement, per vertebral level and per
reader. In the Bland Altman plots in supplemental Figure S1 the dif
ference between the two methods are plotted against the mean score for

Fig. 2. Sagittal view of the lower lumbar spine of a 20-year-old female. (a) 3 dimensional T1-weighted radio-frequency-spoiled multiple gradient echo (3DT1MGE)
image, (b) 3DT1MGE image with inverted grayscale, (c) 3DT1MGE MRI-based synthetic CT image.
4
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Fig. 3. Sagittal view of the lower lumbar spine of a 26-year-old male. (a) CT image, (b) synthetic CT image.

canal, vertebral body height, length and width, and spinous process
length, although for the latter the outcome was underpowered according
to the initial sample size calculation. For the neuroforamen length and
maximal disc height statistically significant differences were found, with
confidence intervals partly or entirely outside the predefined equiva
lency margin. These observations are illustrated in the equivalency plot
in Fig. 5.

in defining the cortical edge due to differences in zooming of the images.
We conclude that zooming is important for reproducible visual cortical
edge detection when using an image viewer.
Prior studies compared the effectiveness of MRI and CT in visualizing
the lumbar spine prior to surgery. Eun et al. [23] highlighted the added
value of CT examination in combination with MRI for lumbar spinal
stenosis. Hiroyasu et al. [24] demonstrated the superior ability of CTmyelography in the lumbar spine to discriminate cortical bone from
soft tissue such as the ligamentum flavum. Various techniques have been
described to create nonquantitative CT-like images with gradient-echo
MRI scans [25], including susceptibility-weighted MRI (SW-MRI)
[26,27], ultrashort echo time MRI (UTE-MRI) [28] and zero echo time
MRI (ZTE-MRI) [29]. SW-MRI is subject to artifacts and lacks reliability
for cortical and subcortical bone. Limitations of ZTE-MRI and UTE-MRI
include the limited availability, the need for dedicated image processing
and the lack of specificity for cortical bone. Furthermore, these tech
niques are limited in use due to high SAR deposition in the patient’s
body and because they require high-end gradients and scanner hard
ware, which is unavailable on mainstream clinical systems [30]. Finally,
SW-MRI, UTE-MRI and ZTE-MRI do not provide quantitative Hounsfield
Unit (HU) maps. In contrast, the deep learning-based sCT was developed
for visualizing osseous structures by providing quantitative HU maps,
thus can accurately depict cortical and subcortical bone [12]. Mean
while, the postprocessing of sCT images is a fully automatic process that
does not require user input. Recently Jans et al. [15] applied this MRIbased technique for sCT reconstruction to the sacroiliac joints,
comparing sCT, conventional T1-weighted MRI and CT of the sacroiliac
joints. They found that the sCT depicted structural lesions of the
sacroiliac joints with higher diagnostic accuracy and reliability than T1weighted MRI, and with reliability comparable to CT. In this study we
applied this technique to the lumbar spine. The equivalency between CT
and sCT shown in this study can be very useful in the search for a nonionizing alternative in preoperative diagnosis and planning. Offering
similar bony reconstructions as 3D CT reconstructions is a significant
advantage of sCT considering that the conventional MR images with
high soft tissue contrast can also be evaluated in the same setting. Thus,
sCT imaging could serve as a one-stop-shop for both bony and soft tissue

3.2. Intra- and inter-reader reliability
In Table 3 the ICCs obtained for the combined measurements for the
intra- and inter-reader reliability are displayed. The overall inter-reader
ICC was 0,881 to 0,955 on sCT and 0,876 to 0,986 on CT. The intrareader ICC was 0,992 to 0,999 on sCT and 0,923 to 0,999 on CT.
4. Discussion
In this prospective equivalency-designed study, we compared MRIbased synthetic CT (sCT) images and conventional CT images of the
lumbar spine. The sCT images were generated from 3D T1-weighted
radio-frequency-spoiled multiple gradient echo sequence (3DT1MGE)
using a deep learning based sCT generation method aiming at specific
visualization of the osseous morphology by Hounsfield Units (HU)
estimation [12]. We found that the sCT is equivalent to CT in terms of
geometrical accurate visualization of pedicle width, spinal canal width,
vertebral body height, vertebral body width, vertebral body length and
spinous process length, with exception of neuroforamen length and
maximal disc height. The maximal disc height deviated the most, but
this is not a static measurement between the two modalities. The
different positionings on the CT and MRI table with different knee
posture and different curving of the lumbar spine are a possible cause for
the difference between the two modalities. The same holds for the
neuroforamen length as it involves cortical edges of two vertebrae.
Excellent intra- and inter-reader reliability was found for both sCT and
CT. One outlier between reader 1 and 2 in measurement of the spinal
process was related to artefacts on the sCT image. Other differences in
measurements between reader 1 and reader 2, were related to variability
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Fig. 4. Same outcome of measurements on CT (left) and synthetic CT (right). (a) Axial images of left and right pedicle of vertebra L5, (b) axial images of spinal canal
of vertebra L4, (c) sagittal images of neuroforamen on level L5-S1, (d) axial images of spinous process of vertebra L5.
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Table 3
Intraclass correlation coefficient obtained for all the measurements for the interand intra-reader reliability of synthetic CT (sCT) and CT.

Table 2
Mean difference, standard deviation and standard error of the mean differ
ence of the averaged sCT and CT measurements.

Measurement

One-Sample Statistics
Pedicle width
Spinal canal width
Neuroforamen length
Vertebral body height
Vertebral body length
Vertebral body width
Max disc height
Lumbar curvature
Spinous process length

Mean difference

Std. Deviation

Std. Error Mean

0.0264
0.0423
0.4862
− 0.2980
0.1621
− 0.2810
0.6228
0.269
− 0.1317

0.29241
0.36220
0.57698
0.53981
0.65921
0.59945
0.63143
1.07646
0.73841

0.02565
0.04493
0.05060
0.04771
0.05827
0.05278
0.07832
0.14135
0.13482

1
2
3
4
5
6
7
8
9

Pedicle width
Spinal canal width
Neuroforamen length
Vertebral body height
Vertebral body length
Vertebral body width
Max disc height
Lumbar curvature
Spinous process length

Inter-reader reliability

Intra-reader reliability

sCT

CT

sCT

CT

0.923
0.934
0.918
0.881
0.896
0.946
0.900
0.955
0.935

0.937
0.947
0.921
0.928
0.876
0.963
0.916
0.917
0.986

0.998
0,995
0.996
0.994
0.997
0.997
0.992
0.999
0.998

0.998
0.996
0.995
0.998
0.997
0.999
0.923
0.999
0.997

targeting a population eligible for surgery.
In conclusion, we found that the synthetic CT reconstructed from
axial 3D T1-weighted radio-frequency-spoiled multiple gradient echo
sequence is equivalent to CT on geometrical measurements used for
assessing bony morphology of the lumbar spine.

assessment of the lumbar spine without ionizing radiation. This provides
new possibilities in diagnosis and surgical planning.
Our study has several limitations. Only a limited number of partici
pants were included and no paediatric patients were involved in this
study. No final diagnosis was assessed in these participants. The
assessment of bone geometry was only performed on the three lowest
levels of the lumbar spine. Patients with metal implants were excluded
from the study. The feasibility of sCT in postoperative cases still has to be
explored and clinically important postoperative parameters such as
screw length should be assessed in future studies. The current study
evaluated agreement of the entire measurement method, including dif
ferences in selection of reformat axis, image plane and selection of
anatomic landmarks, all of which are sources of potential variation in
the performed measurements. The original 3D T1MGE sequence was not
compared with sCT in the current study because the sCT images were
reconstructed from two 3D T1MGE images, which contain unique but
complementary information required to generate accurate sCT images
with specific bone contrast. The MRI data were acquired with a highperformance 3-T MRI system. Future studies may be required to show
that similar image quality can be achieved with MRI systems of different
field strengths and different technical performance. Further studies will
also investigate the value of sCT for orthopedic surgery planning,
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Fig. 5. Equivalency plot of synthetic CT (sCT) to CT depicting the outcome difference in the geometrical measurements on sCT and CT. The plot indicates equiv
alency of sCT to CT when the entire CI is within the two margins (Δ). The equivalency margin is set on 0.5 and − 0.5. Shaded area = equivalency range. VBH =
vertebral body height, VBL = vertebral body length, VBW = vertebral body width.
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