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Abstract
Objective  To evaluate the diagnostic equivalency between an ultrafast (1 min 53 s) lumbar MRI protocol using deep learn-
ing–based reconstruction and a conventional lumbar MRI protocol (12 min 31 s).
Materials and methods  This study included 58 patients who underwent lumbar MRI using both conventional and ultrafast 
protocols, including sagittal T1-weighted, T2-weighted, short-TI inversion recovery, and axial T2-weighted sequences. 
Compared with the conventional protocol, the ultrafast protocol shortened the acquisition time to approximately one-sixth. 
To compensate for the decreased signal-to-noise ratio caused by the acceleration, deep learning–based reconstruction was 
applied. Three neuroradiologists graded degenerative changes and analyzed for presence of other pathologies. For the 
grading of degenerative changes, interprotocol intrareader agreement was assessed using kappa statics. Interchangeability 
between the two protocols was also tested by calculating the individual equivalence index between the intraprotocol inter-
reader agreement and interprotocol interreader agreement. For the detection of other pathologies, interprotocol intrareader 
agreement was assessed.
Results  For the grading of degenerative changes, the kappa values for interprotocol intrareader agreement of all three readers 
ranged from 0.707 to 0.804, indicating substantial to almost perfect agreement. Except for foraminal stenosis and disc contour 
on axial images, the 95% confidence interval of the individual equivalence index was < 5%, indicating the two protocols 
were interchangeable. For the detection of other pathologies, the interprotocol intrareader agreement rates were > 98% for 
each individual pathology.
Conclusions  Our proposed ultrafast lumbar spine MRI protocol provided almost equivalent diagnostic results to that of the 
conventional protocol, except for some degenerative changes.
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Introduction

Magnetic resonance imaging (MRI) is arguably the most 
powerful imaging modality for spinal disorders because of 
the high image contrast, variety of contrast mechanisms, and 
lack of exposure to ionizing radiation. However, its relatively 
long acquisition time, due to a trade-off relationship between 
the acquisition time and image quality, limits its clinical use 
in time-critical conditions and uncooperative patients.

To address this issue, which has existed since the advent 
of MRI, recent popular approaches include parallel imaging, 
compressed sensing, and synthetic method [1–3]. Applying 
these techniques to lumbar spine MRI, the total acquisition 
time of lumbar spine MRI can be reduced to approximately 
5 min with image quality preservation comparable to that 
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of conventional protocols [4–6]. More recently, deep learn-
ing, which has been increasingly applied to various areas of 
medical imaging, is now being used to reduce the acquisition 
time of MRI. In some preliminary studies, noise reduction 
using deep learning–based reconstruction (DLR) can reduce 
45–60% of the acquisition time of spine MRI with image 
quality preservation, resulting in a total acquisition time of 
approximately 5 min [7, 8].

Another MRI acceleration approach from the viewpoint 
of preserving practical diagnosis without regard for preserv-
ing image quality, superfast brain MRI protocols with a total 
acquisition time of 1–3 min have been proposed. These brain 
MRI protocols were suggested to be a feasible option in spe-
cific clinical situations, such as in time-critical diseases or 
with motion-prone patients [9–12].

Consequently, we hypothesized that an ultrafast spine 
MRI protocol might be possible by combining the following 
factors: (i) applying a recently emerged noise reduction tech-
nique using DLR, and (ii) focusing not on the image quality 
but on the practical diagnostic performance. In the current 
study, we proposed a novel ultrafast lumbar MRI protocol 
with a total acquisition time of < 2 min and compared the 
image interpretation of this ultrafast protocol with that of a 
conventional protocol.

Materials and methods

Patients

The protocol for this study was approved by the institutional 
review board, and all included patients provided written 

informed consent. Among 141 consecutive patients who had 
indications for lumbar MRI examination between August 
2020 and December 2020, 58 who agreed to participate 
in this study were enrolled. This included 24 men and 34 
women with a mean age of 66 (range, 21–91) years. The 
reasons for performing lumbar MRI were lower extremity 
pain in 28, back pain in 20, lower extremity numbness in 
seven, and lower limb muscle weakness in three patients.

MRI data acquisition

We performed lumbar MRI examinations using a 1.5 T MRI 
scanner (Vantage Orian™ 1.5 T, Canon Medical Systems 
Corporation, Tochigi, Japan) with a 32-element phased-
array surface spine coil. All patients underwent conven-
tional and ultrafast protocols, and both protocols included 
four sequences (sagittal T1-weighted and T2-weighted, 
short-TI inversion recovery [STIR], and axial T2-weighted 
sequences). Detailed MRI acquisition parameters are listed 
in Table 1. Under the supervision of MRI technicians, the 
acquisition time of the ultrafast protocol was shortened by 
using a lower number of excitations, lower oversampling 
rate, application of compressed sensing, and lower spa-
tial resolution than those of the conventional protocol. As 
a result, the total scan time of the ultrafast protocol was 
reduced to 1 min 53 s, while that of the conventional proto-
col was 12 min 31 s. We applied a commercialized denoising 
method using DLR (Advanced Intelligent Clear-IQ Engine 
[AiCE], Canon Medical Systems Corporation, Tochigi, 
Japan) to compensate for the reduced image quality caused 
by the shortened acquisition time in the ultrafast protocol. 
Several previous studies have confirmed that this DLR can 

Table 1   Comparison of acquisition parameters between the ultrafast and conventional protocols

The total acquisition time was 12 min 31 s for the conventional protocol and 1 min 53 s for the ultrafast protocol
WI, weighted image; Conv, conventional; Ultra, ultrafast; TR, repetition time; TE, echo time; FOV, field of view; CS, compressed sensing; NEX, 
number of excitations; STIR, short-TI inversion recovery

Conv Ultra Conv Ultra Conv Ultra Conv Ultra

Sequence Sagittal T1WI Sagittal T2WI Sagittal STIR Axial T2WI
TR (ms) 566 500 4000 3010 5100 4450 4000
TE (ms) 10 90 80 120
Echo train length 2 17 17 23
Slice thickness (mm) 3 4 3 4 3 4 4 4
FOV phase (mm) 300 300 300 180
FOV read (mm) 270 270 270 180
Matrix (phase) 288 192 352 192 224 192 288 192
Matrix (read) 356 320 320 320 256
Oversampling (%) 100 50 100 50 50 100 50
NEX 1 1 1 1 2 1 2 1
Acceleration factor in CS None 3 None 3 None 3 None 2
Acquisition time (min:s) 2:45 0:26 2:52 0:19 3:30 0:32 3:24 0:36
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improve the signal-to-noise ratio of normal tissue in various 
MRI sequences and at various anatomic sites [8, 13–15].

Image interpretation

Three neuroradiologists (6, 11, and 25 years of experience 
in neuroradiology, respectively), who were blinded to the 
clinical information, independently evaluated the grading 
of lumbar degenerative changes and the presence of other 
pathologies. First, the images obtained from the conven-
tional protocol were evaluated, followed by the evaluation 
of the images obtained from the ultrafast protocol. The order 
of cases in each evaluation session was randomized, and 
the interval between the two evaluation sessions was set at 
4 weeks to minimize recall bias [16, 17].

MRI criteria for degenerative change

Based on the following classifications from the literature, 
degenerative changes included central canal stenosis on axial 
images, foraminal stenosis on sagittal images, lumbar disc 
contour on axial and sagittal images, lumbar disc nucleus 
degeneration on sagittal images, and endplate degeneration 
on sagittal images.

•	 Central canal stenosis (four grades): grade 0, no steno-
sis; grade 1, mild cerebrospinal fluid space stenosis with 
clear separation of each nerve root in the cauda equina; 
grade 2, moderate stenosis with some aggregation within 
the cauda equina; grade 3, severe stenosis with complete 
aggregation, where the nerve roots cannot be separated 
from each other [18].

•	 Foraminal stenosis (four grades): grade 0, normal; grade 
1, perineural fat obliteration surrounding the nerve root 
in one or two directions; grade 2, perineural fat oblitera-
tion surrounding the nerve root in four directions with no 
collapse or morphologic change of the nerve root; grade 
3, nerve root collapse or morphologic changes due to 
severe foraminal stenosis [19].

•	 Disc contour on axial images (five grades): grade 0, 
normal; grade 1, bulging (circumferential extension of 
disc material beyond the intervertebral disc space, “cir-
cumferential” is defined as > 25% of the disc circumfer-
ence); grade 2, protrusion (focal extension of the disc 
material, “focal” is defined as < 25% of the disc circum-
ference); grade 3, extrusion (focal extension of the disc 
material with the greatest measure of the displaced disc 
being greater than the base of the displaced disc); grade 
4, sequestration (no continuity between displaced disc 
material and disc of origin) [20, 21].

•	 Disc contour on sagittal images (five grades): grade 0, 
normal disc; grade 1, diffuse bulging (circumferential, 
symmetric disc extension beyond the vertebral border); 

grade 2, protrusion (a focal or asymmetric extension of 
the disc beyond the vertebral border, with the disc origin 
being broader than any other dimension of the protru-
sion); grade 3, extrusion (a more extreme extension of 
the disc beyond the vertebral border, with the diameter 
of the extruding material being greater than the base of 
the displaced material at the disc space of origin); grade 
4, sequestration (a free disc fragment distinct from the 
parent disc) [20, 21].

•	 Lumbar disc nucleus degeneration (seven grades): grade 
0, bright (normal); grade 1, bright band (normal disc 
height and hyperintense nucleus signal with dark hori-
zontal band); grade 2, bright-narrow (decreased disc 
height and hyperintense nucleus signal with or without 
dark horizontal band); grade 3, dim (normal disc height 
and decreased nucleus signal with slight or heterogene-
ous irregularity); grade 4, dim-slight (slightly decreased 
disc height and decreased nucleus signal with slight 
or heterogeneous irregularity); grade 5, dim-moderate 
(moderately decreased disc height and decreased nucleus 
signal with moderately); grade 6, dim-collapsed (col-
lapsed disc height and hypointense nucleus signal) [22].

•	 Endplate degeneration (four types): type 0, normal; type 
1, inflammatory changes (hypointense on T1WI and 
hyperintense on STIR); type 2, fatty changes (hyperin-
tense on T1WI and hypointense on STIR); and type 3, 
fibrous changes (hypointense on T1WI and STIR) [23].

Other pathologies

The readers also recorded the presence or absence of pathol-
ogies other than degenerative changes. Pathologies outside 
the spinal column were removed from the scope of the 
evaluation.

Statistical analysis

Grading of degenerative changes—Cohen’s kappa statistics

Using linear weighted kappa statistics, the interprotocol 
intrareader agreement of the three readers was evaluated for 
all variables, except for endplate degeneration, where we 
used unweighted kappa statistics because it was measured 
on a nominal scale. Kappa values were interpreted using 
Landis and Koch’s categorization: 0–0.20, slight agreement; 
0.21–0.40, fair agreement; 0.41–0.60, moderate agreement; 
0.61–0.80, substantial agreement; and 0.81–1.00, almost 
perfect agreement [24].

Grading of degenerative changes—interchangeability

We also verified interchangeability between the two proto-
cols because there is no reference standard for degenerative 
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changes. Interchangeability is a method of evaluating 
whether a new imaging technique can replace an existing 
one by ensuring that the agreement rate when one of the 
readers uses the new imaging technique is not significantly 
lower than that of the agreement rate when both readers 
use the existing imaging technique [16, 17, 25]. First, we 
calculated the rate of intraprotocol interreader agreement 
(both readers evaluated the conventional images) and inter-
protocol interreader agreement (one reader evaluated the 
conventional images, and the other evaluated the ultrafast 
images) for each variable. Then, the individual equivalence 
index was calculated as the estimated difference by subtract-
ing the interprotocol interreader agreement rate from the 
intraprotocol interreader agreement rate; a 95% confidence 
interval (CI) for the difference was constructed by perform-
ing bootstrapping methods with 1000 repetitions. The inter-
changeability of the two protocols was defined as the upper 
bound of 95% CI of the individual equivalence index < 5%.

Detection of other pathologies

For each pathology, we calculated the interprotocol 
intrareader agreement rates.

Results

Grading of degenerative changes—Cohen’s kappa 
values

The kappa values of the interprotocol intrareader agreement 
for all three readers ranged from 0.707 to 0.804, indicating 
substantial to almost perfect agreement. For each reader, the 
interprotocol intrareader agreement was also substantial to 
almost perfect, except for the endplate degeneration of one 
reader, which was moderate. The detailed kappa values of 
each reader are shown in Table 2. Representative cases are 
shown in Figs. 1, 2, and 3.

Grading of degenerative changes—
interchangeability

Intraprotocol (conventional vs. conventional) interreader 
agreement, interprotocol (conventional vs. ultrafast) inter-
reader agreement, and 95% CI of the individual equiva-
lence index are shown in Table 3. The upper bounds of 
the 95% CI for central canal stenosis, disc contour on 

Table 2   Interprotocol 
intrareader agreement for the 
grading of degenerative changes

All variables were calculated using linear weighted Cohen’s kappa statistics, except for endplate degenera-
tion, which was calculated using unweighted Cohen’s kappa statistics

Reader kappa value 95% CI Agreement rate

Central canal stenosis Reader 1 0.765 0.699–0.831 235/284 (82.7%)
Reader 2 0.867 0.818–0.916 258/284 (90.8%)
Reader 3 0.755 0.685–0.825 244/284 (85.9%)
All 0.804 0.769–0.838 737/852 (86.5%)

Foraminal stenosis Reader 1 0.738 0.674–0.802 509/580 (87.9%)
Reader 2 0.836 0.791–0.880 527/580 (90.9%)
Reader 3 0.641 0.585–0.700 461/580 (79.5%)
All 0.736 0.703–0.768 1498/1740 (86.1%)

Disc contour axial Reader 1 0.726 0.650–0.802 238/284 (83.8%)
Reader 2 0.860 0.807–0.913 258/284 (90.8%)
Reader 3 0.645 0.572–0.719 212/284 (74.6%)
All 0.758 0.721–0.794 708/852 (83.1%)

Disc contour sagittal Reader 1 0.720 0.658–0.782 220/290 (75.9%)
Reader 2 0.902 0.867–0.937 261/290 (90.0%)
Reader 3 0.667 0.594–0.740 220/290 (75.9%)
All 0.776 0.743–0.808 700/870 (80.5%)

Disc degeneration Reader 1 0.760 0.714–0.806 195/288 (67.7%)
Reader 2 0.879 0.842–0.916 245/288 (85.1%)
Reader 3 0.670 0.605–0.736 202/288 (70.1%)
All 0.773 0.743–0.803 642/864 (74.3%)

Endplate degeneration Reader 1 0.649 0.548–0.750 256/290 (88.3%)
Reader 2 0.863 0.802–0.925 273/290 (94.1%)
Reader 3 0.579 0.480–0.678 244/290 (84.1%)
All 0.707 0.655–0.759 773/870 (88.9%)
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Fig. 1   A 76-year-old woman 
with bilateral buttock pain. 
Axial conventional (a) and 
ultrafast (b) T2-weighted 
images at L4-5 disc. All readers 
graded the findings as severe 
(grade 3) central canal stenosis 
in both protocols

Fig. 2   A 79-year-old woman 
with a follow-up examination 
of posterior lumbar interver-
tebral body fusion. Axial 
conventional (a) and ultrafast 
(b) T2-weighted images at L3-4 
disc. All readers graded the 
findings as no (grade 0) central 
canal stenosis and normal 
(grade 0) disc contour in both 
protocols

Fig. 3   A 65-year-old man with intermittent claudication. Sagittal con-
ventional T2-weighted (a), ultrafast T2-weighted (b), conventional 
T1-weighted (c), and ultrafast T1-weighted (d) images. All readers 

graded the L3-4 disc as an extrusion (arrows), and classified the L1 
and L2 endplate degenerations as Modic type 2 (circle) in both pro-
tocols
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sagittal images, disc degeneration, and endplate degen-
eration were within 5%, indicating that the two protocols 
are interchangeable. Those for foraminal stenosis and disc 
contour on axial images were slightly higher than 5%, 
7.39%, and 5.58%, respectively.

Detection of other pathologies

Other pathologies were noted in 12 of the 58 patients. 
These included fresh compression fractures in eight 
patients, old compression fractures in six patients, and 
vertebral tumors in two patients. Agreement rates of all 
readers were > 98% for each pathology. Details on the 
interprotocol intrareader agreements in diagnosing other 
pathologies are shown in Table  4. The interprotocol 
intrareader disagreements were noted in two readers on 
the same vertebra with old compression fracture. Repre-
sentative cases are shown in Figs. 4 and 5.

Discussion

In this study, we evaluated the diagnostic equivalence 
between our proposed ultrafast protocol and the con-
ventional protocol for lumbar spine MRI. Regarding the 
evaluation of degenerative changes, the kappa statis-
tics indicated substantial to almost perfect interprotocol 
intrareader agreement for all variables. In addition, the cal-
culation of the individual equivalence index indicated that 
both protocols were interchangeable, except for the degree 
of foraminal stenosis and disc contour on axial images. 
Regarding the detection of other pathologies, interprotocol 
intrareader agreement rates were > 98%. Based on these 
results, our proposed ultrafast lumbar spine protocol can 
be a practical option for patients who need a short exami-
nation time, such as those with medical emergencies, dif-
ficulty lying still for long periods because of back pain or 
other reasons, and pediatric patients requiring sedation.

Table 3   Interchangeability: 
intraprotocol interreader and 
interprotocol interreader 
agreement rates and 95% 
confidence interval of the 
individual equivalence index

Interreader agreement rates are shown as number of agreements/total number (%)
95% confidence interval (CI) is shown for the individual equivalence index (intraprotocol interreader agree-
ment minus interprotocol interreader agreement)

Variable Interreader agreement rate

Central canal stenosis
  Intraprotocol (conventional vs. conventional) 589/852 (69.13%)
  Interprotocol (conventional vs. ultrafast) 1207/1704 (70.83%)
  95% CI of the individual equivalence index (%)  − 5.28 to 2.11

Foraminal stenosis
  Intraprotocol (conventional vs. conventional) 1509/1740 (86.72%)
  Interprotocol (conventional vs. ultrafast) 2826/3480 (81.21%)
  95% CI of the individual equivalence index (%) 3.56 to 7.39

Disc contour on axial images
  Intraprotocol (conventional vs. conventional) 531/852 (62.32%)
  Interprotocol (conventional vs. ultrafast) 1031/1704 (60.50%)
  95% CI of the individual equivalence index (%)  − 2.23 to 5.58

Disc contour on sagittal images
  Intraprotocol (conventional vs. conventional) 519/870 (59.66%)
  Interprotocol (conventional vs. ultrafast) 1077/1740 (61.90%)
  95% CI of the individual equivalence index (%)  − 5.92 to 1.67

Disc degeneration
  Intraprotocol (conventional vs. conventional) 564/864 (65.28%)
  Interprotocol (conventional vs. ultrafast) 1135/1728 (65.68%)
  95% CI of the individual equivalence index (%)  − 4.52 to 3.36

Endplate degeneration
  Intraprotocol (conventional vs. conventional) 725/870 (83.33%)
  Interprotocol (conventional vs. ultrafast) 1439/1740 (82.70%)
  95% CI of the individual equivalence index (%)  − 2.18 to 3.56
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Table 4   Interprotocol 
intrareader agreement for the 
detection of other pathologies

Agreement rates are shown as the number of patients with an agreed number/total number of patients (%)
The number of positive pairs refers to the number of patients found to have other pathologies in both pro-
tocols

Agreement rate Number of posi-
tive pairs

Number of 
discordant 
pairs

Fresh compression fracture Reader 1 58/58 (100%) 8 0
Reader 2 58/58 (100%) 7 0
Reader 3 58/58 (100%) 8 0
All 174/174 (100%) 23 0

Old compression fracture Reader 1 57/58 (98.3%) 5 1
Reader 2 58/58 (100%) 6 0
Reader 3 57/58 (98.3%) 6 1
All 172/174 (98.9%) 17 2

Tumor Reader 1 58/58 (100%) 1 0
Reader 2 58/58 (100%) 1 0
Reader 3 58/58 (100%) 2 0
All 174/174 (100%) 4 0

Fig. 4   A 90-year-old man with 
lumbago. Sagittal conven-
tional (a) and ultrafast (b) 
T1-weighted images. These 
images demonstrate multiple 
vertebral tumors with compara-
ble lesion conspicuity. Increased 
serum prostate-specific antigen 
levels with a history of prostate 
cancer resulted in a clinical 
diagnosis of multiple vertebral 
metastases

Fig. 5   A 68-year-old man 
with continuous back pain for 
2 weeks. Conventional (a) and 
ultrafast (b) sagittal short-TI 
inversion recovery images. Mild 
decompression of the superior 
L2 endplate with bone marrow 
hyperintensity visible in both 
protocols. All readers detected 
fresh compression fracture of 
L2 in both protocols
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The diagnostic equivalency between the ultrafast and con-
ventional MRI protocols on many evaluation items may have 
the following two implications.

First, the denoising method using DLR did not compro-
mise the pathological information. A major concern with 
usual denoising techniques for MRI is the loss of structural 
information affecting diagnostic performance [26]. The 
denoising method used in this study has been validated to 
improve image quality or reduce the acquisition time of MRI 
on various anatomical sites [8, 13–15]; however, its influ-
ence on pathologies has not yet been fully evaluated. There-
fore, our data could be a useful reference for further applica-
tions of the denoising method to clinical MR examination. 
Second, there is a discrepancy between the image quality 
and diagnostic performance. Previous studies on brain MRI 
have reported that reduction in image quality preceded the 
loss of diagnostic efficacy [12, 27]. Although the evaluation 
of image quality is beyond the scope of our study, we assume 
that the deterioration of image quality in our ultrafast pro-
tocol did not affect image interpretation, except for grading 
some degenerative changes. As a future challenge, it would 
be worthwhile to know if the degree of image quality is 
commensurate with the diagnostic performance required in 
clinical practice.

In contrast to many other variables of lumbar degenera-
tive changes, the upper bounds of the 95% CI of the individ-
ual equivalence index for foraminal stenosis and disc contour 
on axial images were > 5%, indicating that interchangeabil-
ity could not be confirmed for these two variables. As for 
foraminal stenosis, the relatively high disagreement between 
the two protocols can be explained by the lower spatial reso-
lution of the ultrafast protocol. Since the main criterion for 
grading foraminal stenosis is the degree of perineural fat 
obliteration, we speculated that the relatively lower spatial 
resolution on the superfast protocol can obscure thinned fat 
layer, resulting in a discrepancy between image interpreta-
tions of the two protocols. Clinically, it has been reported 
that the grade of foraminal stenosis on MRI correlates with 
a neurologic presentation [28, 29], which indicates that our 
proposed ultrafast protocol cannot completely replace the 
conventional protocol. Therefore, in the actual operation 
of the ultrafast protocol, one option may be to increase the 
spatial solution of T1-weighted sagittal images to the same 
level as that of the conventional protocol.

As for disc contour on axial images, the inherent lower 
interreader agreement compared with other degenerative 
changes, as reported in a previous study, may have affected 
the interchangeability between the two protocols [30]. The 
main reason for the low interreader agreement of grading 
disc contour was reported in the “bulging” category [31–33]; 
however, the bulging disc has low clinical significance 
because it is assumed to be an asymptomatic lesion [22, 
34]. Therefore, considering that the upper bound of the 95% 

CI for disc contour on axial images was only slightly above 
5% (5.58%), its clinical influence may be minimal.

This study had some limitations. First, this study had a 
relatively small number of participants, limiting the num-
ber of pathologies detected other than degenerative changes. 
Therefore, the diagnostic equivalence for other pathologies 
could not be adequately evaluated. Further studies in larger 
populations with various pathologies are warranted. Second, 
the readers could not be blinded to the protocol during image 
evaluation because the difference in image quality between 
the two protocols was obvious. However, we believe the 
researcher bias is minimal since the image interpretation in 
this study was not an evaluation of the degree of image qual-
ity or diagnostic confidence level, but rather the grading of 
degenerative changes and detection of other pathologies in 
the absence of a reference standard. Third, we set the mini-
mum reading interval between the two protocols at 4 weeks 
based on previous studies [16, 17]; however, there may still 
be room for recall bias. Finally, the protocol acceleration 
was performed using a specific 1.5 T machine and was not 
fully validated with respect to its optimization. Therefore, a 
further study involving setting up a similar ultrafast protocol 
in other MRI systems, its optimization, and evaluation of its 
diagnostic performance will validate the results of this study.

Conclusion

Our proposed ultrafast lumbar spine MRI protocol resulted 
in almost identical image interpretation by radiologists to 
that of the conventional protocol, except for grading forami-
nal stenosis and disc contour on axial images.
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