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osseous abnormalities
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Abstract

Objective—To qualitatively evaluate the utility of zero echo-time (ZTE) MRI sequences in
identifying osseous findings and to compare ZTE with optimized spoiled gradient echo (SPGR)
sequences in detecting knee osseous abnormalities.

Materials and methods—ZTE and standard knee MRI sequences were acquired at 3T in 100
consecutive patients. Three radiologists rated confidence in evaluating osseous abnormalities and
image quality on a 5-grade Likert scale in ZTE compared to standard sequences. In a subset of
knees (7= 57) SPGR sequences were also obtained, and diagnostic confidence in identifying
0sseous structures was assessed, comparing ZTE and SPGR sequences. Statistical significance of
using ZTE over SPGR was characterized with a paired t-test.

Results—Image quality of the ZTE sequences was rated high by all reviewers with 278 out of
299 (100 studies, 3 radiologists) scores = 4 on the Likert scale. Diagnostic confidence in using
ZTE sequences was rated “definitely certain” in 97%, 85%, 71%, and 73% of the cases for
osteophytosis, subchondral cysts, fractures, and soft tissue calcifications/ossifications, respectively.
In 74% of cases with osseous findings, reviewer scores indicated confidence levels (score = 3) that
ZTE sequences improved diagnostic certainty over standard sequences. The diagnostic confidence
in using ZTE over SPGR sequences for osseous structures as well as abnormalities was favorable
and statistically significant (< 0.01).
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Conclusion—Incorporating ZTE sequences in the standard knee MRI protocol was technically
feasible and improved diagnostic confidence for osseous findings in relation to standard

MR sequences. In comparison to SPGR sequences, ZTE improved assessment of osseous
abnormalities.

Keywords
Magnetic resonance imaging/methods; Knee; Knee joint; Diagnostic imaging; Bone diseases

Introduction

While musculoskeletal structures such as cartilage, ligaments, menisci, bone marrow,

and muscles are primarily evaluated using MRI, cortical bone is not well-visualized

with standard fast spin echo sequences (FSE) due to very short relaxation times of the
mineralized bone and low water content. Muscle, fat, and other soft tissue T2/T2* relaxation
times vary between 30 and 200 ms [1], whereas cortical bone has T2/T2* relaxation times of
approximately 0.4 ms [2-9].

Zero echo time (ZTE) MR sequences use echo times as low as 0.1 ms [5, 8], enabling

the acquisition of signal from structures with very short T2 relaxation properties such

as the cortical bone. ZTE is acquired by rapidly switching between transmit and receive
modes, which may introduce some sampling artifacts that include blurring and shadow
artifacts, which can be subsequently corrected with sophisticated reconstruction algorithms
as previously described [5]. CT-like visualization of bone from a ZTE acquisition is obtained
with post-processing that includes inverse rescaling [6, 10]. To our knowledge, very few
studies have established the utility of ZTE in knee imaging [11].

ZTE sequences with high fidelity reconstructions to visualize osseous abnormalities may

be relevant in clinical practice, and several studies have investigated potential applications.
Previous research has demonstrated the advantages of ZTE in evaluating osseous pathologies
of the hip, shoulder, and cervical spine [12-14] as well as various applications in
neuroradiology [15-17]. These studies concluded that there is strong agreement in relevant
quantitative measurements as well as qualitative assessment comparing ZTE and CT,
implying that ZTE may eventually become an alternative to CT imaging and thus minimize
patient exposure to ionizing radiation.

Osseous structures can be visualized on other MRI sequences as well, with varying levels
of granularity. Spoiled gradient recalled acquisition (SPGR) is a gradient echo sequence
which spoils the transverse steady state by randomizing the phase of the Radiofrequency
(RF) pulse, resulting in predominantly T1 contrast [18]. SPGR can also be inverted for
CT-like visualization and has been effective in imaging trabecular bone, with prior studies
establishing its utility in demonstrating bone architecture [19-21]. To our knowledge, ZTE
and SPGR sequences so far have not been compared concerning visualization of bony
structures.

Skeletal Radiol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bharadwaj et al.

Page 3

Thus, the purpose of this prospective study was to evaluate the utility and performance of
ZTE MRI in identifying knee osseous findings in relation to standard MR sequences and to
compare ZTE with optimized SPGR sequences in detecting knee osseous abnormalities.

Materials and methods

Study design

This Health Insurance Portability and Accountability Act (HIPAA) compliant prospective
study was approved by our institution’s committee on human research with informed
consent being waived. This multi-reader study evaluated the image quality and clinical
usefulness of ZTE and SPGR sequences in addition to standard MRI sequences in patients
undergoing a non-contrast MRI of the knee. The study is based on the assessment of various
qualitative attributes, such as image quality and reviewers’ confidence in ZTE sequences for
diagnosing osseous abnormalities using Likert scales.

Patient cohort

We included 100 consecutive patients who had MRI scans of the knee performed with a
standard clinical MRI protocol and an additional ZTE sequence. In a subset of patients (7
=57), an additional bone optimized SPGR sequence was also acquired. Clinical indications
for the MRI in these patients included pain (7= 35), suspected internal derangement of knee
(n=28), trauma (n = 23), and evaluation of post-operative changes (7= 14).

Image acquisition

All MRI studies were acquired with a 3T MRI scanner (Discovery MR750 scanner, GE
Healthcare, Waukesha, Wisconsin) and a 16-channel flex medium coil (Neocoil, Pewaukee,
Wisconsin). Standard knee sequences included sagittal intermediate weighted fat-saturated
(Iw-FS) and proton-density (PD) weighted 2D fast spin echo (FSE) sequences, axial, and
coronal lw-FS 2D FSE sequences as well as T1-weighted coronal 2D FSE sequences.

In addition, sagittal 3D ZTE and SPGR sequences were included in the protocol. Both
sequences were optimized to maximize contrast between bone and soft tissue within similar
scan times and inverted for CT-like visualization. ZTE sequences were acquired in all

100 patients while SPGR acquired in a subset of 57 patients. The imaging protocols and
pertinent imaging parameters are presented in Table 1.

Image analysis

ZTE, SPGR, and routine MRI sequences were analyzed independently by three
musculoskeletal (MSK) fellowship trained radiologists with 23, 8, and 5 years of experience
on standard PACS workstations (Agfa, Mortsel, Belgium) without time constraints

and ambient background lighting. Image quality, diagnostic utility, impact on patient
management, and differences in image quality between ZTE and SPGR sequences were
graded by each radiologist, who reviewed all images.

Ratings were performed on image quality attributes that included image artifact, image
motion, tissue contrast, sharpness of contrast, delineation of cortical bone, and delineation
of trabecular bone. These attributes were selected as the most pertinent metrics for assessing
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the quality of an image for evaluating osseous findings; they were rated qualitatively by
three board certified radiologists. Prior to review, a training session was performed where
the radiologists rated a subset of 10 cases together for calibration purposes.

A 5-grade Likert scale was used spanning “very good” (unimpaired depiction of all
structures), “good” (minimal impairment of image, but preservation of all structural
detail), “adequate” (impaired depiction of small areas), “poor” (substantial obscuration of
structures), and “very poor” (complete obscuration of structures).

Reviewers also evaluated the studies concerning osseous abnormalities including cortical,
subcortical, and avulsion fractures, calcified and ossified bodies, subchondral cysts,
osteophytes, osteolysis, and other osseous deformities. The reviewers rated their confidence
in identifying these osseous abnormalities using a 5-grade Likert scale differentiating
“definitely visualized” (osseous abnormalities clearly delineated and well shown), “probably
visualized” (osseous structures appear to be shown but are not well-delineated), “uncertain”
(unclear delineation of osseous abnormality), probably not visualized” (abnormality likely
not shown but bony structures are not well-delineated), and “definitely not visualized”
(osseous abnormality definitely not shown).

The utility of ZTE was further assessed qualitatively for overall impact in three categories:
alters patient management, increases diagnostic confidence, and may provide additional
value to the patient. These attributes were graded on a 5-grade Likert scale spanning

“definitely certain”, “certain”, “probable diagnosis”, “probably not”, and “definitely not.”

In patients who had both ZTE and SPGR sequences, the two sequences were compared

side by side for evaluation of osseous structures, assessing whether soft tissues limited
evaluation of osseous structures and whether osseous structures were visualized better on the
ZTE sequence than on SPGR. Two additional attributes — “diagnostic confidence of bony
abnormalities using ZTE” and “bony abnormalities seen better on ZTE than on SPGR” —
were also evaluated on the subset of patients in whom both ZTE and SPGR sequences were
acquired. The grading was performed using a 5-grade Likert scale: “definitely certain” (ZTE
is definitely better than SPGR for visualizing bony abnormalities), certain, probably certain,
not certain, and definitely not certain (ZTE is definitely not better in the evaluation of bony
abnormalities than SPGR).

Statistical analysis

The Likert scores used to assess image quality of ZTE were analyzed using histograms

to evaluate the distribution of scores ranging from “unimpaired depiction of all structures”
and “complete obscuration of images” for the following image quality attributes: contrast,
sharpness, artifact, motion, cortical bone depiction, and trabecular bone depiction. Similarly,
Likert scores used to assess the diagnostic confidence of ZTE were analyzed with
histograms to determine the distribution of scores ranging from “definitely certain” to
“definitely not certain.” Statistical significance of diagnostic confidence (using Likert
scores) of ZTE over SPGR for osseous abnormalities was evaluated using a paired t-test

[22] (p-value threshold of 0.05 selected a priori) for two related attributes from the study: (a)
bony structures better seen on ZTE than on SPGR (b) soft tissue limits evaluation of osseous
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structures on SPGR. The qualitative attributes along with their corresponding Likert scores
were also assessed for consistency and reproducibility with pairwise inter-reader agreement
scores computed between all three reviewers using the Cohen’s kappa statistic. A kappa
score of 0.2 or higher was considered fair agreement, 0.4 or higher was considered moderate
agreement, and 0.6 or higher was considered substantial [23]. The SciPy v1.6.0 python
library and its stats module were used for all statistical analyses reported in this paper [24].

Patient cohort

The patient cohort (n7=100) consisted of forty-four female and fifty-six male patients with
an average age of 40.0 +/- 16.1 years. The average BMI and standard deviation were 26.3
+/- 4.6 kg/m2. The patients were noted to have a range of osseous abnormalities including
cortical, subcortical, and avulsion fractures, calcified and ossified bodies, subchondral cysts,
osteophytes, osteolysis, and other osseous deformities.

Image quality of ZTE sequences

A total of 299 grades were used in the analysis, instead of 300 (100 studies x 3 reviewers)
since one patient was graded by only two of the three reviewers. ZTE image quality

was rated high by all reviewers with 93.0% (278 of 299) scores = 4 on the Likert scale
across various image quality attributes such as contrast, sharpness, artifact, motion, and
cortical bone depiction. In the case of image artifact and motion, unimpaired depiction of
all structures (score = 5) was observed in 72.6% (217 of 299) and 91.3% (273 of 299)

of the grades, respectively. With the notable exception of trabecular bone depiction, in
which 61.5% (184 of 299) of the scores indicated substantial or complete obscuration of the
structure (grade 1 and 2), ZTE image quality was graded high. The relative percentages as
well as absolute counts for each feature are summarized in Table 2.

ZTE vs. standard sequences for evaluating osseous structures and abnormalities

ZTE sequences were observed to be favorable overall for assessing osseous structures and
diagnosing osseous abnormalities. The graded osseous abnormalities include osteophytosis
(104 of 299), subchondral cysts (47 of 299), soft tissue calcifications (26 of 299), and
fractures (45 of 299). In some patients, more than one osseous abnormality are visualized
and graded (i.e., the findings are not mutually exclusive). Quantitatively, 97.1% (101 of
104) of the grades had a score = 5 (definitely visualized) for confidence in assessing
osteophytosis using ZTE; 85.1% (40 of 47) of the grades had a score = 5 for confidence in
assessing subchondral cysts; 73.0% (19 of 26) of the grades had a score=5 for confidence
in assessing soft tissue calcifications; and 71.1% (32 of 45) of the grades had a score

=5 for confidence in assessing fractures. The distribution of Likert scores across all
0sseous structures is presented in Table 3, indicating strong confidence in using ZTE for
assessing osseous structures. Figure 1 shows a representative ZTE image with osteophytes
substantially better visualized than on standard FSE sequences. Figure 2 demonstrates that
ZTE sequences can also show bony abnormalities adjacent to metal in a patient with

ACL reconstruction. Figure 3 shows that osteochondral bodies posterior to the tibia are

Skeletal Radiol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bharadwaj et al.

Page 6

well-characterized on ZTE as well as SPGR, but not well-visualized on the standard clinical
sequences.

In 74.4% (180 of 242) of cases with osseous findings, reviewer scores indicated confidence
levels (score > 3) that ZTE improved diagnostic certainty, compared to 58.6% (34 of 58)

of the cases without osseous findings that were rated = 3 for improved diagnostic certainty.
In 53.7% (130 of 242) of cases with osseous findings, reviewers indicated that ZTE could
alter patient management (score = 3), versus 41.4% (24 of 58) of the cases without osseous
findings. In 69.8% (169 of 242) of cases with osseous findings, reviewer scores indicated
high confidence (score = 3) that ZTE would provide additional value to the patient. Table

4 presents the distribution of scores across all three categories for osseous findings (/7=
242) and Table 5 presents the distribution of scores across all three categories for cases
without osseous findings (77 = 58). Figure 4 demonstrates a fracture which is better seen with
the ZTE sequence compared with standard FSE sequences which only show bone marrow
edema pattern.

ZTE vs. SPGR sequences for evaluating osseous structures and abnormalities

The diagnostic confidence in using ZTE over SPGR for osseous structures was favorable
and statistically significant with a mean and standard deviation Likert scores of 3.08 +/—
1.65 for ZTE and 2.59 +/- 1.60 for SPGR sequences (p < 0.01). The diagnostic confidence
in using ZTE over SPGR for osseous abnormalities was also favorable and statistically
significant with a mean and standard deviation Likert scores of 4.38 +/- 0.83 for ZTE and
2.59 +/- 1.60 for SPGR sequences (p < 0.01). Table 6 presents the distribution of scores

for three attributes of the study: “bony structures better seen on ZTE than on SPGR”, “bony
abnormalities better seen on ZTE than on SPGR”, and “soft tissue limits evaluation of
o0sseous structures on SPGR”. Figure 5 shows that ZTE sequences were superior to SPGR
sequences in demonstrating osteophytes, which are not well-differentiated from adjacent
soft tissues in the SPGR sequence. The same is seen for osteochondral bodies which are
better visualized with ZTE sequences compared to SPGR sequences as demonstrated in Fig.
3, where it is more difficult to separate osteochondral bodies from adjacent soft tissues in
the SPGR image. Fractures, however, are shown similarly well with both ZTE and SPGR
sequences as shown in Fig. 6, where the patellar fracture is well-visualized on both ZTE and
SPGR sequences. It was also noted that the trabecular bone architecture was better seen on
the SPGR sequences.

Reproducibility

Inter-rater agreement was moderate with pairwise Cohen’s kappa scores (reviewer 1/
reviewer 2, reviewer 2/reviewer 3, reviewer 3/reviewer 1) of (0.41, 0.52, 0.58) for Likert
scores assessing confidence in diagnosing osteophytosis using ZTE; and (0.43, 0.55, 0.58)
for scores assessing confidence in diagnosing subchondral cysts. The agreement was fair
in more subjective categories such as Likert scores assessing whether bony structures
were better visualized on ZTE compared to SPGR sequences with agreements of (0.57,
0.28, 0.31) and agreements of (0.63, 0.28, 0.27) for Likert scores assessing whether bony
abnormalities were better visualized on ZTE compared to SPGR sequences. The pairwise
kappa agreement scores are reported in Table 7.
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Discussion

In this prospective study, we qualitatively evaluated the utility of ZTE MR sequences in
identifying knee osseous findings and compared ZTE with an optimized SPGR sequence in
detecting knee osseous abnormalities. Likert scale type assessment was performed which is
based on subjective, qualitative evaluation, which is not strictly quantitative, but an accepted
method to score the value of radiologic imaging techniques. We found strong consensus
among the reviewers that ZTE may be a valuable addition to MR-based visualization of
osseous findings in the knee. The /image quality of ZTE was overall rated high by three
radiologists and favorable for assessing osseous structures. We found ZTE sequences to

be a useful addition to standard routine knee protocols, providing pertinent information on
osseous abnormalities. ZTE also improved diagnostic certainty, with increased confidence in
using ZTE over SPGR for diagnosing osseous abnormalities.

While previous studies have analyzed the value of ZTE sequences at other anatomical

sites, the novelty of our study is in analyzing the knee joint ZTE imaging by three
board-certified radiologists and comparing ZTE and SPGR sequences concerning their
performance in visualizing bony structures. To the best of our knowledge, this is one of

the first studies to evaluate ZTE sequences for diagnosing knee osseous abnormalities and
directly compare ZTE and SPGR sequences. Recent studies in the hip [13] and shoulder [14]
have thoroughly assessed ZTE in comparison with CT across various quantitative metrics
as well as qualitative features used in clinical practice. They established the utility of ZTE
sequences as an alternative to CT imaging with strong inter-group agreement statistics
between ZTE sequences and CT. Our study was focused entirely on qualitative attributes
measured using Likert scales ranging from image quality to diagnostic confidence, assessed
by three board-certified radiologists. Prior studies have established the value of ZTE in
clinical practice; a natural next step is to assess how ZTE might compare with other CT-like
MRI sequences.

A key aspect of our study therefore included comparison of ZTE and SPGR sequences.
SPGR sequences were previously optimized and used for the imaging of trabecular bone
architecture [19-21, 25, 26], thus motivating a direct comparison between ZTE, SPGR,

and standard MR sequences acquired as per the clinical protocol. Our results indicate that
osseous findings are well-visualized on ZTE sequences compared to standard sequences as
shown in select examples; in most cases, osseous abnormalities were also better seen on
ZTE compared to SPGR sequences, with the notable exception of trabecular bone, where the
SPGR sequence appeared superior compared to the ZTE sequence — albeit prior studies have
indicated that the trabecular bone can be also visualized on ZTE sequences [6, 8].

Including ZTE as an additional sequence introduces approximately four minutes to standard
MRI protocols, which appears justified given the benefits of visualizing osseous structures
with better diagnostic confidence compared to standard MR protocols. Incorporating ZTE
sequences may potentially mitigate the need for additional imaging such as CT to assess
osseous abnormalities. While our study could not include CT as an additional scan, a
detailed evaluation of clinically relevant quantitative metrics of hip morphology showed
significant agreement of angular measurements, with inter-modal correlation as high as 0.9
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between CT and ZTE MRI [13]. Similar trends have been observed in imaging of the
shoulder [27]. A recent study assessing 3D CT vs ZTE sequences for measuring the width
of the glenoid bone reported a mean-difference of 0.5 mm between the two modalities,
indicating strong agreement [27]. An earlier study showed high inter-modal correlations of
0.7, within the same range as inter-rater correlations, across quantitative measures spanning
glenoid vault depth, version angle, and best-fit circle diameter [14]. Overall, prior studies
demonstrate strong CT-like outcomes across knee, shoulder, and hip scans depending on
ZTE acquisition parameters and imaging techniques such as long-T2 suppression [28, 29].

ZTE sequences therefore could be clinically useful in knee applications such as surgical
planning of patient-specific instrumentation to assess whether arthroplasty may be indicated,
with MRI as virtual CT for volumetric reconstructions of bone [30]. ZTE sequences may
also provide improved visualization of associated bony injuries after an ACL tear such as
avulsion injuries of the lateral tibial plateau (Segond fractures) or tibial plateau depression
fractures. Differentiation between a non-displaced fracture and an osseous contusion can

be difficult on standard MRI sequences due to low signal of the bone cortex [11], and

with improved visualization of the osseous cortex, ZTE sequences may potentially improve
detection of fractures [13, 14, 27, 31].

Given the broad implications of CT-like MRI, synthesis of a virtual CT from MRI has

been of significant interest in the machine learning community. A recent study showed that
synthetic CT can be constructed within 65 Hounsfield units of the original CT entirely from
T2-weighted MRI [32]. A comparison of various gradient echo-based MR images further
concluded that Dixon-styled fat suppression was more effective for MR-to-CT synthesis
compared to other sequences [33]. While these methods are nascent and largely algorithmic,
we suspect that introducing ZTE MRI, which is amenable to high fidelity bone imaging,
may be a promising avenue for generating more accurate, visually similar synthetic CT from
MRI.

As indicated earlier, a key limitation of our study is that we did not include CT imaging

for direct comparison of osseous abnormalities to further strengthen our assertions; our
study included 100 consecutive patients in whom a CT scan was not acquired as part of

the clinical protocol (e.g., atraumatic knee pain, osteoarthritis, sports injuries, post-operative
knee). Please note, however, that previous studies compared ZTE sequences and CT studies
with favorable results [13, 14, 27, 34]. A second limitation of our study is that SPGR
sequences were not acquired in all 100 patients, but given that this study was performed

in a clinical setting, it was not possible to add both sequences to the standard protocol in

all patients. Lastly, while high confidence visualization of osseous abnormalities using ZTE
is not perfect (e.g., 71% of cases with high confidence for fracture detection), subsequent
improvement of the sequences and research efforts in acquisition may bridge the gap. While
cortical bone is well-visualized with current sequences, ZTE sequences have limitations in
visualizing trabecular bone. Improving ZTE sequences to also better visualize trabecular
bone is work in progress; artificial intelligence algorithms have been developed that may
address these issues in the future [35], and we believe that our study identifies imperfect
visualization of trabecular bone with current ZTE sequences as an important avenue for
future research.
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In conclusion, incorporating ZTE MRI sequences in the standard knee imaging protocol is
technically feasible and improves diagnostic confidence for osseous abnormalities compared
to standard MRI sequences, resulting in a more comprehensive assessment of the knee, in
particular as concerns assessment of loose bodies, fractures, and bony deformities. ZTE
sequences were also superior to SPGR sequences in evaluating bony abnormalities and may
be a useful adjunct to assess bony abnormalities.
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Fig. 1.

54g-year-old man with left knee pain. PD = proton-density weighted (A), IWFS =
intermediate-weighted fat saturated (B), and ZTE = zero echo time (C) sequences are shown.
Complex morphology of inferior patellar osteophyte (large arrow) is better shown on ZTE
sequences compared to PD and IwFS sequences. Small focal cartilage calcification (small
arrow) is also better visualized on ZTE sequences, on the other sequences it only appears as
signal inhomoegenity in the cartilage. Also note that overall bony contours are better shown
on the ZTE sequences
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Fig. 2.
33-year-old woman with history of anterior cruciate ligament reconstruction presented with

left knee pain after a fall. PD-weighted (A), IwFS-weighted (B), SPGR =spoiled gradient
echo (C), and ZTE (D) sequences. Although performed at 3T both gradient echo (ZTE and
SPGR) sequences showed the bony defect and may be useful in patients with hardware
compared to standard sequences (IwFS and PD)
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Fig. 3.
25-year-old man presented with left knee pain post-lateral meniscus transplant surgery.

Radiograph (A), PD-weighted (B), IwFS-weighted (C), SPGR (D), and ZTE (E) sequences.
While the posterior tibial calcification and osteochondral bodies (arrows) are well-
characterized on the ZTE as well as SPGR sequences, they are not visualized on the PD and
IWFS sequences. The radiograph shows multiple osseous densities (arrow in A), confirming
the findings noted on ZTE and SPGR to be intra-articular bodies, ruling out image artifacts
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Fig. 4.

33g—year—old woman presented with left knee pain after an injury while playing soccer.
Radiograph (A), PD-weighted (B), IwFS-weighted (C), and ZTE (D) sequences. No
fractures were visualized on the radiograph. MRI showed a complete tear of the anterior
cruciate ligament and an impaction fracture of the posterior medial tibial plateau (arrow on
the ZTE sequence). Although edema is visualized in the corresponding area of the PD and
IWFS sequences, the fracture is not clearly visualized
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Fig. 5.
61-year-old woman presented with left knee pain and MRI shows degenerative changes

with prominent osteophytes. SPGR (A) and ZTE (B) sequences. Superior femoro-patellar
osteophytes (arrows) are well-characterized on the ZTE sequence (B) but are not well-
visualized on the SPGR sequence (A)
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Fig. 6.

ZOg—year-oId woman presented with history of transient patellar dislocation after a fall from
her bike. Radiograph (A), sagittal PD-weighted (B), sagittal IwFS-weighted (C), coronal
T1-weighted (D), sagittal SPGR (E), and sagittal ZTE (F) sequences. Radiograph of the
left knee does not visualize fractures or dislocations. MRI findings were consistent with
transient dislocation with bone marrow edema pattern in standard MRI sequences at the
inferior pole of the patella. The patellar fracture (arrows), however, is only seen on SPGR
and ZTE sequences
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Table 1

Acquisition parameters used in this study for ZTE, SPGR, and the clinical sequences

Page 17

Orientation | Fatsaturation | Matrix (pixels) | FOV (cm) | Slice Thickness (mm) | Flip Angle | TE (ms) | TR (ms)
ZTE Sagittal No 256x128 14 2 1 0 0.5
SPGR | Sagittal No 256x256 16 15 15 2 4.1
PD Sagittal No 224%224 13 4 90 20 2000
IwFS | Sagittal Yes 224x224 13 3 90 46 3200
IwFS | Coronal Yes 224x224 13 4 90 46 3200
T1 Coronal No 224x224 13 4 90 46 600
IwFS | Axial Yes 224%224 13 4 90 46 3700
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Summary of image quality characteristics

Table 2

Page 18

n =299 (100 studies, Image Image Cortical bone Trabecular Image Image
3 raters)** one reviewer contrast sharpness depiction bone depiction artifact motion
assessed 99 cases, other two

assessed 100

Unimpaired depiction of all 143 47.7% 138 46.0% 149 49.7% 00.00% 217 72.3% 27391.0%
structures (5)

Minimal impairment, 133 44.3% 158 45.2% 127 42.3% 106 35.3% 68 22.7% 258.3%
preservation of all structural

detail (4)

Impaired depiction of small 206.7% 20.7% 22 7.3% 93.0% 12 4.0% 00.0%
areas (3)

Substantial obscuration of 20.7% 00.0% 00.0% 181 60.3% 10.3% 00.0%
structures (2)

Complete obscuration of 10.3% 10.3% 10.3% 31.0% 10.3% 10.3%
structures (1)
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Likert scores for assessing the reviewers’ confidence in identifying osseous abnormalities using ZTE

Table 3

Fractures | Osteophytosis | Subchondral cysts | Soft tissue calcifications
(n=45) (n=104) (n=47) (n=26)

Definitely certain (5) | 3271.1% 101 97.1% 40 85.1% 1973.1%

Probably certain (4) 7 15.6% 32.9% 510.6% 519.2%

Not sure (3) 4 8.9% 00.0% 12.15% 27.7%

Probably not (2) 24.4% 00.0% 12.15% 00.0%

Definitely not (1) 00.0% 00.0% 00.0% 00.0%

For each abnormality, the total number of reviews (77 in which the osseous abnormality was noted is also reported

Skeletal Radiol. Author manuscript; available in PMC 2023 August 01.

Page 19



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bharadwaj et al.

Table 4

Page 20

Likert grades assessing the addition of ZTE to standard sequences for altering patient management, increasing
diagnostic certainty, and providing additional value for the patient in cases where osseous findings were

present (n=242)

Osseous findings (n = 242) | ZTE alters patient management | ZTE increases diagnostic ZTE provides additional value for
certainty the patient

Definitely certain (5) 65 26.9% 85 35.1% 68 28.1%

Certain (4) 2510.3% 75 30.9% 71 29.3%

Probable diagnosis (3) 40 16.5% 20 8.3% 30 12.4%

Probably not (2) 53 21.9% 24 10.0% 3112.8%

Definitely not (1) 59 24.4% 38 15.7% 42 17.4%
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Table 5

Page 21

Likert grades assessing the addition of ZTE to standard sequences for altering patient management, increasing
diagnostic certainty, and providing additional value for the patient in cases where no osseous findings were

noted (/7= 58)

No osseous findings (n = 58)

ZTE alters patient management

ZTE increases diagnostic
certainty

ZTE provides additional value for
the patient

Definitely certain (5) 23.4% 11.7% 11.7%
Certain (4) 58.6% 14 24.1% 813.7%
Probable diagnosis (3) 27 46.6% 915.6% 22 37.9%
Probably not (2) 10 17.2% 23.4% 6 10.4%
Definitely not (1) 14 24.2% 32 55.2% 21 36.3%
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Table 6

Page 22

Likert grades comparing the diagnostic confidence of ZTE vs SPGR sequences for assessing osseous
structures and abnormalities as well as impact of soft tissues on the evaluation

n =171 (57 studies with both ZTE
and SPGR x 3 reviewers)

Bony structures better seen
on ZTE than on SPGR

Bony abnormalities better seen
on ZTE than on SPGR

Soft tissue limits evaluation
of osseous structures on
SPGR

Definitely certain 46 26.9% 57 33.3% 60 35.1%
Certain 45 26.3% 127.1% 47 27.5%
Probably certain 14 8.2% 17 9.9% 95.3%
Not certain 95.3% 66 38.6% 12 7.0%
Definitely not certain 57 33.3% 1911.1% 43 25.1%
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Table 7

Page 23

Inter-reader reliability measured as pairwise agreements between radiologists using linearly weighted Cohen’s
kappa statistic for each category assessed on a 5-grade Likert scale

Reader 1 vs reader 2

Reader 2 vs reader 3

Reader 3 vs reader 1

Confidence in using ZTE for assessing osteophytosis 041 052 0.58
Confidence in using ZTE for assessing subchondral cysts | 0.43 0.55 0.58
Bony structures better on ZTE vs SPGR 0.57 0.28 031
Bony abnormalities better on ZTE vs SPGR 0.63 0.28 027
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