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A ppl ied FOREWORD

R d = I ® We at Applied Radiology, along with Bracco Diagnostics, Inc., are
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The Journal of Practical Medical Horizon” Residents’ Program, which challenged radiology residents to

Imaging and Management submit clinical research papers on topics related to MRI. The following
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Oliver Anderson

In addition to earning the publication of their papers in this special
supplement to Applied Radiology, the winners received scholarship
awards to further their career in their respective fields of interest.

GROUP PUBLISHER

Kieran N Anderson

EDITOR-IN-CHIEF Further, the residents were invited to attend the 2022 Radiological

Erin Simon Schwartz, MD, FACR Society of North America Scientific Meeting and Exhibition, where they
EXECUTIVE EDITOR were honored at a special reception on November 27, 2022.

Joseph F Jalkiewicz Supported by Bracco Diagnostics, Inc., the “Leaders on the Horizon”
PRODUCTION Residents’ Program champions the next generation of radiology leaders.

The program offers residents the opportunity to be recognized for
their outstanding clinical research while expanding their knowledge
of the imaging industry. This program is a key component of Applied
Radiology’s and Bracco Diagnostics’ ongoing commitment to advancing
medical imaging knowledge, leadership, and education.

Barbara A Shopiro

Underpinning this program was a distinguished review board
comprising ten expert radiologists and educators from various
sub-specialties of radiology who judged all of the submissions and
ultimately selected the top five papers. The reviewers were:

Lorna Browne, MD; Christopher Comstock, MD; Mark C. DeLano, MD,
FACR; Paul Finn, MD; Alessandro Furlan, MD; Christine Glastonbury,
MBBS; Ryan Lee, MD, MBA; Mahmud Mossa-Basha, MD; Neil Rofsky,
MD; and Frank Shellock, PhD, FACR, FACC, FISMRM.

For information about the “Leaders on the Horizon” Residents’
Program, visit: appliedradiology.com/leaders.

©2023 Anderson Publishing, Ltd. All rights reserved.
Reproduction in whole or in part without written
permission is strictly prohibited. USPS: 0943-180
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Abstract

Objective and Hypothesis: Cardiac sarcoidosis (CS) is a difficult-to-diagnose complication of systemic sarcoidosis.
T2 mapping is a radiation and contrast-free examination, but the normative values and correlation with important
function metrics are not well described. The authors hypothesize segmental T2 values will provide additional infor-
mation about disease course.

Materials Methods: In this retrospective case-control study 55 sequential patients with sarcoidosis who underwent
1.5T gadolinium enhanced cardiac magnetic resonance imaging for suspected CS had American Heart Associa-
tion left ventricular segmental T2 values and MRI-derived cardiac function measurements performed. The ground
truth was defined as patients who were defined as “At least probable” by the 2019 WASOG criteria for cardi-

ac sarcoidosis.

Results: 32 patients met WASOG “at least probable” criteria. All left ventricular segments had higher T2 mapping
values in patients with cardiac sarcoidosis. Segment medians were 48.9 - 51.4 msec in patients with CS vs 46.3 -
47.9 msec in those without. The median ejection fraction (EF) for CS patients was 62% vs 68% for those without CS.
Cardiac sarcoidosis patients in this study had significantly elevated end-systolic volume (ESV) (56mL vs 39 mL, P =
0.002). All T2 segment measurements were negatively correlated with ejection fraction (R =-0.64 to -0.78) in pa-
tients with reduced EF, but only middle and apical segments were positively correlated with increased end systolic
function (R =0.31, 0.31).

Conclusions: Median segmental T2 values for CS ranged from 48.9 - 51.4 msec. Patients with CS present with a 6%
lower EF than their noncardiac controls. Elevated apical and mid T2 values were positively correlated with worsen-
ing systolic function and all segments were strongly negatively correlated with decreased EF. T2 mapping positively
differentiates cases of cardiac sarcoidosis and correlates with important cardiac functional measurements.

Keywords: Cardiac Sarcoidosis, Cardiac MRI, Heart Failure, Non-ischemic Cardiomyopathy
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Introduction

Cardiac sarcoidosis (CS) is present
in up to 25% of patients with system-
ic sarcoidosis and represents a diag-
nostic challenge owing to the patchy
distribution and paroxysmal flaring
of disease.! Current diagnostic meth-
ods revolve around the use of fluo-
rodeoxyglucose positron emission
computed tomography (FDG-PET/
CT) for detection of hypermeta-
bolic foci in the myocardium, late
gadolinium enhancement (LGE) on
cardiac magnetic resonance (CMR)
imaging for identification of fibro-
sis, T2 CMR imaging for detection of
myocardial edema, or some combi-
nation thereof.** Notably, radiologic
diagnosis is the standard of care as
endomyocardial biopsy has a report-
ed 20-30% sensitivity owing to the
patchy nature of disease.'®

Confounding the diagnostic
approach are the drawbacks of each
agent; use of gadolinium-based con-
trast is contraindicated in patients
with severe chronic kidney disease
due to risk of nephrogenic systemic
fibrosis, and FDG-PET delivers a large
radiation dose and is patient-depen-
dent for adequate glycemic suppres-
sion of the myocardial metabolic
signal.®” FDG-PET is most avidly used
for diagnosis of active myocardial
inflammation due to the larger body
of literature supporting normative
values and distribution of myocardial
metabolism, while MRI largely iden-
tifies LGE as chronic cardiac sarcoid-
osis due to the pathology of interest
being myocardial fibrosis, which is
not present in the acute setting.**
Notably, substantial overlap occurs in
acute-on-chronic cases of CS, where
active myocardial inflammation is
superimposed on a background of
fibrosis and the variable chronicity of
findings is not well described.”!

Recently, T1 and T2 mapping of
the left ventricular myocardium has
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gained traction for its theoretical
use as an adjunct for diagnosis of
CS due to the lack of contrast need-
ed, lack of radiation, and ability to
describe active and chronic sequel-
ae of myocardial inflammation.™
Multiple studies have shown utility
in T2 mapping for active disease,
describing normative whole-heart
T2 values, which are significantly
elevated in patients with CS.!*"*
Further studies correlate elevated
T2 mapping values with important
cardiac outcomes and demon-
strate resolution of T2 signal with
treatment initation.*'® Ultimately,
CS does not have a uniform cardiac
predilection, and instead has a
predilection for the basal and
inferior myocardial segments.®
Therefore, it is reasonable to con-
sider that regional and segmental
variations in cardiac sarcoid, and
hypothetically T2 mapping values,
may have important implications
for the diagnosis and prognostica-
tion of disease.

There is a lack of literature on the
segmental variation and relevance
to important cardiac measurements,
limiting further characterization
and radiologic-pathologic correla-
tion of disease. Notably, T2 mapping
can address this deficiency because
of the standard short-axis, three-
slice view of the left ventricle, which
can be reconstructed according
to American Heart Association
(AHA) left ventricular segments.'’
Therefore, the purpose of this study
is to identify normative values of
the myocardium in patients with
sarcoidosis who have undergone
CMR for the investigation of cardiac
involvement of disease and to deter-
mine the extent of relationship with
important MRI-derived cardiac func-
tion metrics. The authors hypoth-
esize that segmental T2 mapping
values will correlate with important
cardiac function metrics because T2

mapping measures extent of acute
pathology in cardiac sarcoidosis.

Methods

Ethics Statement

In accordance with the Health In-
surance Portability and Accountabil-
ity Act of 1996, a study protocol was
submitted to the institutional review
board at the covering institution and
was deemed to be IRB-review ex-
empt due to its retrospective nature
and the need for informed consent
was waived. All data was stored on
encrypted network databases and
no patient identifiers were shared
across platforms.

Study Design and Patient Cohort

For this retrospective case-con-
trol study all patients with sar-
coidosis who underwent a cardiac
magnetic resonance imaging study
with T2 mapping series from 2017
to 2020 were queried at a single
institution. Inclusion criteria
included a clinical or pathologic di-
agnosis of systemic sarcoidosis and
age > 18 years. Exclusion criteria
included patients with amyloidosis,
myocarditis, hemochromatosis, or
severe pulmonary hypertension.
Technical exclusion criteria in-
cluded severe artifact (pacemaker,
motion, etc.) or outside institution
referrals without access to nec-
essary demographic and medical
records. The ground truth for CS
was defined as patients meeting
“at least probable” World Associ-
ation for Sarcoidosis and Other
Granulomatous Disorders (WASOG)
revised criteria independent of T2
mapping.'® Fifty-five patients were
ultimately included who met the
criteria; seven patients with in-
complete records and four patients
with severe pulmonary hyperten-
sion were excluded.

Supplement to Applied Radiology
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WASOG Criteria for the diagnosis of
cardiac sarcoidosis

1. “Highly Probable” — Defined
as patients with a positive endo-
myocardial biopsy (EMB) with
no alternative cause. EMB was
not performed in any of these
subjects and is not routinely
performed at the authoring
institution owing to noted sub-
par diagnostic performance.

2. “At Least Probable” —
Defined as one of the following:

i. Treatment respon-
sive cardiomyopathy
or atrioventric-
ular nodal block

ii. Reduced LVEF in
the absence of other
clinical risk factors

iii. Spontaneous or induc-
ible sustained ventric-
ular tachycardia with
no other risk factors

iv. Mobitz type II or
third-degree
heart block

v. Patchy uptake on dedi-
cated cardiac 18-fluoro-
deoxyglucose positron
emission tomography

vi. Delayed enhancement
on cardiac magnetic
resonance imaging

vii. Positive

gallium uptake

viii. Perfusion defect

Cardiac Magnetic Resonance
Imaging and T2 Mapping
Parameters

All MRI studies were conducted
on a 1.5T system (MAGNETOM
Avanto, Siemens Healthineers,
Erlangen, Germany). Cine acquisi-
tions, native T2 mapping, and LGE
imaging were performed as part of a
comprehensive clinical cardiac MRI
protocol. All subjects were scanned
in a head-first supine position using
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Table 1. Demographics and summary statistics as stratified by probable diagnosis of cardiac
sarcoidosis by WASOG criteria.

N =55 CARDIAC SARCOIDOSIS (N = 32) NO CARDIAC SARCOIDOSIS (N = 23)
Median 1QR Median 1QR
Age 56 18.8 53 14.5
N % N %
Sex
Female 14 43.8 13 56.5
Male 18 56.2 10 43.5
Race
Black 19 59.4 12 52.2
White 13 40.6 11 47.8
EF < 50% 8 25 0 0
Positive FDG-PET 15 46.9 0 0
LGE 29 90.6 1 4.3
Perfusion defect 3 9.4 0 0
Positive EMB 0 0 0 0
Ventricular arrythmia 3 9.4 0 0
2nd or 3rd degree AVB 5 15.6 0 23

IQR = Interquartile range, EF = ejection fraction, FDG-PET = 18-fluorodeoxyglucose positron
emission tomography, LGE = Late gadolinium enhancement, EMB = endomyocardial biopsy,
AVB = atrioventricular (node) block

Figure 1. Whole-heart T2 values stratified by diagnosis of cardiac sarcoidosis (A). Ejection fraction
values stratified by cardiac sarcoidosis(B).

n D No Cardiac Sarcoidosis D Cardiac Sarcoidosis n D No Cardiac Sarcoidosis D Cardiac Sarcoidosis
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prepared bSSFP sequence with three
preparation pulses of 0.0ms, 30.0ms
and 55.0ms and a recovery period of
three heart beats to obtain T2 maps
in the diastolic phase. Further typical
pulse sequence parameters were ap-
plied as follows: TR/TE 2.49 / 1.06 ms;
FOV 360 x 210 mm; matrix 256 x 256;

24-element spine and 6-element
surface phased-array coils. All
acquisitions were ECG triggered or
gated and performed during end
expiration. Native T2 mapping was
performed in three short-axis slices
(basal, midventricular and apical),
using a commercially available T2
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Table 2. Summary values for cardiac function and segmental T2 values as stratified by diagnosis of cardiac sarcoidosis
by CMR impression.

N =55 CARDIAC SARCOIDOSIS (N = 32) NO CARDIAC SARCOIDOSIS (N = 23)
Median IQR Median IQR P

SV 78 29.2 77 19 0.970
SVi 38.5 11.8 37 11 0.820
EDV 137.5 66.8 117 29 0.058
EDVi 63.5 29.2 57 19 0.038
ESV 56 31.2 39 14 0.002
ESVi 27 20 17 9 0.001
Ejection Fraction 62 18 68 9 0.009
Whole Heart T2 50.6 4.5 47.0 4.1 0.003
Average Basal T2 48.9 5.2 46.3 3.9 0.009
Average Mid T2 51.0 4.4 47.1 4.6 0.002
Average Apex T2 514 5.8 47.9 4.8 0.021
Average Septal T2 49.5 4.3 46.9 3.9 0.007
Average Inferior T2 50.4 4.6 46.3 5.1 0.002

SV = stroke volume, SVi = stroke volume (indexed). EDV = End diastolic volume, EDVi = End diastolic volume (indexed), ESV = End systolic
volume, ESVi = End systolic volume (indexed). IQR = Interquartile range.

Figure 2. Distribution of T2 values by AHA left ventricular mapping segments and stratified by cardiac sarcoidosis.
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slice thickness 8 mm; flip angle 70°;
and band width 1150 Hz/pixel.

Left Ventricular Segmentation

The left ventricle was divided into
sixteen segments according to the
AHA left ventricular mapping crite-
ria.'” Segment 17 was excluded due
to inaccuracies in measurement in

January / February 2023

this region due to chest wall proxim-
ity. All segmentation was performed
by one reader.

Statistical Analysis

A pretest power analysis was
conducted for the pairwise com-
parison of T2 and cardiac function
values between patients with

and without cardiac sarcoidosis.
Assuming a standard alpha of 0.05
and power of 0.8, effect sizes greater
than or equal to 0.68 were reliably
identified. For correlation of T2 and
cardiac function values, correla-
tions with a magnitude greater than
0.36 were reliably detected. Data
was summarized using medians
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Figure 3. Distribution of cardiac volume measurements stratified by cardiac sarcoidosis.

Normative Left Ventricular Segmental T2 Mapping Values and Relationship With Cardiac Function
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and interquartile ranges given the
non-parametric distribution of data.
Quantitative comparisons were
conducted using the Mann-Whitney
U test. Correlation analyses were
performed using spearman’s log-
rank correlation.

Results

Fifty-five patients (32 with CS
according to the WASOG criteria
and 23 without) were included in the
final cohort. (Table 1). Patients with
CS had globally elevated T2 mapping
values in comparison to those with-
out cardiac sarcoidosis (T2, ,eur
50.6 + 4.5 vs 47.0 £ 4.1; p = 0.003).
(Figure 1A). The segments with the
highest T2 values were the apical
and mid-ventricular segments (Me-
dian 51.4 and 51.0, respectively). The
region with the most variability was
also the apical segment (IQR 5.8). All
segment T2 values were elevated in
patients with CS as opposed to those
without. (Table 2 and Figure 2).
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Regarding cardiac function,
patients with cardiac sarcoidosis
had an average ejection fraction
of 62 + 18 vs 68 £ 9 (p = 0.009).
(Figure 1B). Patients with CS also
had elevated end-systolic volumes
indexed to body mass index (BMI)
(ESVi) compared to those without
CS (27 £20 vs 17+ 9; p = 0.002).
Patients with CS also had higher
end-diastolic volumes indexed to
body mass index (EDVi) compared
to those without CS (63.5 + 29 vs
57 £19, p=0.038), but nonindexed
values were not significantly differ-
ent (p = 0.058).

There was no difference in
stroke volume between patients
with and without CS (78 + 29 vs 77
+19). (Table 2 and Figure 3). The
normative values for patients with
and without CS as stratified by
ejection fraction is given in Table
3. Median T2 values for patients

without CS ranged from 46.3 - 47.9.

Patients without sarcoidosis but
with ejection fractions of less than

55% ranged from 46.2 - 47.1%.

The 75" percentile whole heart T2
value for patients without CS was
50.4. The median whole heart T2
value for patients with CS was 50.5
(IQR 5.2). The highest values for CS
patients were observed in the apical
and mid-ventricular segments

(51.6 and 51.5, respectively). As a
group, CS patients with normal and
abnormal ejection fractions did
not vary widely.

For segmental T2-functional
measurement correlation, no re-
gional T2 value was associated with
increased EDVi. (Figure 4A). Cor-
relations observed for EDVi ranged
from -0.16 to +0.12. All segmental
T2 measurements observed a posi-
tive correlation with ESVi; however,
only the average mid-ventricular
and average apical segments (R =
0.31 and 0.31; p = 0.032 and 0.039)
were significant. Septal T2 values
had a correlation coefficient of 0.25
but were not significantly correlat-
ed with ESVi. (Figure 4B).
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Table 3. Segmental T2 values for patients stratified by reduced vs normal
ejection fraction and cardiac sarcoidosis.

CARDIAC SARCOIDOSIS

Ejection Fraction < 55% Ejection Fraction > 55%

N=11 N=21

T2/msec Median IQR Median IQR
Whole Heart 50.5 5.2 50.6 3.8
Average Basal 47.3 4.6 49.7 5.0
Average Mid 51.5 5.4 50.7 4.2
Average Apex 51.6 6.8 51.2 5.0
Average Septal 48.1 4.5 49.6 4.5
Average Inferior 50.5 5.0 50.4 3.2

NO CARDIAC SARCOIDOSIS

Ejection Fraction < 55% Ejection Fraction > 55%

N=2 N=21
T2/msec Median IQR Median IQR
Whole Heart 46.7 = 47.0 3.4
Average Basal 46.2 = 46.3 4.2
Average Mid 47.0 - 47.1 4.4
Average Apex 47.1 — 47.9 4.0
Average Septal 46.9 - 46.9 3.1
Average Inferior 46.5 = 46.3 4.6

ALL PATIENTS

Ejection Fraction < 55% Ejection Fraction > 55%

N=13 N =42
T2/msec Median IQR Median 1QR
Whole Heart 49.3 5.6 48.7 5.1
Average Basal 47.3 3.7 48.1 4.9
Average Mid 49.8 5.9 48.6 5.4
Average Apex 50.9 7.3 50.1 6.2
Average Septal 48.1 4.5 48.3 5.1
Average Inferior 49.7 4.9 48.5 5.2

IQR = Interquartile range

Patients were divided into sub-anal- reduced ejection fractions (< 55%),

yses by classification of ejection all T2 measurements were highly
fraction. A normal ejection fraction
was defined as > 55%, the MRI-es-
timated threshold for abnormality.

Patients with a normal ejection

associated with decreased ejection
fraction. Correlations ranged from
-0.64 t0 -0.78. The highest correlated
measurements were the inferior (R
=0.78, p=0.035) and the apical (R=
-0.72, p=-0.013) segments. The lowest

fraction only demonstrated correla-
tion with average apical T2 values with
a moderately negative relationship
(R=-0.37, p=0.025). In patients with

ejection fraction in this cohort was
measured at 38%. (Figure 5).
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Discussion

The purpose of this study was to
contribute normative segmental T2
values and the association of these
medians with important MRI-de-
rived cardiac function measure-
ments in a sequential cohort of
sarcoidosis patients. Patients with
cardiac sarcoidosis as defined by
WASOG criteria had elevated global
and segmental T2 mapping values,
decreased systolic function, and
decreased ejection fraction as com-
pared to patients without cardiac
sarcoidosis. Median T2 values for
CS patients were roughly found to
be > 50 msec. Median values for
patients without CS ranged from
46-47 msec. Elevated apical and
mid-ventricular T2 values were
associated with increased end-sys-
tolic volumes indexed to BMI and
all T2 mapping values were highly
negatively correlated with wors-
ening ejection fraction in patients
with heart failure with reduced
ejection fraction. The T2 values of
the inferior segments most highly
correlated with worsening ejection
fraction, but all measured seg-
ments were associated with varying
degrees of dysfunction..

To date most studies regarding
T2 mapping in CS have focused on
either whole-heart or threshold T2
values and information regarding
the regional variation of disease is
lacking. Previous literature dating
back to 2017 found that patients
with CS had a median 3T whole-
heart T2 value of 54 msec versus
normal patients with 47 msec.
Although 54 was higher than any
of the median measurements in
this study for patients with CS, it is
within the interquartile range for
both studies. The study cutoff for
CS was found to be 47 msec, which
is lower than the median reported
in this study. This may be because
the control patients in the previous

Supplement to Applied Radiology
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Figure 4. Correlation of BMI-indexed cardiac function measurements with T2 values. (A) T2 values were not significantly associated with changes
in end diastolic volumes. (B) Apical and middle segment T2 values were moderately positively associated with increased end systolic volumes

(R=0.31and 0.31).
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Figure 5. Correlation of T2 segment values with ejection fraction. (A) Patients with normal ejection fraction as measured by MRI-derived estimates
(Normal > 55%). Apical T2 values were moderately negatively correlated with ejection fraction in patients with radiologically normal function (R =
-0.37, p = 0.025). (B) Patients with reduced ejection fraction (< 55% by MRI-derived estimates).
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study were normal subjects with
ostensibly normal hearts, while the
control patients in this study rep-
resent older patients with baseline
systemic sarcoidosis or because of
the MRI field strength. A recent me-
ta-analysis further suggested a me-
dian value of 52.6 msec for CS, once
again within range of results.'**
Normative values may even vary
due to segmentation methods (CS
50-54 T2msec) as demonstrated by
Dabir, et al.’ Lastly, a study of PET/
MRI with T2 mapping found CS val-
ues to average 46 + 5 msec, which

is lower than previously published
findings and likely related to their
local parameters as mentioned in
their methodology.

Recently, a previous meta-anal-
ysis summarized that CMR has a
higher sensitivity for CS than PET/
CT, but there is a remaining role for
FDG-PET in the diagnosis of active
disease.? T2 mapping as a measure-
ment of myocardial edema has
been postulated to fill this role and
potentiate CMR as a complete study
for diagnosis of chronic and active
disease.’ There is a distinct need for
normative values indexed to AHA
segments, as CS is well noted to have
a predilection for the basal-, mid-,
and inferior-left ventricular seg-
ments, and basal septal involvement
is thought to lead to conduction
system abnormalities.»*** The role
of regional segmental T2 variation
in systolic dysfunction is a new
addition to the literature, with this
study suggesting that the mid-in-
ferior segments to be the most
relevant. This correlates well with
previous literate demonstrating LGE
correlates with worsening LVEF.?
Given the criteria for consideration
of implantable defibrillation devices
begins at an uncorrectable ejection
fraction of 35%, the active phase
edema represented by T2 may be
an early warning for clinicians to
pursue preventative therapies.
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The most controversial question
regarding CS diagnosis must be the
specific diagnostic criteria. Three
criteria that have been put forth are
those of the Japanese Circulation
Society (JCS), the Heart Rhythm
Society (HRS), and the World As-
sociation of Sarcoidosis and Other
Granulomatous Disease (WASOG).
Each takes a different approach: the
JCS criteria use a major and minor
criterion system, and the WASOG
and HRS differ slightly regarding
inclusion of perfusion imaging and
T2 signal.'®*2¢ The authors of this
study chose to utilize the WASOG
criteria modified without the T2
signal to represent a diagnosis of
CS. The authors chose the WASOG
without T2 criteria in order to not
create a circuitous diagnostic cri-
terion and to reduce bias favoring
CMR from JCS criteria (FDG-PET
and LGE being major criteria),
given that all patients in this
study received CMR.

Additionally, given that endo-
myocardial biopsy is as low as
20% sensitivity for CS, the authors
also note that “at least probable”
per WASOG criteria is regarded
as usually sufficient to diagnose
CS.'®% Finally, the prevalence of
CS in this study was 58%, which is
higher than previously document-
ed cohorts. The authors note the
prevalence of CS in patients with
symptomatic sarcoidosis to be 39%
in recent analyses and this study
likely includes selection bias owing
to the patient population already
having a high suspicion of disease.?

Novel implications of this study
include the redemonstration of
normative T2 mapping values for
CS in the low 50s with additional
description of regional variation.
Additionally, regional T2 values
are found to highly correlate with
decreased ejection fraction and in-
creased end-systolic volumes in pa-
tients with CS, especially those with
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< 55% EF. Limitations of this study
include the lack of tissue-based cri-
teria in WASOG definition and this
cohort, the prior noted selection
bias in who received a CMR, and
the poor evaluation of diastolic dys-
function on CMR with the methods
used. Further study should include
multiple comparisons of different
criteria in an expanded dataset
and consider further evaluation of
diastolic function.

Conclusions

Normative median segmental
left ventricular T2 values in cardiac
sarcoidosis range approximately
from 49 to 51 msec. T2 values in the
mid-apical region correlate with
increased end-systolic volumes
indexed to BMI. All segmental
T2 values strongly correlate with
decreasing ejection fraction in
patients with ejection fraction of
less than 55%.
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Review of Clinically Significant Cancer in
Lesions Labeled PI-RADS 3 on MRI Using
PI-RADS Version 2.1

Alexander M. Satei MBBS*?, Mehrvaan Kaur MBBS*?, Jeffrey MacLean MD?, Bashir Hakim MD*23

Abstract

this portion of the review.

structured reporting.

Objective and Hypothesis: Prostate Imaging Reporting and Data System (PI-RADS) category 3 represents an inter-
mediate risk of clinically significant prostate cancer. These lesions are detected on magnetic resonance (MRI) using
a combination of T2, DWI/ADC, and DCE sequences. Besides being labeled as equivocal, there is no definitively
stated percent risk of clinically significant cancer for these lesions. This article reviewed literature surrounding
PI-RADS version 2.1 category 3 prostate lesions on MRI.

Methods: The PubMed database was searched on October 4, 2022. Articles included in this review included only
the newest version of PI-RADS, version 2.1, which was released in 2019. Primary endpoints included the incidence
of prostate cancer and clinically significant prostate cancer.

Results: Eleven studies were included in this review, encompassing 1,481 PI-RADS 3 lesions exclusively evaluated
using PI-RADS version 2.1. Clinically significant cancer was only found in 11.1% (n=164) of these lesions. The overall
incidence of prostate cancer within these lesions was 21.4% (n=253), of the 1,185 PI-RADS 3 lesions included in

Conclusion: The risk of clinically significant prostate cancer in PI-RADS 3 lesions evaluated using PI-RADS version
2.1 is low. However, individual patient factors, including age, previous biopsy status, prostate health index, and
prostate specific antigen density should be considered when determining appropriateness of biopsy. Further
research, including longitudinal studies involving future risk of clinically significant cancer in PI-RADS 3 lesions,
would be beneficial for evaluation of the newest update of this increasingly popular reporting system.

Key words: PI-RADS, magnetic resonance imaging, prostate, prostate cancer, clinically significant cancer,

Introduction

The Prostate Imaging Reporting
and Data System (PI-RADS) rep-
resents a standard for the reporting
of prostate lesions on magnetic
resonance imaging (MRI). Initially
published by the American College
of Radiology (ACR) in late 2011, a

second edition (v2.0) was released

in 2017, which was further updated
in 2019 and titled version 2.1 (v2.1).
PI-RADS has since gained popularity
among radiologists and hospital
systems as a standardized reporting
system for interpreting and dictating
prostate MRI cases. These categories,

ranging from PI-RADS 1 to PI-RADS 5,

help give clinicians a better under-
standing of the risk a prostatic lesion
carries for clinically significant
cancer. Table 1 summarizes the most
recent update of the risk of clinically
significant prostate cancer, adapted
from the ACR’s PI-RADS v2.1.1

An interesting conundrum arises
from PI-RADS 3 lesions. Due to
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the ambiguity of the intermediate
risk classification, management

of these lesions can vary widely.
The ACR specifically states, “for
findings with PI-RADS Assessment
Category 3, biopsy may or may not
be appropriate”.! Typically, in cases
of PI-RADS 3 lesions, clinicians will
correlate imaging findings with
other patient factors, including age,
prostate-specific antigen (PSA) lev-
el, digital rectal exam results, and
individual patient history.

While each PI-RADS category
carries a general descriptive risk
of clinically significant prostate
cancer, it does not provide a
quantifiable risk of prostate cancer.
Additionally, there are no defin-
itive guidelines for management
provided by the ACR based on the
PI-RADS categorization. In reality,
PI-RADS 1 and PI-RADS 2 lesions
are managed conservatively as if
they are benign, while PI-RADS 4
and PI-RADS 5 lesions are treat-
ed with biopsy and excision as if
they are malignant.

PI-RADS v2.1 updates how each
category is interpreted. One signif-
icant change includes the potential
to upgrade transition zone lesions
initially scored as PI-RADS 2 by
T2 imaging (T2I) into category 3
lesions if diffusion weighted imag-
ing (DWI) corresponds to a score >
4. Additional descriptive criteria
for PI-RADS 3 lesions, including
specifying that the lesion needs
to be “discrete and different from
the background” as well as the use
of the term “marked” to describe
apparent diffusion coefficient
(ADC) and DWI lesion intensities,
have been added.?

The new changes in v2.1 were
enacted to help overcome the
limitations of v2.0. However, v2.1
continues to use the rather vague
intermediate/equivocal charac-
terization of PI-RADS 3 lesions,
without providing a definitive risk
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Table 1. Summary of the risk of clinically significant prostate cancer stratified by
PI-RADS category, adapted from ACR PI-RADS v2.1 guidelines.

PI-RADS CATEGORY RISK OF CLINICALLY SIGNIFICANT CANCER

1 Very low / Highly unlikely
2 Low / Unlikely

3 Intermediate / Equivocal
4 High / Likely

5 Very high / Highly likely

for clinically significant cancer.
Review articles exploring the risk
of clinically significant cancer in
v2.0 noted such cancer in approxi-
mately 16-21% of biopsied PI-RADS
3 lesions, with variation depending
on the patient’s prior biopsy and
cancer history.®

With the previously mentioned
changes to PI-RADS version 2.1,
further research is required to
clarify intermediate risk of prostate
cancer in PI-RADS category 3
lesions. This article seeks to deter-
mine the risk of clinically signifi-
cant cancer in PI-RADS 3 lesions
through a review of literature.
We hypothesize that the changes
incorporated into PI-RADS version
2.1 will not significantly alter the
incidence of clinically significant
cancer diagnosed from lesions
labeled as PI-RADS 3.

Methods and Materials

We conducted a literature search
utilizing PubMed to find articles in
the English language that include
biopsy results of PI-RADS 3 lesions,
using the term “PI-RADS 3”. The
time frame included was 2017-2019.
This time frame is appropriate as
it includes only v2.1 of PI-RADS
onward. Exclusion criteria includ-
ed inappropriate study design; ie,
case report, review articles, etc; an
incorrect version of PI-RADS (only
studies involving PI-RADS v2.1
were included), and published in
non-English-language journals.

A total of 11 full-length articles
were included in the final review.
They were analyzed for the number
of PI-RADS 3 lesions and the fre-
quency of prostate cancer (PCa) and
clinically significant prostate cancer
(cs-PCa). The findings are summa-
rized in Table 2.

Results

In our literature search, PI-RADS
3 lesions did not constitute a
significant number of MRI results,
with the majority of lesions being
labeled PI-RADS categories 1 or
2. The number and countries of
origin of included studies were
the United States (4), China (3),
Germany (2), Canada (1), and Italy
(1). The range of median age for
the participants in the included
studies was 59.0-69.3.

In total, 1481 PI-RADS 3 lesions
were included in the current
review, of which 164 (11.1%) con-
tained clinically significant cancer.
The range of clinically significant
prostate cancer in the current
review article was relatively wide,
with a frequency of 4.5-27.2% of PI-
RADS 3 lesions; however, most of
the studies suggested a frequency
of less than 10%.

Of the 1185 lesions described in
articles that provided information
about the frequency of prostate
cancet, 21.4% were cancerous
(n=253). These included both clin-
ically insignificant and clinically
significant prostate cancers.
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Table 2. Summary of studies included in the current review article.**4

AUTHOR YEAR COUNTRY MEDIAN AGE PI-RADS 3 LESIONS (N) PCA (N, %) CA LESIONS (N, %)

Rudolph? 2020 Germany 66.8 56 — 6 (10.7%)
Costa® 2021 us 65.4 110 17 (15.5%) 10 (9.1%)
Natale® 2021 us 68.2 230 31 (13.5%) 18 (7.8%)
Hectors” 2021 us 64.2 240 — 28 (11.7%)
Lim® 2021 Canada 64.8 95 36 (37.9%) 14 (14.7%)
Giambelluca® 2021 Italy 65.0 46 19 (41.3%) 7 (15.2%)
Wang?*® 2021 China 69.3 333 66 (19.8%) 33 (9.9%)
Arcot'* 2022 us 66.0 90 22 (24.4%) 8 (8.8%)

Boschheidgen?? 2022 Germany 59.0 89 19 (21.3%) 4 (4.5%)

Weit® 2022 China 66.7 89 10 (11.2%) 8 (9.0%)

Jint4 2022 China 67.5 103 33 (32.0%) 28 (27.2%)

Figure 1. Example of a
peripheral zone PI-RADS A
3 lesion. Lesion in the
left anterior peripheral
zone of the prostate
base which shows
subtle hyperintensity on
high-b value DWI (A),
subtle hypointensity

on the ADC map (B),
noncircumscribed,
rounded, moderate
hypointensity on T2WI
(C), and color maps
showing the lesion is
negative for DCE (D).
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Figure 2. Example of a peripheral
zone lesion upgraded from
PI-RADS 3 to PI-RADS 4 based

on DCE. Lesion in the right
posterior peripheral zone of the
prostate which shows subtle
hyperintensity on high-b value
DWI (A), hypointensity on the ADC
map (B), mild heterogeneous
hypointensity with obscured
borders on T2WI (C), and color
maps showing the lesion is
positive for DCE (D).

16

A clear majority of PI-RADS 3
lesions were either benign or clini-
cally insignificant cancer (n=1,317,
88.9%). Overall, the risk of clinical-
ly significant cancer for PI-RADS 3
lesions in our review was low.

Discussion

Defining PI-RADS 3

Prostate lesions are assigned a
PI-RADS category based on their
appearance on T2I, DWI/ADC, and
dynamic contrast-enhanced (DCE)
sequences. Like all PI-RADS category
imaging findings, PI-RADS 3 lesions
vary in appearance based upon their
location within the prostate gland.

Lesions within the peripher-
al zone utilize DWI/ADC as the

Supplement to Applied Radiology

dominant sequence for categoriza-
tion. To be classified as a PI-RADS

3 lesion, a lesion must display “[f]
ocal (discrete and different from
the background) hypointense on
ADC and/or focal hyperintense on
high b-value DWI; may be markedly
hypointense on ADC or marked-

ly hyperintense on high b-value
DWI, but not both.”1 PI-RADS v2.1
clarified that “marked” restriction
refers to “a more pronounced signal
change than any other focus in the
same zone.”* Figure 1 illustrates

an example of a peripheral zone
PI-RADS 3 lesion.

Additionally, to be categorized as
PI-RADS 3, a lesion must be negative
for DCE; ie, “no early or contempo-
raneous enhancement; or diffuse

Review of Clinically Significant Cancer in Lesions Labeled PI-RADS 3 on MRI Using PI-RADS Version 2.1

multifocal enhancement NOT corre-
sponding to a focal finding on T2W
and/or DWI or focal enhancement
corresponding to a lesion demon-
strating features of BPH on T2WI
(including features of extruded BPH
in the PZ).”' If the lesion is positive
for DCE; ie, “focal, and; earlier than
or contemporaneously with enhance-
ment of adjacent normal prostatic
tissues, and corresponds to suspi-
cious finding on T2W and/or DWT”,
that lesion is upgraded to PI-RADS
4.1 Figure 2 illustrates an example of
a peripheral zone lesion upgraded
from PI-RADS 3 to PI-RADS 4 based
on positivity on DCE; this patient
underwent prostatectomy, which
showed prostatic adenocarcinoma
with a Gleason Score of 9 (4+5).
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Figure 3. Example of a
transitional zone PI-RADS

3 lesion. Lesion in the right
posterior transition zone of the
prostate which shows subtle
hyperintensity on high-b value
DWI (A), subtle hypointensity
on the ADC map (B), mild
heterogeneous hypointensity
with obscured borders on T2I
(C), and color maps showing the
lesion is negative for DCE (D).

Lesions within the transitional
zone utilize T2 as the dominant
sequence. PI-RADS 3 is described as
“[H]eterogeneous signal intensity
or with obscured margins,” as well
as other lesions “that do not qualify
as2,4,or5"!

Similar to the peripheral zone,
PI-RADS 3 lesions in the transitional
zone can be recategorized based on
additional imaging characteristics.
Lesions which initially receive a
score of PI-RADS 2 on T2I can be
upgraded to PI-RADS 3 “if they have
a DWI score greater than or equal to
4;” ie, if they have marked diffusion.
Lesions initially categorized as PI-
RADS 3 can be upgraded to PI-RADS
4 “if they have a DWI score of 5;” ie,
marked diffusion and greater than

January / February 2023

or equal to 1.5 cm in size).! Figure 3
illustrates an example of a transi-
tional zone PI-RADS 3 lesion.
Despite the new forms of lesion
categorization in v2.1, the limited
number of studies comparing PI-

RADS v2.0 to v2.1 have been mixed.

Some studies have suggested v2.1
improves detection of transitional
zone lesions, while others have
shown no significant difference
in the diagnostic performance
between the two versions.*!*1°
Issues remaining with PI-RADS
v2.1 include the lack of a category
for lesions that do not fit into the
currently existing five categories
and lack of standardization for
the way background changes

are evaluated.”

LEADERS ON THE HORIZON

Defining Clinically Significant
Prostate Cancer

There is no universal definition
of clinically significant prostate
cancer. However, within the PI-
RADS system, clinically significant
cancer is defined through patholog-
ic examination of a lesion. PI-RADS
defines a clinically significant
lesion as one which contains any of
the following®:

1. A Gleason score > 7. This
includes 3+4 lesions with
prominent but not predomi-
nant Gleason 4 components.
2. Tumor volume

totaling > 0.5cc.

3. The presence of extra-
prostatic extension (EPE).
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More recent literature may refer
to the new Gleason scoring grades,
where a score of 2 represents an
old Gleason score of 3+4 (predom-
inantly well-formed glands with a
lesser component of poorly formed
glands), while a score of 3 represents
an old Gleason score of 4+3 (pre-
dominantly poorly formed glands
with a lesser component of well-
formed glands). This is to eliminate
confusion as the latter represents
more aggressive disease.'® Using
the new Gleason scoring system, a
grade of 2 or more represents clini-
cally significant disease.

Management of PI-RADS 3
Lesions

PI-RADS 3 lesions are difficult to
manage, owing to their overlapping
findings with benign conditions
like prostatitis, benign prostatic hy-
perplasia and fibrosis. Some tumors
are smaller and infiltrative, which
may further hinder the diagnosis.®
A balance must be attained to lower
overdiagnosis and not to miss clini-
cally significant prostate cancer.

British NICE guidelines regard-
ing prostate cancer are based on a
5-point Likert prostate scale, a sim-
ilar standardized scoring tool that
includes clinical parameters.” The
5-point Likert scale is considered
equivalent to the 5-point PI-RADS
scale. NICE guidelines recommend
biopsy for lesions with a Likert
score of 3 or more.” Meanwhile, the
European Association of Urology
guidelines, which rely on PI-RADS
scoring, recommend biopsy for all
PI-RADS 3 lesions.

The ACR does not provide any
management recommendations. It
invariably depends on the discre-
tion of the clinical team on how to
proceed. Patient factors such as a
patient’s age, comorbidities, and
treatment preferences, must be
taken into account.
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Contributory Factors to
Clinically Significant Cancer

Only a handful of articles have
been published under the latest
version of PI-RADS assessing the
relationship of clinical factors and
clinically significant prostate can-
cer in PI-RADS 3 lesions.

The prostate-specific antigen
(PSA) score is widely accepted as a
marker for screening and manage-
ment, and the relationship between
PSA density (PSAD), calculated
by dividing total PSA by prostate
volume, and PI-RADS lesions has
previously been investigated. One
study assessed the role of elevated
PSAD in transitional zone PI-RADS
lesions, with elevated PSA ranging
from 4-20 ng/ml. The evidence
showed a higher prediction of clin-
ically significant prostate cancer
for PSAD levels greater than 0.15
ng/ml/ml.® Another study subclas-
sified PI-RADS 3 lesions into 3a
(lower-risk lesions with volume <
0.5 ml) and 3b (higher-risk lesions
with volume >0.5 ml). They found
a 100% sensitivity and positive
predictive value in detecting clini-
cally significant prostate cancer in
patients in the 3b category with a
PSAD greater than 0.15 ng/ml/ml.?

PSA-based tools such as the
prostate health index (PHI) are
also becoming more widely used.
The PHI takes into account the
[-2]proPSA and free PSA levels. A
study evaluating the role of PHI in
a group of 143 men evaluated using
PI-RADS v2.0 found that PHI was
useful for avoiding unnecessary
biopsies.? In patients with PHI
value of 49 and more, approximate-
ly 55% of biopsies could be avoided
without missing clinically signif-
icant cancers.

Other factors, including older age
and biopsy naive status, have been
associated with clinically signifi-
cant prostate cancer. In contrast,
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men with at least one negative
biopsy were found to have a lower
risk.* A retrospective study of 141
patients evaluated using PI-RADS
v2.0 showed a mean interval of
approximately 12.4 months to be
optimal for follow-up MRI rather
than immediate biopsy in PI-
RADS 3 lesions.”

Limitations and Opportunities
for Further Research

Limitations of this study primarily
center around available data. This
review only examines lesions clas-
sified by the most recent version of
PI-RADS, with few studies utilizing
this criteria undertaken since its de-
but in 2019. Additionally, within the
available data some articles included
in our review did not discriminate
between lesions and patients. For
example, a single patient may have
multiple lesions, confounding their
risk for clinically significant cancer.

As more data is collected and
more research is conducted utilizing
the PI-RADS v2.1 approach, sample
sizes will become more robust,
allowing for increased confidence
in conclusions. Further longitudinal
studies to allow for evaluation of
PI-RADS 3 lesions over time would
be beneficial in determining future
risk for clinically significant cancer.
Studies incorporating clinical tools
such as PSAD, PHI, and patient
history could evaluate the benefit
for clinical teams to include this in-
formation in their decision-making
process. Finally, additional research
comparing v2.0 to v2.1 can help in
the development of future PI-RADS
versions by exposing the possible
limitations of this continually devel-
oping reporting system.

Conclusion

The present literature review
of 11 articles evaluating prostate
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cancer and clinically significant
prostate cancer using PI-RADS
version 2.1 reveals low levels of
clinically significant cancer. Howev-
er, contributory individual patient
factors such as age, PSAD, PHI, and
biopsy status should be considered
before deciding whether to perform
diagnostic biopsy. As PI-RADS
continues to gain popularity as a
standardized reporting system for
prostate lesions, continued research
will be instrumental in the further
evolution of the PI-RADS system.
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Abstract

Purpose: Deep learning can be a powerful tool for automating visual tasks in medical imaging, including the local-
ization and segmentation of anatomic structures. However, training these algorithms often requires substantial data
curation that may require expert image annotation on multiple imaging planes. For example, the base and apex of
the prostate may be more readily marked by radiologists in sagittal planes, while segmentation of central and pe-
ripheral zones of the prostate may be more readily handled in axial planes. We thus sought to develop a deep-learn-
ing (DL) strategy capable of integrating annotations across multiple imaging planes and hypothesized that it would
outperform traditional algorithms developed using single-plane imaging data only.

Materials and Methods: In this retrospective, IRB-approved, HIPAA-compliant study, we collected pelvic magnetic
resonance images (MRIs) from 656 male patients. The urinary bladder, prostate, and point locations of the pros-
tate’s apex and base were annotated on sagittal T2 images in 391 patients. Central and peripheral zones of the
prostate were segmented on axial T2 images in 265 patients. Datasets were then divided by patient into training
(80%), validation (10%), and test (10%) cohorts.

Three convolutional neural networks (CNNs) were trained, each based on a U-Net architecture: CNN1 using sagittal
images to provide heatmap localizations of the apex and base of the prostate, CNN2 using axial images to segment
the prostate and divide it into central and peripheral zones, and a multitask CNN using both data sets to accomplish
both tasks. To this end, images and annotations were transformed into a common coordinate system and a custom
conditional loss function was incorporated to handle missing labels and encode three-dimensional geometric rela-
tionships. Model performance for segmentation and localization was assessed by Dice score and L2 distance error.

Results: Median Dice for whole prostate segmentation improved from 0.803 (IQR 0.76-0.818) by CNN1 to 0.882
(IQR, 0.842-0.890) by the multitask CNN (p < 0.05, Wilcoxon test). Mean dice scores for central and peripheral zone
segmentation were [81.02 + 5.58, 63.36 + 3.96%)] respectively by CNN2 and [81.02 + 5.58 %, 61.67 + 7.04%)] by
the multitask CNN respectively without significant difference. Median L2 errors for localization of the base and apex
of the prostate decreased from 5.7 (IQR 4.5-6.9) mm and 6.5 (IQR 5.6-7.7) mm by CNN1 to 3.6 (IQR 2.6-4.7) mm
and 3.5 (IQR 2.4-4.5) mm by the multitask CNN.

Conclusions: Our proposed multi-task CNN was capable of learning both segmentation and localization tasks,
incorporating data from multiple imaging planes, and exceeding the performance of the CNNs trained on individual
tasks. These results demonstrate the potential of CNNs for tackling related visual tasks and their potential for com-
bining data from multiple sources or imaging planes.

Keywords: Multitask, Deep learning, Prostate, MRI
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Introduction

Medical image segmentation
involves partitioning an input
image into different segments and
aims to delineate the foreground
anatomical or pathological struc-
tures from the background. Image
segmentation helps in the analysis
of medical images by highlighting
regions of interest, which can be
used to define anatomic boundar-
ies, for detection of abnormalities
in computer-assisted diagnosis,
dose planning for radiotherapy, sur-
gery simulation, and other forms of
treatment decision-making. !

Manual segmentation by a human
expert might seem like the simplest
solution to define target boundaries;
however, it is a time-consuming and
user-dependent process.? Because
it is such a foundational aspect of
so many biomedical problems,
segmentation continues to be an
important area of ongoing research.?
Deep learning algorithms, and
specifically convolutional neural
networks (CNNs), are capable of
learning and reproducing an ex-
tensive range of parameters, which
can then be used to extract features
from medical images. *°

In the last several years, deep
learning has emerged as a powerful
tool for automating segmentation
of anatomic structures in medi-
cal images. Although each CNN
algorithm is generally developed to
accomplish a single task, multitask
CNN s have the potential to be more
computationally efficient. The
potential performance benefit of
multitask CNNs remains unclear,
though few studies have shown im-
proved performance of multi-task
algorithms for segmentation and
classification of breast tumors on
ultrasound and mammography. &’

Image segmentation for prostate
MRI can be utilized for a variety of
aspects of medical care, including
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Table 1. MR Imaging acquisition parameters for dataset A.

DATASET A, SAGITTAL T2-WEIGHTED IMAGES

Spatial Resolution (mm x mm) 0.41x0.41
Slice Thickness (mm) 3.2
Magnetic Field Strength (T) 3
Repetition Time (ms) 5320

Echo Time (ms) 133

Field of View (cm x cm) 21x21
Acquisition Matrix 312 x 253
Flip Angle 137

Table 2. MR Imaging acquisition parameters for dataset B.

DATASET B SAGITTAL AXIAL
T2-WEIGHTED IMAGES T2-WEIGHTED IMAGES
Spatial Resolution (mm x mm)  0.48 x 0.48 0.46 x 0.46
Slice Thickness (mm) 4 3
Magnetic Field Strength (T) 3 3
Repetition Time (ms) 3747 6197
Echo Time (ms) 102 102
Field of View (cm x cm) 25x 25 24 x 24
Acquisition Matrix 384 x 352 320 x 320
Flip Angle 111 111

delineation of the gland and zonal
boundaries for measurements of
prostatic enlargement, procedural
planning for prostate biopsies, and
radiation therapy planning. *° In
addition, algorithms that locate
the base and apex of the prostate
gland can help to delineate the
prostate gland’s spatial orientation
for automating MRI scan pre-
scription *? and standardizing 3D
reconstructions.

However, as with many tasks in
medical imaging, certain anatomic
structures are better delineated in
one plane than another, partly due
to anisotropic spatial resolution
of multiplanar MRI. For example,
the apex and base of the prostate
may be more readily delineated in
the sagittal plane, and the zonal
boundaries of the prostate may be
more readily delineated in the axial
plane. It remains unclear how to

best combine data from multiple
imaging planes, and to what degree
combining such information is ben-
eficial for CNN performance.

We thus sought to explore the
potential of a multitask CNN to
combine multiplanar MR images
and annotations, and to evaluate
its performance for accomplishing
two tasks: 1) dividing the prostate
into central and peripheral zones,
leveraging annotations in axial
sections, and 2) localizing the base
and apex of the prostate, leveraging
annotations in sagittal sections. To
that end, we proposed a strategy in
which two datasets were aggregated
by transforming images and anno-
tations into a common coordinate
system and applying a conditional
loss function to address missing la-
bels and encode geometric relation-
ships between anatomic structures.
We hypothesized that this multitask
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Figure 1. Flowchart of the proposed multi-task CNN and its tasks relative to the single-task CNNs (CNN1 and CNN2). The proposed CNN is trained
with a combination of datasets A and B. The component CNNs are trained with the data relevant to their component problems (Dataset A for
CNN1, Dataset B for CNN2). Dataset A includes sagittal images of 391 patients with urinary bladder, prostate, and prostate’s apex and base
annotation while dataset B includes axial images of 265 patients with prostate and its peripheral zone annotation.
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Table 3. Performance of all three CNNs. The proposed multi-task CNN outperforms CNN1 for segmentation and localization on
sagittal images and performs comparably to CNN2 for segmentation in axial images.

- CNN1 Proposed
Image View | Tasks
Bladder segmentation 88.00 # 3.10% 92.05+2.65%
< Prostate segmentation 80.30 + 6.87% 88.19+4.75% *
@
3 Sagitta] Apex localization 5.66 +1.93 mm 3.63+ 1.0 mm **
®
(=]
Base localization 7.26 £ 3.55 mm 3.46+1.15mm *
Angulation Error (0 ) 14.70 + 8.60 © 5.91+£4.190
CNN 2 Proposed
= Prostate segmentation 86.02+2.41% 84.00£3.42%
@
g Axial Central Zone Segmentation 81.32 %2.55% 81.02£5.58 %
©
(a]
Peripheral Zone segmentation 63.36 + 3.96% 61.67 +7.04 %

approach would outperform single
models separately trained for in-
dividual tasks.

Methods

In this retrospective, IRB-ap-
proved, HIPAA-compliant study, we
collected a convenience sample of
pelvic MRIs from 656 male patients
(mean age 67 years, range 38-87).
Pelvic MRIs were acquired as part
of routine clinical care for initial de-
tection, treatment planning, active
surveillance of prostate cancer, or to
assess for recurrence in previously
treated patients with elevated pros-
tate-specific antigen (PSA).

Image Data

Multiparametric MR imaging of
the prostate was performed utilizing
an MR scanner with a pelvic exter-
nal phased-array coil using the same
standard protocol in accordance
with recommendations of ACR and

January / February 2023

Wilcoxon signed rank test: * (P-value<0.05), ** (P-value<0.005)

ESUR. The protocol included two-
dimensional turbo spin echo (TSE)
T2 imaging, three-dimensional
dynamic contrast-enhanced (DCE)
imaging in three planes, and
echo-planar diffusion-weighted
imaging (DWI). Tables 1 and 2 show
the MRI acquisition parameters.

Image Annotation

Data for this study comprised
two datasets. Dataset A includ-
ed segmentations of the urinary
bladder and prostate, and point lo-
calizations of the apex and base of
the prostate, each annotated on T2
sagittal images from 391 patients.
These annotations were per-
formed by a medical student and a
radiology resident, supervised by
a board-certified radiologist using
Arterys (Tempus, USA) software.

Annotations of the apex and base
of the prostate were transformed
from point localizations to Gaussian
heatmaps. Dataset B included seg-

mentations of the prostate gland and
its peripheral zone, each annotated
on T2 axial images from 265 patients.
These annotations were performed
by an image analyst and radiology
postdoctoral fellow, supervised by a
board-certified radiation oncologist.
Each dataset was then divided by
patient into training (80%), validation
(10%), and test (10%) cohorts.

Model Training

Three modified 3D U-Nets were
developed with multiple output
channels for segmentation and lo-
calization tasks. CNN1 was trained
using dataset A and a weighted
sum of the segmentation and
localization loss functions. CNN2
was trained using dataset B and
the segmentation loss only. Axial
annotations from dataset B were
then translated into their sagittal
equivalent and combined with
dataset A; this combined dataset
was used to train the multitask
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CNN, incorporating a custom
conditional loss function for seg-
mentation and localization in order
to 1) ignore missing annotations

in the combined dataset, and 2) to
take advantage of the morpholog-
ical relations among the regions

of interest. Boundary constraints
included the following: (a) central
and peripheral zones must sum up
to the complete prostate gland; (b)
urinary bladder and prostate seg-
mentations must have no overlap,
and (c) prostate and base localiza-
tions must overlap with the prostate
gland segmentation.

In this work, segmentation loss
was defined using the Tversky
index while localization loss was
based on mean square error. For
training the single-task CNNs, in-
put images were resampled and ze-
ro-padded to (x, y, z) dimensions of
256 x 256 x 16. These images were
preprocessed using histogram
matching followed by simple im-
age standardization. Augmentation
in the form of random image crop-
ping (by -10 to 10 pixels), shifting
(by -20 to 20 pixels), and rotation
(by -10 to 10 pixels) were applied
during neural network training.

Predictions generated by the
multitask CNN were compared di-
rectly against CNN1 predictions and
translated back to the axial plane
for comparison against CNN2.
Flowchart of the proposed multi-
task CNN and its tasks relative to
the single-task CNNs (CNN1 and
CNN2) are shown in Figure 1.

Statistical Analysis

Segmentation performance
was assessed using Dice scores
(expressed as mean + SD and/or
median along with the interquar-
tile range (IQR)). Localization
performance was evaluated using
landmark L2 distance error and
angulation error, calculated as the
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error between lines connecting

the apex and base of the prostate.
Wilcoxon tests were used for com-
parison of Dice scores, L2 distance
error, and angulation error between
the evaluated models.

Results

Using two different annotated
datasets, three modified 3D U-Nets
were trained for segmentation and
localization tasks on prostate MRI.
Performance of all three CNNs is
shown in Table 3.

Prostate Gland Localization

Mean L2 distance error for
localization of the prostate gland’s
apex and base decreased from
5.7£1.92 mm and 6.5 2.5 mm by
CNN1 to 3.6 +1.0 mm and 3.5 1.2
mm by the multitask CNN. Mean
angulation error decreased from
14.7+8.6° by CNN1 to 5.9+4.2°
by the multitask CNN (p-value <
0.05). Median L2 distance error for
localization of the apex and base
of the prostate decreased from 5.7
mm (IQR 4.5-6.9) and 6.5 mm (IQR
5.6-7.7) by CNN1 to 3.6 mm (IQR
2.6-4.7) and 3.5 mm (IQR 2.4-4.5) by
the multitask CNN.

Prostate and Urinary Bladder
Segmentation

Mean Dice score for prostate
segmentation improved from 80.30
+6.87% by CNN1 to 88.19 + 4.75%
by the multitask CNN (p-value <
0.05). Median Dice score for pros-
tate segmentation improved from
80.3% (IQR 76.0 - 81.8%) by CNN1
to 88.2% (IQR 84.2 - 89.0%) by the
multitask CNN. Mean Dice score
for bladder segmentation increased
from 88.00 + 3.10% by CNN1 to
92.05 + 2.65% by the multitask CNN
(pvalue < 0.01). Median Dice score
for bladder segmentation improved

Multitasking Neural Networks for Multiplanar MRI Prostate Localization and Segmentation

from 88.99% (IQR 83.78 - 89.97%) by
CNNT1 to 91.35% (IQR 89.0-93.2%)
by the multitask CNN. Our pro-
posed multitask CNN outperformed
the single-task CNNs in all segmen-
tation tasks.

Central and Peripheral Zone
Segmentation

For central and peripheral
zone segmentation, there were no
significant differences between the
multitask CNN and CNN2 (p-value>
0.05). The mean Dice score for cen-
tral zone segmentation was 81.02
+5.58 % by the multitask CNN and
81.32 +2.55% by CNN2. The mean
Dice score for peripheral zone seg-
mentation was 61.67 + 7.04% by the
multitask CNN and 63.36 + 3.96%
by CNN2. Two accessions that il-
lustrate multitask CNN performing
well are shown in Figure 2.

Discussion

Deep learning is a powerful tool
that can be used for the segmenta-
tion of anatomic structures in medi-
cal imaging, but it typically requires
substantial training data that can be
time-consuming to obtain. To assess
the feasibility of training deep learn-
ing algorithms on smaller datasets,
we investigated the potential of
using multiple datasets, annotated
for different purposes on different
planes, and aggregated using 3D
image re-slicing and image-to-image
physical point translation. This is
unlike the majority of segmentation
approaches presented in the litera-
ture which, despite the availability
of multi-planar MR images in the
standardized protocols, only take ax-
ial images into account. The merged
dataset was utilized for training a
single CNN model, which per-
formed equally well or better than
individual models trained using a
single dataset.
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Figure 2. Representative segmentation and localization of the multitask CNN and comparison against ground truth. Example segmentations by
the proposed CNN in representative patients from dataset A and dataset B The case from dataset A shows high agreement with ground truth
segmentation: bladder Dice 0.89, prostate Dice 0.86, prostate base localization error of 3.33 mm, and apex localization error of 1.61 mm. The
case from dataset B shows high agreement with ground truth with prostate Dice 0.89 and central zone Dice 0.86.

Dataset A Dataset B

Proposed CNN  Ground Truth Proposed CNN Ground Truth

A

® Bladder B Prostate m Central zone I Apex/Base
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In the present study, our
proposed multitask CNN outper-
formed the single-task CNNs for
pinpointing the apex and base of
the prostate, which can be used to
define the spatial orientation of the
prostate gland. This ultimately can
be used for separate ongoing work
automating oblique plane pre-
scription in MRI.

The multitask model improved
prostate gland and urinary bladder
segmentation as well as localiza-
tion of the prostate base and apex.
While the annotations required
for each task may be more easily
acquired in the axial imaging plane,
our proposed CNN model was
designed to perform all tasks in a
single common coordinate system,
utilizing conditional loss functions
to address missing labels and en-
code geometric relationships.

The present study is one of the
first to investigate whether a fully
automated multitask deep learning
algorithm can accomplish multiple
tasks while merging two anno-
tated datasets, and if so, how this
approach might improve the quality
of segmentation and localization
results. The combined model yield-
ed significantly decreased mean L2
distances and angulation errors for
localization of the prostate gland
apex and base by 2.1-3 mm and
8.8°, respectively. Improvement
in the automated delineation of
the prostate gland’s craniocaudal
orientation can potentially enable
a faster automated MR imaging
prescription. The multi-task model
outperformed each single-task
model for segmentation of the
prostate gland and urinary bladder
boundaries by approximately 8%
and 4%, respectively, though it did
not show a statistically significant
difference in zonal segmentation of
the prostate gland.

A number of studies have found
satisfactory performance of deep
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learning algorithms for prostate
segmentation at ultrasound and
mp-MRI. ***In prior investigations
with datasets of 49 to 163 patients,
CNN models have obtained Dice
similarity coefficients ranging
from 0.85 to 0.93 for the automatic
segmentation of the prostate gland.
1518 A study by Tian, et al,'® applied
a deep-learning algorithm for
prostate segmentation on a data set
of 140 prostate MRIs and yielded a
Dice similarity coefficient of 0.85.
The online data collection PROM-
ISE12, which contains labeled
prostate MR images, has inspired
many studies of prostate segmen-
tations. ¥ The present study stands
up by employing a larger cohort of
training datasets, training a multi-
task deep learning algorithm, and
using multiplanar set of images for
performing tasks.

Multi-task training relies on shar-
ing features between related tasks
to enable the combined model
to perform better on the original
single tasks. Training deep learning
algorithms using small and par-
tially annotated datasets can also
potentially overcome the lack of
large training datasets by combin-
ing images previously annotated for
various purposes on different im-
aging planes, ultimately facilitating
the increasing automation of image
analysis tasks.

Limitations

We recognize several limita-
tions to this study. Our proposed
multi-task CNN model was trained
and validated using retrospective
data, so our imaging data includes
a variety of different vendors, insti-
tutions, and imaging techniques.
Further work may be essential to
ensure comparable results among
other scanner manufacturers and
institutional protocols. Failure
modes of the multitask CNN

Multitasking Neural Networks for Multiplanar MRI Prostate Localization and Segmentation

model may be revealed through
more extensive testing, though
additional training data would
likely enhance performance. The
future direction could focus on
how well our proposed multitask
CNN performs among patients who
have aggressive prostate cancer
with invasion to seminal vesicles
or bladder. Further investigation

is needed to determine how well a
multitask CNN model will perform
in post-operative patients.

Conclusion

In summary, we show that a
multitasking CNN approach can
successfully be used to aggregate
disparate training data developed
for multiple tasks in multiple imag-
ing planes. Multi-task deep learning
algorithms that utilize such data
can outperform component CNNs
trained only on data for individ-
ual tasks. We believe a similar
approach may be used to perform
similar tasks for other organs, pav-
ing the way to use datasets of more
modest size for image analysis
of ever-increasing accuracy and
complexity.
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Abstract

Objective and hypothesis: Magnetic resonance imaging (MRi) is one of the most powerful non-invasive methods
for clinical applications as well as biomedical research. Since the mid-1980s, there has been momentum for MRI
scanners with higher field strengths to enhance contrast-to-noise ratio, signal-to-noise ratio, and spatial resolution.
This resulted in the evolution of 0.3-0.6 Tesla (T) to conventional 1-1.5T and high-field 3T scanners, and eventually,
ultra-high field scanners of 7T and beyond. The wide variety of available MR field strengths suits the demand for a
multitude of research and clinical applications.

Methods and Materials: A structured literature search was performed for the terms “low-field magnetic resonance
imaging” and “ultra-high field magnetic resonance imaging” by mapping their Medical Subject Heading (MeSH) tree
structure utilizing the Public Library of Medicine’s (PubMed) Automatic Term Mapping (ATM). Then, the PubMed
database and the Web of Science (Clarivate Analytics) Core Collection from 1980 to April 2022 were searched using
all categories. Some specific searches for relevant topics such as the new MAGNETOM FreeMax MRI system were
performed using Google, as well as some further exploration of topics around the future of MRI.

Results: Review articles, original research manuscripts, and editorial materials were reviewed. The selected manu-
scripts cited in this article represent a comprehensive review of the publications focused on low and ultra-high field
MRI and the clinical applications of these systems. Our results showed that each of these MRI systems has unique
clinical and research utilities that fit the needs of various healthcare settings or research facilities. Herein, we com-
prehensively discuss the technical features of these cutting-edge systems, their clinical uses, as well as advantages
and disadvantages.

Conclusions: Developing a successful MRI program in a healthcare setting is a complex and comprehensive pro-
cess that involves financial considerations for equipment procurement and maintenance as well as operational
considerations.
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Introduction

Magnetic resonance imaging
(MRI) is one of the most effective
noninvasive diagnostic tools in
current medical practice, and it has
played a vital role in cutting-edge
research, yielding information
regarding both structure and
function.! The early low-field MRI
images were at times not inter-
pretable, owing mainly to poor
contrast-to-noise ratio (CNR) and
signal-to-noise ratio (SNR). Since
the mid-1980s, there has been a
push for MRI scanners with higher
field strength (B0) to solve this lim-
itation by improving CNR, SNR, and
spatial resolution.>? These efforts
led to the evolution from low-field
0.3-0.6 Tesla (T) scanners with
textured images to conventional
1-1.5T and high-field 3T scanners
with widespread clinical utilization
due to higher image quality and
faster acquisition time.>* Applica-
tion of ultra-high field (UHF, > 7T)
MRI in recent years has provided
enhanced spatial resolution and
improved SNR with decreased
voxel size, allowing visualization of
smaller structures in detail.! How-
ever, UHF MRI has its disadvan-
tages, and recently there has been
renewed interest in contemporary
low-field MRI systems equipped
with modern hardware, advanced
image acquisition methods, and
advanced image reconstruction
methods.

Currently, a variety of MRI field
strengths are available to meet the
need for a multitude of research and
clinical utilities. Each of these MRI
systems has unique features and ca-
pabilities, as well as advantages and
disadvantages. In this manuscript,
we review the technical aspects
of state-of-the-art low, high, and
UHF MRI systems and their clinical
applications. Additionally, we share
recommendations for radiology

January / February 2023

Low Versus Ultra-High Field MRI: How to Select Your MRI Fleet

departments and practices regard-
ing the selection of appropriate
technologies that meet the clinical
needs of their patient population.

Methods and Materials

A structured literature search
was performed for the terms “low-
field magnetic resonance imaging”
and “ultra-high field magnetic res-
onance imaging” by mapping their
Medical Subject Heading (MeSH)
tree structure utilizing the Public
Library of Medicine’s (PubMed)
Automatic Term Mapping (ATM).
Then, the PubMed database and the
Web of Science (Clarivate Analyt-
ics) Core Collection from 1980 to
April 2022 were searched using
all categories.

Some specific searches for
relevant topics such as the new
MAGNETOM FreeMax MRI system
were performed using Google, as
well as some further exploration
of topics around the future of MRI.
Furthermore, by manual review
of the references of these publica-
tions, additional references were
identified for consideration. After
removing the duplicates, the select-
ed manuscripts cited in this article
represent a comprehensive review
of the publications focused on
low-field and ultra-high field MRI,
the advantages and disadvantages
of these systems, as well as their
clinical applications.

Results

Studies in languages other than
English were excluded. Review
articles, original research manu-
scripts, and editorial materials were
reviewed. The selected manuscripts
cited here represent a compre-
hensive review of the publications
focused on low and ultra-high field
MRI and the clinical applications of
these systems.
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Low-Field MRI

The first MRI scanners in the
1980s were low-field, typically with
a field strength of 0.25-1.0T.* These
low-field models had poor spatial
resolution, low temporal resolu-
tion, and limited image parame-
ters and sequences.’ When these
low-field MRI systems were used
in clinical settings, it was assumed,
and ultimately verified, that higher
static field strengths would improve
MRI performance.*®

The MRI signal is proportional
to the square of the magnetic field
strength, and assuming a constant
receive bandwidth, the noise is
approximately proportional to the
static magnetic field strength (B0).
Therefore, the simplest technique
to acquire a better SNR in an MRI
system is to increase B0; however,
B0 does not solely determine the
image SNR.”# Developments in MRI
technology, including SNR-efficient
data acquisitions, parallel imaging,
compressed sensing, and machine
learning-based image reconstruc-
tion methods, have made the imag-
ing methods of low-field MRI sys-
tems, which previously were rather
restricted, more robust. These
sequences are now comparable to
those of standard clinical practice
on 1.5T MRI systems.>!® For exam-
ple, the National Heart, Lung, and
Blood Institute (NHLBI, National
Institutes of Health), in collabora-
tion with Siemens Healthineers,
ramped down a whole-body 1.5T
system to a 0.55T system equipped
with high-performance software
and hardware." This innovative
technology showed significant
promise for routine imaging and
for novel applications of MRI.

Subsequently, on July 1, 2021,
Siemens Healthcare announced
that the U.S. Food and Drug Ad-
ministration (FDA) cleared a 0.55T
system (Magnetom FreeMax system
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Table 1. Comparison of advantages and disadvantages of low-field and ultra-high field MRI.

LOW-FIELD MRI

Advantages Disadvantages

= Lighter weight = Decreased SNR

= Occupying less space = Decreased CNR

= More portable = Reduced chemical shift

= Easier Shipping and installation -Challenging fat-suppressed imaging with chemical shift selective

= Patient comfort: (CHESS) pulses

e ceEis s -Reduced performance of spectrally selective fat suppression

-Opportunity of open settings in claustrophobic and -MRS is more challenging

obese patients = Less visible contrast enhancement
= Safety benefits: = Reduced susceptibility
-Lower torque and translational force associated with -SWI is challenging

ferromagnetic objects -BOLD effect reduced
-Less heating

-Lower risk for implants, endovascular devices, guidewires,
and needles

= More energy efficient

= Reduced susceptibility
-Reduced geometric distortion artifacts
-Improved imaging near air-tissue interfaces
-Improved imaging near-metal

= Shorter T1, longer T2, longer T2*

-Improved imaging efficiency (ie. shorter TR, longer
read-out imaging)

= More affordable

ULTRA-HIGH FIELD MRI

Advantages Disadvantages
= Improved SNR = Patient discomfort
= Improved CNR -Adverse physiologic effects: metallic taste, nausea,

« Increased spectral resolution of MRS dizziness, vertigo, sweating, and magnetophosphenes

-Longer duration, the requirement to lie motionless, and

-More reliable quantification of metabolites ) i
acoustic noise

= Longer T1 and shorter T2 at higher fields .
= Artifacts
-Improved chemical exchange saturation transfer imaging . .
-Inhomogeneities of the BO field
= Improved multinuclear MRI . . o
-Inhomogeneities of the radiofrequency (RF) excitation
= More reliable quantitative MRI for MSK . . .
-More probability of motion artifacts
-Geometric distortions in EPI BOLD and diffusion-weighted imaging
= Shorter T2 relaxation
= Increased specific absorption rate (SAR)
-More frequent occurrences of RF heating of tissue foci
= Signal dropout in SWI at UHF
-Negative impact on image quality in certain regions

= Frequent need for modification of imaging sequence parameters
due to SAR limits

= ECG alterations under high magnetic field systems

= Lack of commercial coil for all UHF applications

= More expensive
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by Siemens Medical Solutions Inc.,
Erlangen, Germany) for clinical ap-
plications.'? This high-performance
system combines a 0.55T field
strength with sophisticated image
processing and deep learning
technologies. ViewRay also offers a
0.35T whole-body MRI-linac system
with high-performance hardware.

Researchers have developed
several dedicated low-field MRI
systems and demonstrated sig-
nificant advantages for portable
and point-of-care imaging.'+¢
Hyperfine Research’s Swoop System
(Guilford, CT) has created a first-of-
its-kind portable low-field (0.064T)
MRI scanner, which received 510(k)
clearance from the FDA in Febru-
ary 2020 and addresses another
critical niche for low-field MRI:
patient-side imaging.” Other appli-
cation-specific MRI systems include
Synaptive’s Evry 0.5T head-only
MRI system, Promaxo’s 0.066T pros-
tate MRI system, and Esaote’s MSK
MRI systems.'82

Given these considerations, what
are currently considered novel
low-field MRI scanners have grown
in popularity, particularly in areas
where higher static field MRI sys-
tems are difficult to install or when
concerns exist regarding the cost,
especially for maintenance.?

Advantages and Disadvantages
of Low-Field MRI

Diagnostic imaging is a signif-
icant cost driver in patient care
globally.® Therefore, lower costs and
simplified installation, operation,
and maintenance are required for
increased worldwide access.” Hos-
pitals also face significant logistical
challenges when it comes to site
selection.? Generally, low-field MRI
systems are more lightweight, occu-
py less space compared to high-field
systems, require less shielding, and
are more portable.>* This greatly
simplifies and lowers the cost and
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difficulties associated with shipping,
installation, and finding an optimal
site.® There are also patient accep-
tance benefits: their larger bore di-
ameter allows for a less anxiety-pro-
voking experience for patients with
claustrophobia and easier position-
ing for obese patients.*

Imaging in the presence of
susceptibility-induced magnet-
ic field inhomogeneities is far
superior in low-field; the source
of susceptibility can be the lung,
bowel, cranial sinuses, or metallic
implants. This may afford new
clinical opportunities to apply MRI
and may improve imaging for the
increasing number of patients with
implanted devices.*

Low-field MRI also provides ad-
ditional safety benefits. The torque
and translational force associated
with ferromagnetic objects are low-
er.” Heating is also less of a concern
due to the lower specific absorption
rate (SAR). The lower magnetic
field has the effect of lowering the
implant risk profile.? These consid-
erations apply to MRI-guided inter-
ventions, as well as the associated
endovascular devices, guidewires,
and needles.” This could expand
MRI imaging to include cardiovascu-
lar interventional procedures, with
promising preliminary findings.?”
Some low-field MRI systems still
use electromagnets or permanent
magnets.? For these, simple water
cooling might be sufficient, elimi-
nating the need for complicated and
costly cryogenic cooling systems
used in high-field MRI systems.*
These advantages highlight how
low-field MRI systems may be more
energy-efficient and align with envi-
ronmental sustainability, a topic that
has recently been a major focus in
the radiology community.??

On the negative side, low SNR
is the most noteworthy limitation
of low-field MRI, as previously
described. Low SNR can result
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in reduced image quality, lower
resolution, and increased scan
time. Although image acquisition,
reconstruction, and processing
strategies can compensate for the
reduced SNR, these are not con-
sistently available. Additionally, in
low-field MRI systems (up to 0.3T),
the application of fat-suppressed
imaging with chemical shift selec-
tive (CHESS) radio frequency (RF)
pulses is challenging.*** This is due
to the decreased chemical shift of
water and fat spectra at lower field
strengths, which makes the appli-
cation of fat suppression pulses
more difficult. Exacerbating this,
the water spectral width expands
in an inversely proportional ratio
to T2* and the water signal can be
inadvertently readily suppressed
even with minor inhomogeneities
in the magnetic field.*

Magnetic susceptibility is propor-
tional to field strength, and while
this is advantageous for reduced
artifacts in many sequences, it
is a challenge for others.” As a
result, 3T is widely accepted as the
preferred field strength for some
clinically significant MRI studies,
including time of flight (TOF) MRI
angiography (MRA) and suscepti-
bility-weighted imaging.* However,
more recently, TOF MRA and sus-
ceptibility-weighted imaging have
been acquired with image qual-
ity comparable to the 3T studies
using the high-performance 0.55T
low-field systems.” Also, while
still evolving, the current opinion
is that the acquisition time on the
0.55T low-field systems can also
be kept constant compared to 1.5T
systems by leveraging SNR-efficient
acquisitions and utilizing advanced
reconstruction techniques.

Diffusion-weighted imaging
(DWI) provides qualitative and
quantitative information regarding
tissue cellularity. The b-value is
directly related to water diffusion
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Figure 1. Axial multisection imaging using T2 fBLADE MRI (1.1 x 1.1 x 6 mm?®) in a patient following recovery from COVID-19 infection.

32

effects and reflects the strength and

timing of the gradients used to gen-
erate diffusion-weighted images.
High-performance gradient sys-
tems with high maximum gradient
amplitudes and slow rates result

in increased spatial resolution and
faster acquisitions; however, at
higher field strengths, susceptibility
and T2* effects are greater. At lower
field strengths, imaging parameters
for DWI may be manipulated such
that it is possible to acquire similar
high-quality images (eg, time to
echo and readout bandwidth).

Clinical Applications
of Low-field MRI

Low-field MRI has applica-
tions across body systems such
as musculoskeletal (MSK), lung,
cardiovascular, and abdomen. As
initially investigated at the NIH,
comprehensive lung imaging
using high-performance low-field
MRI provides novel imaging data
to complement existing standard
assessments such as spirometry, ex-
ercise testing, and CT. For instance,
MRI measures of regional venti-
lation-perfusion (VQ) mismatch
would be preferable over nuclear
imaging approaches, which have
limited resolution and are frequent-
ly unavailable.*? Oxygen-enhanced
MRI has shown particular promise
in low-field, where the T1 relaxivity
of oxygen is higher.**
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Compared to the current clinical
workflow, in which patients are
imaged multiple times with CT
imaging, MRI tissue characteriza-
tion provides higher specificity and
lower radiation exposure on serial
lung imaging.* Recent studies have
demonstrated high-quality structur-
al lung imaging and similar pulmo-
nary findings on high-performance
MRI images and CT studies in sever-
al patients, including patients with
COVID-19, suggesting the potential
for repetitive lung assessments in
these patients.** Since MRI does
not emit ionizing radiation, the abil-
ity to acquire MRI images with high
quality is important in the pediatric
population and may have clinical
applications for younger patients
with chronic pulmonary diseases,
such as cystic fibrosis.*? Low-field
MRI offers a specific advantage for
lung imaging due to the reduced
susceptibility of the air in the lung
parenchyma (Figure 1).

New low-field MRI has been
applied to cardiovascular imaging
and provides accurate and consis-
tent clinical measurements for cine
and late gadolinium enhancement
imaging (Figure 2).**° Additionally,
low-field MRI offers advantages
for MRI-guided cardiovascular
catheterization and interventional
research.** Heating of implanted
materials may also be reduced
in low-field MRI as compared to

high-field given the lower SAR;
although, questions regarding the
impact of implant length, shape,
orientation, insulation, and position
with respect to the transmit coil

at low-field remain incompletely
explored to date. #

Low-field imaging may be a pref-
erable MRI technique for joint imag-
ing,* particularly when considering
the reduced artifacts around im-
plants. A study by Reil, et al, showed
that the 0.2T MRI method has low
sensitivity but high specificity for
articular cartilage lesions.* Field
strengths <100mT have demonstrated
even more improvement in metallic
artifacts.* Low-field MRI has also
been applied for diagnostic abdom-
inal MRI and for quantification of
iron overload (Figure 3).%

One important factor in utilizing
imaging modalities in clinical set-
tings is their accessibility. Hyperfine
Research’s Swoop portable system
makes MRI available and accessi-
ble.” This novel system has bene-
ficial utility in time-sensitive and
point-of-care settings such as inten-
sive care units, emergency rooms,
and mobile stroke units.*” Portable
MRI has the potential for neuroim-
aging of brain injuries, intracranial
hemorrhage, hydrocephalus, and
midline shift in high-risk clinical
settings.*** Portable MRI systems
may significantly expand the role of
MRI in a variety of settings.
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Figure 2. Examples of image
quality of 0.55T in (A) short axis,
(B) 4-chamber, (C) 2-chamber,
and (D) 3-chamber slices.
Images (E), (F), and (G) show
late gadolinium enhancement in
short axis (E, F), and 3-chamber
images (G) from a patient with
myocardial infarction.

Ultra-high Field MRI

While the majority of MRI exam-
inations are currently performed
at static magnetic fields of 1.5 and
3T, systems with higher fields up to
10.5T have been used for research
purposes, particularly in neuro-
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science, since the late 1990s.5-52 In
1998, the first human MRI study
using UHF (MRI scanners with field
strength of > 7T) was performed

at Ohio State University on an 8T
scanner.” The results were remark-
able, leading to the installation of
several UHF research scanners
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across the world. Moreover, after the
FDA declaration in 2014 classified
MRI up to 8T as a negligible risk, in
2017, the first 7T system with FDA
510(k) clearance hit the market
(Magnetom Terra system by Siemens

Medical Solutions Inc., Erlangen,
Germany) for clinical use, confined
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Figure 3. Examples of image quality of 0.55T in abdominal imaging (A) T2 Trufi, (B) T1 VIBE Dixon In Phase, (C) T1 VIBE Dixon Out Phase, (D) DWI
b=400, and (E) T2fBLADE in a healthy volunteer
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to examination of the head, and
upper and lower extremities (neuro
and MSK).5+%

As of 2018, sixty-two 7T human
scanners were installed world-

wide, and eight more 7T scanners
were on order. Five 9.4T human
scanners had been installed in
Minnesota, Chicago, Tiibingen,
Jiilich, and Maastricht. Moreover,
several human scanners >10T had
been installed or were in develop-
ment, which included whole-body
10.5T (Minnesota), head-only 11.7T
(Bethesda), whole-body 11.7 T (Par-
is), and 14T (Heidelberg).5¢-

Advantages and Disadvantages of
UHF MRI scanners

Improved SNR is the most com-
monly cited reason for justifying
the expenditure and effort of ob-

Supplement to Applied Radiology

taining higher magnetic field scan-
ners. Many MRI applications can
benefit from the increase in SNR
associated with higher magnetic
fields through better spatial resolu-
tion or, in the case of dynamic pro-
cesses, higher temporal resolution.?
Higher SNR at UHF MRI also allows
for higher resolution and/or high
b-value acquisition on DWIL.* SNR
is not always the most important
measure to assess the potential of
MRI to identify lesions of interest;
CNR is a more precise parameter
for this purpose.?

A wide range of imaging features
are affected by field strength, and
many MRI applications benefit
from the resultant increase in both
SNR and CNR. Enhanced contrast
in susceptibility-weighted imag-
ing (SWI) at higher fields is due to

increased phase shifts at higher
Larmor frequencies, and stronger
blood oxygen level-dependent
(BOLD) contrast on functional MRI
(fMRI) is due to greater suscepti-
bility (T2*) effects at higher field
strengths.®® Improved CNR also
leads to improved magnetic reso-
nance spectroscopy (MRS) SNR and
enhanced separation of MRS peaks/
spectral resolution.®* Moreover, T1
is longer and T2 is shorter at higher
fields, resulting in improved chem-
ical exchange saturation transfer
(CEST) imaging.°

Structural MRI is based on the
'H MR signal from water molecules
(H,0). Proton MRS (*H MRS) plays a
complementary role to convention-
al MRI by delivering a plethora of
biochemical and metabolic data.**
Multi-nuclear MRI captures MR sig-
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nal from nuclei other than hydrogen
such as sodium-23 (*Na), phospho-
rus-31 (*'P), fluorine-19 (“¥F), and
carbon-13 (**C). Because these nuclei
are involved in many biological pro-
cesses, they provide metabolic and
functional information beyond that
provided by hydrogen alone. Because
these nuclei occur at a relatively

low concentration, the increased
signal available from UHF MRI
systems has improved the ability to
image using these physiologically
relevant nuclei.®

Some of the challenges of UFH
include inhomogeneities of the BO
field, inhomogeneities of the ra-
diofrequency (RF) excitation, short-
er T2 relaxation, and increased
SAR.% Technical developments such
as improved coil designs, higher-or-
der B0 shimming, radiofrequency
pulse shaping (B1 shimming), and
parallel transmission techniques
can address some of these chal-
lenges (2), but others like shorter
T2 and increased SAR are physical
limitations that cannot be solved
through engineering.

Moreover, even though UHF
provides images with higher
resolution and enhanced differ-
entiation of tissue types, motion
artifacts are more likely to appear
on high-resolution MRI.*” A variety
of prospective and retroactive
motion correction approaches have
been applied to address this con-
cern.®®® The increased occurrence
of signal dropout in SWI at UHF,
which is advantageous for cer-
tain clinical applications like the
detection of microbleeds and other
small lesions, negatively impacts
image quality in certain regions of
interest near air-tissue interfaces.?
Geometric distortions in EPI BOLD
and diffusion-weighted imaging
are also increased at UHF, which
can offset gains in spatial or tem-
poral resolution without special
post-processing steps.””!
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Physiologically, at UHF there are
more frequent occurrences of RF
heating of tissue foci. Therefore, to
stay compliant with regulatory stan-
dards, imaging sequence parame-
ters must frequently be modified,
such as repetition time lengthening
or lowering the number of captured
slices, which makes clinical utiliza-
tion of UHF extremely challenging.?
The physiologic effects of higher
magnetic fields are time-dependent
and can be classified as transient or
permanent. Transient effects vanish
either promptly or in a reasonably
short amount of time post-exposure
and affect the daily function of
body systems, whereas permanent
consequences cause prolonged
health concerns.

Some of the transient physiologic
effects of UHF MRI systems include
metallic taste, nausea, dizziness,
vertigo, sweating, and magnetopho-
sphenes.>” With the development
of UHF systems, concerns exist that
uncomfortable transient symptoms
might impact patients’ desire to
undergo imaging studies. There-
fore, several studies comprehen-
sively investigated these outcomes
on 7T and 9T systems and reported
that even though these effects were
higher in high magnetic fields
compared to lower fields, they had
no major impact on the technique’s
acceptability.”>”® However, the most
observed causes of discomfort in
patients were study duration, the
requirement to lie motionless, and
acoustic noise, which were irrele-
vant to magnetic field strength.”

Another important effect is
electrocardiogram (ECG) alter-
ations under high magnetic field
systems, marked by high T-waves.”
Such ECG variations can make it
challenging to interpret UHF imag-
ing sequences that rely on cardiac
triggering or gating. There has also
been debate in the literature re-
garding whether UHF systems may
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impact blood pressure as a result
of the extra effort to circulate blood
through the high magnetic field.
Initial modeling studies suggested
this would pose a possible obstacle
to 10T or higher MRI examinations;
however, subsequent studies on hu-
mans and animals assessing blood
pressure variations when exposed
to high magnetic fields indicated no
meaningful consequences at fields
as high as 9.4T or 10.5T.”"

Multiple investigational studies
have also focused on temporary
cognitive consequences, with some
studies concluding no correlation
while others reporting a posi-
tive correlation.”*® Even though
occupational exposure to mag-
netic fields is often far lower than
the high field at the isocenter of
the magnet, employees who are
involved in maintaining or cleaning
the interior of the machine may be
subjected to high fields. Studies are
ongoing regarding these effects and
approaches to minimize potential
negative outcomes.

Long-term or permanent effects
of high magnetic fields are mainly
assessed by evaluating DNA dam-
age. According to the International
Commission on Non-Ionizing
Radiation Protection (ICNIRP)
and most recent scientific reports
and reviews, the possible effects
of MRI on DNA are far lower than
ionizing radiation outcomes.>%
Few investigations have studied the
effect of MRI on DNA, with con-
troversial findings.®** In-vivo and
in-vitro investigations on strength
fields as high as 7T and large study
populations found no substantial
DNA alterations.®**5” MRI has
been widely used to evaluate many
patients, with an outstanding
record for safety, even at 7T. Studies
with larger patient populations
are warranted to evaluate the safe
utilization of even higher magnetic
field strengths.
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Figure 4. Side-by-side comparison of (A) 3T (2.0x2.0x2.0 mm?,TR: 3000ms) and (B) 7T (0.85x0.85x1.5 mm?, TR: 3000ms) EPI BOLD in a healthy volunteer.

Figure 5. Side-by-side comparison of (A)
3T (1.0x1.0x1.0 mm3,TA: 4:17) and (B) 7T
(0.7x0.7x0.7 mm?,TA: 6:35) MPRAGE in a
healthy volunteer.

In addition, UHF scanners have magnetic field contributes signifi- Clinical Applications of UHF MRI
much higher initial and opera- cantly to the scanners’ operational There is growing data on the
tional expenses than non-UHF costs by increasing shielding and potential of UHF MRI in improving
scanners. Low manufacturing vol- site preparation expenditures.® diagnoses and clinical management
umes, as well as the expenditures Moreover, due to the current lack of several pathologies. In neurora-
involved in creating a strong mag- of efficient body coils for UHF diology, UHF MRI’s higher resolu-
netic field, such as magnets and scanners, transmit/receive coils tion has been shown to enhance
conductors, greatly increase the must be utilized, which further the representation of detailed and
cost of these scanners. The higher increases the overall cost.” complex anatomical structures,
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Figure 6. Side-by-side comparison of (A) 3T (1.0x1.0x1.0 mm3TA: 4:17) and (B) 7T (0.7x0.7x0.7 mm?TA: 6:35) MPRAGE in a healthy volunteer.

such as cranial nerves and struc-
tures of the brain stem (Figures 4,
5, 6).°2°1 UHF MRI enables better
detection of arteriovenous mal-
formations (AVMs) and cerebral
microaneurysms with diameters

of 1 mm or smaller.>*® In individ-
uals with stroke, small infarctions
not identified on 1.5T MRI were
detected on 8T MRI images utilizing
weighted gradient echo (GRE) and
rapid acquisition with relaxation
enhancement.* For patients with
multiple sclerosis, recent studies
have shown increased diagnostic
confidence using UHF MRI com-
pared to 1.5T or 3T (Figures 7 and
8).” 7T MRI has also shown utility
in neurodegenerative diseases such
as Alzheimer’s disease by providing
an accurate volumetric evaluation
of hippocampal subfields and the
entorhinal cortex.”* Moreover, UHF
MRI at 7T could be used to better
visualize the substantia nigra and
its inner structure in patients with
Parkinson’s disease.®” In epileptic
patients, UHF MRI systems enable
better visualization of epileptic foci
by improving SNR and CNR.**® The
higher spatial resolution of 7T scan-
ners provides the opportunity to
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better detect and distinguish brain

tumors from surrounding tissues.'®
In addition to neuroradiology
applications, 7T scanners have been
approved for a number of muscu-
loskeletal indications. Trabecular
bone microarchitecture has been
evaluated by using GRE-based pulse
sequences and high-resolution
spin-echo applied to 7T, leading to
enhanced visualization of tissues.'
When the diagnostic performance
of 7T was compared to that of 3T in
the diagnosis of joint diseases in in-
dividuals with knee pain, 7T not only
showed considerable improvements
in SNR but also enhanced overall
diagnostic confidence, particularly
for the evaluation of small joint
structures.’® T2 and T2* mapping
at 7T have demonstrated a positive
correlation with water content on
the evaluation of cartilage collagen
matrix integrity.’” Moreover, T1p
imaging at 7T MR, which is utilized in
the evaluation of proteoglycan con-
tent in cartilage, has led to improved
sensitivity with the same resolution
compared to 3T MRI scanners.* The
feasibility of spine MRI at UHF has
been described in prior studies, and
recent advances in innovative coil

technology enhance 7T spine MR by
increasing SNR.!051%

In comparison to neuroimaging
and MSK applications, a limited
number of studies have focused
on the application of UHF MRI in
abdominal and thoracic imag-
ing. Ladder et al. reported that
the improved SNR and CNR at 7T
seen in a variety of abdominal
organs allowed the identification
of minor pathologies that would
otherwise be undetected at lower
field strengths.'”” The feasibility of
good-quality images of the kidneys
has been shown at 7T, especially T1
GRE MRI. Umutlu, et al, demon-
strated that contrast-enhanced
MRI cholangiopancreatography
(MRCP) is feasible at UHF. The
authors reported equivalent results
compared to 3T MRCP.!*® In pros-
tate MRI, T2 and DWI (+ dynamic
contrast-enhanced) are the most
frequently used sequences. By
applying high-resolution T2 TSE MR
at 7T, cancerous lesions in both the
transition zone and the peripheral
zone could be distinguished.!* 7T
has also shown feasibility in the
assessment of breast cancer lesions
and in cardiac MRL. -1
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Figure 7. A patient with relapsing-remitting multiple sclerosis. (A) Fluid-attenuated turbo inversion recovery magnitude (TIRM), (B) T2, (C) T2*.

Figure 8. A patient with relapsing-remitting multiple sclerosis. (A) Axial and (B) sagittal fluid-attenuated turbo inversion recovery

magnitude (TIRM), 0.7x0.7 mm?2, 1.9 mm slice thickness.
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Discussion

Developing a successful MRI
service in a healthcare setting is
a complicated and multifaceted
process that includes financial
considerations for equipment pur-
chases, maintenance, and upgrade
contracts, as well as operational
considerations for safety, quality as-
surance, and workflow. Additionally,
an MRI technologist with expertise
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in image acquisition and operating
logistics specific to the scanner is
also required. Therefore, it is crucial
to comprehend the opportunities
and challenges of each scanner,

and the selection of an MRI scanner
should consider all of these factors.

Academic Institutions and
Research Facilities

Increased SNR and CNR, high spa-
tial resolution, and improved image

quality of UHF systems provide the
opportunity for better visualization
of detailed and complex pathologies.
This feature makes UHF MRI ideal
for understanding the pathophysi-
ology and investigating the natural
history of various disease processes.
On the other hand, low-field
MRI systems have great potential
for research, particularly related to
new applications of these systems
and clinical validation of emerging
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sequences and techniques. Capa-
bilities unique to low-field settings,
such as their mobility, increase
access and make imaging investiga-
tions possible in previously uninves-
tigated situations, such as the ICU.

Community-based Inpatient
Facilities and Hospitals

Mainstream imaging studies are
performed on 1.5-3T scanners, as
these are the most standardized in
terms of acquisition protocols and
radiology technologists’ familiarity.
Moreover, radiologists are more
accustomed to interpreting the im-
ages acquired by these scanners.

Low-field scanners can help with
intraoperative imaging in commu-
nity-based inpatient hospitals. The
intraoperative application of these
scanners in such settings facilitates
multidisciplinary communication
and provides the opportunity for
better patient care in situations
requiring urgent and emergent
clinical decision-making. Addi-
tionally, the portability feature can
alleviate many logistical challenges
for patient transport in and out of
specific hospital wards. The low
cost of low-field scanners might be
especially beneficial for inpatient
facilities looking to grow their MRI
fleet. Many of the routine exams
conducted in radiology today do not
benefit from the features afforded
by higher fields such as 3T. These
exams might be offloaded to a less
expensive low-field system, freeing
up higher field strength scanners for
applications that benefit from them.

The presence of UHF scanners
in the MRI service of a communi-
ty-based inpatient facility could
potentially improve patient care in
clinical scenarios that require high-
er resolution imaging for enhanced
interpretation, accurate diagnosis,
and therefore optimal management.
However, the relatively limited
benefits in this setting need to be
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balanced with the operational chal-
lenges and the cost associated with
the maintenance of these scanners.

Private Practice Radiology Settings

Low-field MRI systems are well
suited for private practice settings
due to their low cost and ease of
maintenance. As the cost of an
MRI scanner is directly associated
with the magnet strength, low-
field scanners have lower initial
purchase costs. Moreover, owing to
decreased energy consumption and
safety considerations, these sys-
tems require less maintenance cost.

Low-field MRI systems may also
broaden the potential patient popu-
lation for radiology private practice
settings; for example, claustropho-
bic patients and individuals who
have difficulty staying in closed MRI
systems due to their body habitus
may prefer radiology practices
that offer more open configuration
MRI imaging options. Addition-
ally, the reduced noise associated
with low-field systems may result
in less anxiety and an improved
imaging experience, enhancing
value-based care.

Conclusion

Selecting an MRI scanner for a
private practice setting, tertiary
care institution, or research center
is a nuanced task. In order to make
an informed decision, it is critical
to evaluate the imaging scenarios
for which the scanner is intended
and in which it excels, as well as
a comprehensive understanding
of the strengths and limitations of
various magnetic fields.
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Improving Radiology Resident Proficiency in
MRI Safety

Akarshan Monga, DOY; Shima Aran, MD?

Abstract

Background: Radiology residents are often tasked with deciding whether a patient can safely undergo a magnetic
resonance (MRI) imaging scan. To correctly make these decisions the residents need to have strong knowledge
about MRI safety issues. There are gaps in radiology resident knowledge about MRI safety that might be addressed
with a variety of educational interventions.

Objective and hypothesis: The primary objective of this project is to increase mean radiology resident knowl-
edge about MRI safety by a statistically significant amount. The null hypothesis is that mean pre- and post-inter-
vention knowledge scores will be the same, and the alternative hypothesis is that mean post-intervention score
will be greater.

Methods: We assessed baseline MRI safety knowledge of Detroit Medical Center radiology residents (number=35)
with a 10 question quiz. The radiology residents were then provided a PowerPoint presentation that summarizes
recent review articles about MRI safety. Next, the residents took the same quiz again. We compared the pre- and
post-intervention quiz scores.

Results: 10 radiology residents (28.6%) completed the pre-quiz and 9 radiology residents (25.7%) completed the
post-quiz. When comparing the pre- and post-intervention quiz scores, the t stat = -2.020 and p one-tail= 0.03. As
p < 0.05, the null hypothesis is rejected, and we can conclude that mean post-quiz score > pre-quiz score with
statistical significance.

Conclusion: There was a statistically significant increase in mean quiz score after residents reviewed a PowerPoint
on MRI safety. Therefore, we achieved the primary objective by increasing resident knowledge about MRI safety. The
participating residents can now make decisions about MRI safety with more accuracy and confidence. The primary
limitation of this study was that fewer than 30% of the radiology residents participated and the respondents were
skewed towards the early training years.
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Figure 1. Pre-intervention quiz results.
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Figure 2. Post-intervention quiz results.
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Introduction

There are multiple patient safety
issues associated with MRI imaging
due to the strong magnetic field
and rapidly changing gradients, as
well as concerns about administra-
tion of gadolinium-based contrast
agents. The MRI technologist or
radiology nursing staff frequently
contact on-call radiology residents
to resolve their concerns and
specifically to ask whether a patient
can be safely scanned or can safely
receive contrast. Hollingsworth, et
al,! found gaps in radiology resident
knowledge about these issues.
Swenson, et al,? assessed whether
online modules or live lectures
would improve resident knowledge
about MRI safety and found statis-
tically significant improvement in
resident knowledge after interven-
tion with both online modules and
live lectures.

The primary objective of this
project is to increase mean radiol-
ogy resident knowledge about MRI
safety by a statistically significant
amount. The null hypothesis is
that mean pre- and post-inter-
vention scores will be the same,
and the alternative hypothesis is
that mean post-intervention score
will be greater.

The secondary objective of this
project is to decrease radiology
resident decision making time
about MRI safety issues by a statis-
tically significant amount. The null
hypothesis is that mean pre- and
post-intervention time to complete
the quiz will be the same, and the
alternative hypothesis is that mean
post-intervention time will be less.

Many benefits will result from
the achievement of these objectives.
Patients will benefit from more
accurate MRI safety decisions.

MRI safety decisions will be made
more accurately and faster, helping
patient management decisions by
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ordering physicians. Radiology resi-
dents will gain accuracy, speed, and
confidence when making decisions.

Methods and Materials

We assessed baseline knowledge
of Detroit Medical Center radiology
residents (number=35) with a quiz
of 10 multiple choice questions
about the topics of MRI magnet and
contrast safety. The quiz includ-
ed an additional question asking
how long it took the respondent to
complete the quiz. We also asked
the residents their current training
year. Residents were not asked to
identify themselves and the scores
were anonymous. The radiology
residents were then provided a
17-slide PowerPoint presentation
file that summarizes recent review
articles ** about MRI safety. Resi-
dents had the opportunity to down-
load and self-review the PowerPoint
file. The topics covered in the
PowerPoint presentation included:
basic MRI physics, medical device
and implant MRI compatibility,
regulations regarding maximum
specific absorption rate and acous-
tic levels, assessment of risk of
nephrogenic systemic fibrosis and
other issues related to the use of IV
gadolinium, MRI safety zones, and
management of emergencies near
the scanner. Next, the residents
retook the same quiz. Time delays
between the preintervention quiz,
reviewing the PowerPoint and then
retesting were not specified and the
residents self-selected when they
retook the post-intervention quiz.
We compared the mean of the pre-
and post-intervention quiz scores
and time to complete using t-tests.

Results

10 radiology residents (28.6%)
completed the pre-quiz, which
included 4 first-year, 3 second-year,

2 third-year, and 1 fourth-year
residents. 9 radiology residents
(25.7%) completed the post-quiz,
which included 4 first-year, 2
second-year, 2 third-year, and 1
fourth-year residents. See Figures
1 and 2 for quiz scores. Regarding
the quiz scores, the t stat =-2.020
and p one-tail= 0.03. As p < 0.05, the
null hypothesis is rejected, and we
can conclude that mean post-quiz
score > pre-quiz score with statisti-
cal significance.

As for the time to complete the
quiz, for the pre-quiz, mean = 5.2
minutes, median = 5 minutes, and
the range = 2-10 minutes. For the
post-quiz, the mean = 2.44 minutes,
median = 2 minutes, and range =
1-5 minutes. The t stat = 3.41 and
p one-tail= 0.002. As p < 0.05, the
null hypothesis is rejected, and we
can conclude that mean post-quiz
time to complete < mean pre-quiz
time to complete with statisti-
cal significance.

Discussion

There was a statistically signif-
icant increase in mean quiz score
after residents reviewed a Power-
Point on MRI safety. Therefore,
we achieved the primary objective
by increasing resident knowledge
about MRI safety. Additionally,
we found a statistically significant
decrease in time to complete the
quiz after the intervention. As such,
the secondary objective to improve
resident speed in answering ques-
tions about MRI safety issues was
also achieved, suggesting that they
now knew the correct answer. The
participating residents will likely be
able to make decisions about MRI
safety with more accuracy and with
improved speed and confidence.

One limitation of this study is
that fewer than 30% of the radiol-
ogy residents participated and the
respondents were skewed towards
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the early training years. This may
have impacted the results as inter-
vention would be expected to result
in greater increase in knowledge
for less experienced residents.
Additionally, there was no specific
time delay between reviewing the
PowerPoint, and the post-quiz, so
that long term and intermediate
term retention were not assessed.
As the scores were anonymous,
individual improvement could not
be assessed and only mean changes
were assessed.
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As a next step we can further
improve resident knowledge on this
topic through different education
tools such as modules, lectures, and
training/simulations.
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This exclusive program is designed to identify, cultivate, and highlight
the future stars in medical imaging.

All radiology residents are invited to submit a clinical research article
and/or a clinical review paper, which will be considered for publication
in a special supplement to Applied Radiology.

Topics should be focused on imaging modalities and/or areas related
to medical imaging.
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