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A National Survey on Safety Management at MR Imaging Facilities in Japan

Minako Azuma1, Kanako K. Kumamaru2, Toshinori Hirai1*, Zaw Aung Khant1,
Ritsuko Koba2,3, Shinpei Ijichi2,4, Masahiro Jinzaki5, Sadayuki Murayama6,

and Shigeki Aoki2

Purpose: To investigate safety management at Japanese facilities performing human MRI studies.

Materials and Methods: All Japanese facilities performing human MRI studies were invited to participate
in a comprehensive survey that evaluated their MRI safety management. The survey used a questionnaire
prepared with the cooperation of the Safety Committee of the Japanese Society for Magnetic Resonance in
Medicine. The survey addressed items pertaining to the overall MRI safety management, questions on the
occurrence of incidents, and questions specific to facility and MRI scanner or examination. The survey
covered the period from October 2017 to September 2018. Automated machine learning was used to
identify factors associated with major incidents.

Results: Of 5914 facilities, 2015 (34%) responded to the questionnaire. There was a wide variation in the
rate of compliance with MRI safety management items among the participating facilities. Among the
facilities responding to this questionnaire, 5% reported major incidents and 27% reported minor incidents
related to MRI studies. Most major incidents involved the administration of contrast agents. The most
influential factor in major incidents was the total number of MRI studies performed at the facility; this
number was significantly correlated with the risk of major incidents (P < 0.0001).

Conclusion: Therewere large variations in the safety standards applied at Japanese facilities performing clinical
MRI studies. The total number of MRI studies performed at a facility affected the number of major incidents.
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Introduction

Diagnostic MRI is used worldwide. The number of MRI
units in Japan is about 7 times the global average, and the
ratio of MRI scanners to the population is the highest in the
world

1. MRI presents safety risks associated with large static
and changing magnetic fields, high-powered RF coil

systems, and exogenous contrast agents2–7. Diagnosticians
must be alert to these risks and their mitigations in order to
protect their patients, themselves, and their colleagues from
the avoidable harm. Consequently, strict compliance with
safety regulations is required2–7.

In 2014, the Safety Committee of the Japanese Society for
Magnetic Resonance in Medicine (JSMRM) issued the second
edition of “MRI Safety Principles, Standards and Clinical
Concerns”8. However, it remained unknown how well the pro-
mulgated safety management standards were applied at Japanese
MRI facilities. Therefore, we aimed to investigate safety man-
agement at facilities performing human MRI studies in Japan.

Materials and Methods

Facilities surveyed
Allmedical facilities in JapanwithMRI equipment were invited
to participate in a survey that evaluated their compliance with
MRI safety standards. A list of these facilities was obtained
from the website of the Ministry of Health, Labour andWelfare
(https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/kenkou_
iryou/iryou/teikyouseido/index.html). A Japanese medical
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journal9 was referred to identify the MRI scanners. Facilities
whose addresses were unknown and facilities that had sold their
MRI equipment were excluded. The total number of facilities
invited to participate in the survey was 5914.

Questionnaire
Our survey questionnaire was prepared with the cooperation of
the JSMRM. It included items specific to MRI safety manage-
ment (Tables 1–5) and questions pertaining to the occurrence of
major and minor incidents (Table 6). The questionnaire also
contained information regarding the type of facility that hosted
MRI equipment, MRI scanners, average time for 1 MRI exam-
ination, number of MRI studies, and personnel (Figs. 1–7).

Survey period and method
The survey covered the period from October 2017 to
September 2018. On November 5, 2018, the survey ques-
tionnaires were sent by regular mail or by e-mail to 5914
facilities. Each survey packet sent by regular mail included a
prepaid return envelope. Questionnaires sent by e-mail
included commercially available Google forms (docs.goo-
gle.com/forms); responses were collected electronically. The
deadline for submitting the responses was November 30,
2018. Survey reminders were sent a few days before the
deadline.

Statistical analysis
It was difficult to adopt conventional multivariate statistical
methods because this study handled many types of questions
includingmultiple-choice questions. Therefore, before conduct-
ing the survey, these survey questionnaires were designed to
apply a machine learning analysis model. To adequately per-
form accurate statistical analysis for items with many variables,
the variables in 7 questions were consolidated. To identify the
factors associated with MRI-related major incidents that had
affected the patient’s health, the DataRobot enterprise artificial
intelligence (AI) platform (DataRobot Automated Machine
Learning version 6.0; DataRobot, Tokyo, Japan) was used to
create machine learning models. The AI platform provides a
method to create a more robust and accurate ensemblemodel by
combining independent models created from multiple indepen-
dent algorithms. The relative importance of a variable to the
ensemble model was assessed using permutation importance as
described by Breiman10. On the DataRobot platform, the fol-
lowing 5 steps were performed automatically:

1. The random seed controlling the random sampling
condition in cross-validation (CV) partitioning was
changed 10 times to run the “autopilot” 10 times.

2. Each time on autopilot, 7-fold CVwas conducted with a
0% holdout. (Partitioning employs stratified extraction
so that the ratio of true/false is the same for all folds.)

3. For model creation, hyperparameters were optimized;
preprocessing and algorithm application were per-
formed automatically.

4. With each autopilot run (n = 10), multiple ensemble
models were generated; single machine learning mod-
els with different algorithmic predispositions (e.g.,
eXtreme gradient-boosted trees, random forest, and
regularized regression such as Elastic Net and Neural
Networks) were combined. The ensembles also
applied various methods such as Average and
Generalized Linear Model (GLM).

5. Permutation importance was calculated for the most
accurate ensemble models created in step 4. Since
going through these steps finally yielded 10 permuta-
tion importance values for each explanatory variable,
its median value was calculated.

We then performed variable selection to ensure that no
explanatory variables with relatively small median values
were included in the model and again performed autopilot
runs with different random seeds. We repeated the above
steps to narrow down the results to only the important variables.

To understand the independent impact of individual vari-
ables on major incidents, we constructed a partial depen-
dence plot as described by Friedman11. We used Light
Gradient Boosted Machine Classifier, a machine learning
model based on gradient boosting, to calculate the plotted
values. The partial dependence plot can be interpreted as
showing the effect of changing a variable in isolation; it
demonstrates the relationship between the value of that vari-
able and the probability value of the major incident. For each
of the selected items, the risk ratio for major incidents was
calculated; to obtain the correlation between two variables,
the Pearson correlation coefficient (r) was calculated.
Differences of P < 0.05 were considered significant.

Results

Of the 5914medical facilities invited to participate in this survey,
2015 (34%) responded fully or partially to the questions—1923
responded by regular mail and 92 responded by e-mail.

As shown in Fig. 1, of the 2015 survey participants, 1930
(96%) indicated their type of facility—majority were general
hospitals with fewer than 200 beds (n = 679, 35%), next were
special functioning and regional medical care support hospitals
(n = 446, 23%), followed by general hospitals with more than
200 beds (n = 379, 20%). The manufacturer and the magnetic
field strength of the MRI scanners are shown in Fig. 2. Of the
2807 scanners in use from October 2017 to September 2018 at
the surveyed facilities, 1853 (66%) were 1.5T instruments, 634
(23%) were 3T, and 267 (10%) were <1.5T scanners.

The average time for 1 MRI examination was 30 min
at 965 (49%) of 1987 responding facilities and 20 min in
654 (33%) of them (Fig. 3). During the month of
September 2018, 570 of 2015 facilities (28%) performed
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up to 100 MRI studies, 441 (22%) performed between
100 and 200 examinations, and 312 (15%) performed
between 200 and 300 MRI scans. The remaining facilities
(n = 692, 34%) performed more than 300 MRI scans in
that period (Fig. 4). We found that of 1977 facilities
responding to the question regarding the number of
MRI-specialized personnel in each facility, 1440 (73%)

did not employ MRI-specialized personnel (Fig. 5). No
full-time radiologists involved in MRI protocol instruc-
tions, scan interpretation, and face-to-face interactions
with patients and/or colleagues were on-site in 1096
(57%) of 1921 responding facilities (Fig. 6); 1185
(60%) of 1971 the facilities did not employ part-time
radiologists specialized in MRI issues (Fig. 7).

Table 1 Preparation of MRI safety management and manual

Item Questiona Yes No
MRI not

performedb

1 Is there an MRI examination management team composed of the responsible doctor,
other doctors, radiological technologists, nurses, etc., in the facility? (n = 2009)

256
(13%)

1753
(87%)

NA

2 Does the MRI examination management team hold meetings on safety management at
least once a year? (n = 1880)

170
(9%)

1710
(91%)

NA

3 Does the MRI examination management team regularly give lectures to health-care
professionals in the facility? (n = 1876)

357
(19%)

1519
(81%)

NA

4 Do you have a manual for safety management system before MRI inspection in the
facility? (n = 1994)

1438
(72%)

556
(28%)

NA

5 Is there an operation manual for sedation of claustrophobic patients and is the
cooperation with other department doctors established? (n = 2008)

298
(14%)

1710
(86%)

NA

6 Is there an operation manual that includes a communication system for dealing with
magnet quench? (n = 1972)

894
(45%)

1078
(55%)

NA

7 Do you have a manual for dealing with disasters such as earthquakes, floods, and
power outages? (n = 1994)

1197
(60%)

797
(40%)

NA

8 Is a system established to check for MRI findings requiring urgent action (such as
vascular disorders requiring immediate treatment) and to promptly notify the
requesting physician? (n = 1999)

1556
(78%)

443
(22%)

NA

9 Is there an operation manual for MRI examination of pregnant women? (n = 1966) 372
(19%)

666
(34%)

928
(47%)

10 For pediatric patients who need sedation, is an emergency backup system and a
system for coordinating with other doctors (anesthesiologists, pediatricians, etc.)
prepared and trained? (n = 1969)

201
(10%)

637
(32%)

1131
(58%)

11 Does your facility have an operation manual for patients with implantable medical
devices (e.g., pacemakers)? (n = 1976)

640
(33%)

139
(7%)

1197
(60%)

12 Is an operation manual, emergency backup system, and a system to cooperate with
doctors (emergency doctors, etc.) in other departments established for allergic
reactions and extravasation after use of contrast agents in patients? (n = 2001)

1291
(65%)

423
(21%)

287
(14%)

13 Is there an operation manual and training for ensuring the safety of subjects in an
emergency? (n = 1996)

359
(18%)

633
(32%)

1004c

(50%)

14 As a postmarketing safety measure for gadolinium-contrast agents, have you
cooperated with the Pharmacy Department to disseminate important information on
postuse cautions in the hospital? (n = 1996)

783
(39%)

925
(46%)

288d

(15%)

15 As a postmarketing safety measure for drugs used during MRI examinations other
than gadolinium-contrast agents (ferucarbotran, scopolamine butyl bromide, glucagon,
and manganese chloride), have you cooperated with the Pharmacy Department to
disseminate important information about the revision of precautions in the hospital? (n =
1992)

604
(30%)

1030
(52%)

358e

(18%)

Values are the number of facilities. NA, not available.
aThe number in parentheses shows the number of facilities that responded to the question item.
bMRI examination was not performed for certain patients.
cThere was an operation manual but no training for ensuring the safety of subjects in an emergency.
dThe measure was not necessary because contrast-enhanced MRI studies had not been performed.
eThe measure was not necessary because the MRI examination using drugs other than gadolinium-contrast agents had not been performed.
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Table 2 Confirmation at the time of MRI examination request

Item Questiona Yes No

16 Is there a system to check for contraindicated devices when a doctor requests an examination? (n = 2006) 1658
(83%)

348
(17%)

Values are the number of facilities.
aThe number in parentheses shows the number of facilities that responded to the question item.

Table 3 Confirmation before MRI examination

Item Questiona Yes No MRI not performedb

17 Does the patient have sufficient information (such as the risk of metal in the
body) necessary for safety management before the MRI examination? (n = 2005)

1962 (98%) 43 (2%) NA

18 Do you check for the presence of patches in the skin (e.g., thermal patch,
thermal wear)? (n = 2007)

1986 (99%) 21 (1%) NA

19 Have you fully explained and understood how to tell the patient to cancel the
test (use of emergency call)? (n = 2007)

1975 (98%) 32 (2%) NA

20 Do you check for renal function and allergies (allergy to contrast agents,
bronchial asthma, etc.) before contrast-enhanced MRI? (n = 2002)

1688 (84%) 22 (1%) 292 (15%)

21 Are measures taken to prevent NSF (checking renal function, eGFR, contrast
agent dosage, etc.)? (n = 1999)

1567 (79%) 125 (6%) 307 (15%)

22 Have you checked the following information on the questionnaire for safety management before MRI examination? (Multiple
answers are allowed.)

Implantable medical device 1977 (98%)

Magnetic material in the body 1971 (98%)

Tattoo 1897 (94%)

History of surgery 1845 (92%)

Magnetic material outside the body 1683 (84%)

Art makeup 1742 (86%)

No confirmation 33(2%)

23 Have you checked the body for magnetic substances before MRI examination? (Multiple answers are allowed.)

Checked with metal detector 890 (44%)

Checked with magnetic detector 110 (5%)

Checked by doctor’s interview 1421 (71%)

Checked by paramedical interview 1820 (90%)

No confirmation 3 (0.1%)

Values are the number of facilities. eGFR, estimated glomerular filtration rate; NA, not available; NSF, nephrogenic systemic fibrosis.
aThe number in parentheses shows the number of facilities that responded to the question item.
bThe measure was not necessary because contrast-enhanced MRI studies had not been performed.

Table 4 Confirmation during MRI examination

Item Questiona Yes No

24 Is there an observation of heart rate, blood oxygen level, etc., during an MRI examination for patients who
need them? (n = 2004)

1407
(70%)

597
(30%)

25 Are you taking measures against noise? (n = 2004) 1707
(85%)

297
(15%)

Values are the number of facilities.
aThe number in parentheses shows the number of facilities that responded to the question item.
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Table 5 MRI inspection and record

Item Questiona Yes No

26 Do you record and save examination times and imaging protocols? (n = 1996) 894 (45%) 1102 (55%)

27 Do you have a phantom for quality control of MRI equipment? (n = 2005) 1656 (83%) 349 (17%)

28 Have you checked the operation of the emergency stop function of the bed? (n = 2002) 1164 (58%) 838 (42%)

28 Do you record the temperature and humidity in the MRI room? (n = 2009) 789 (39%) 1220 (61%)

30 Do you record the oxygen concentration in the MRI room? (n = 2004) 730 (36%) 1274 (64%)

31 Have you checked the operation of the oxygen concentration monitor in the MRI room?
(n = 2003)

1341 (67%) 662 (33%)

32 Do you record the temperature and humidity in the computer room? (n = 2008) 676 (34%) 1332 (66%)

33 Have you checked the operation of the patient emergency call? (n = 2004) 1721 (86%) 283 (14%)

34 Do you regularly perform maintenance inspections (manufacturer inspections or inspections by qualified personnel other than
manufacturers)? (n = 1994)

At least once every 3 months 927 (46%)

At least once every 6 months 853 (43%)

At least once a year 94 (5%)

At least once every 2 years 14 (<1%)

No 35 (2%)

Others 71 (4%)

35 Do you record and store the maintenance inspections in item 34? (n = 2006)

Yes 1968 (98%)

No 4 (<1 %)

No maintenance 34 (2%)

36 Do you have a maintenance contract for MRI equipment? (n = 1975)

Yes 1632 (83%)

Inspection only 282 (14%)

Others 61 (3%)

37 Is the MRI machine checked at the start and end of work? (n = 1961)

Every day 1663 (85%)

Once a week 46 (2%)

5 times a week 21 (1%)

6 times a week 18 (<1%)

Twice a week 10 (<1%)

Others 12 (<1%)

No 191 (10%)

38 What are the evaluation items for the phantom scan at the start of the MRI system? (Multiple answers are allowed.)

Image artifacts 1175 (58%)

Noise 742 (37%)

Quantitative image quality 450 (22%)

Other items 167 (8%)

Unchecked 599 (30%)

Values are the number of facilities.
aThe number in parentheses shows the number of facilities that responded to the question item.
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Tables 1–6 list the answers submitted to the survey ques-
tionnaire. Of the 2015 responding facilities, some did not answer
specific questions or did not perform MRI in certain patients.

As shown in Table 1, of 2009 responding facilities, only
256 (13%) had an on-site MRI management team and only
170 (9%) of 1880 facilities held management meetings at least
once a year. Manuals were available at 1438 (72%) of 1994
facilities that responded to this item; however, 1004 (50%) of
1996 responders did not provide staff training to ensure the
safety of patients and personnel in case of an emergency. The
availability of manuals for dealing with different situations
varied among the institutions. Only 298 (17%) of 1710

facilities provided a manual for the sedation of claustrophobic
patients, and 201 (24%) of 838 facilities provided a manual for
the management of sedated pediatric patients. Cooperation
with the Pharmacy Department to assure the safe handling of
gadolinium-contrast agents and of other drugs used during
MRI studies was reported by 783 (46%) of 1708 and by 604
(37%) of 1634 MRI facilities, respectively.

Of 2006 facilities, 1658 (83%) checked their patients
for implanted devices before MRI (Table 2). The rate of
facilities that addressed the issues with potential effects
before MRI examination is shown in Table 3. Of 2004
facilities, 1407 (70%) monitored the heart rate and blood

Table 6 MRI-related accidents

Item Questiona Yes No

39 In the past year (October 2017–September 2018), have there been any accidents (major incidents) related to
MRI that affect patient health? (n = 1954)

90 (5%) 1864
(95%)

40 In the past year (October 2017–September 2018), have there been any accidents (minor incidents) related to
MRI that have not affected the patient’s health? (n = 1954)

519
(27%)

1435
(73%)

Values are the number of facilities.
aThe number in parentheses shows the number of facilities that responded to the question item.

Fig. 1 Type of medical facilities
(question 41).
Values are the number of facilities.
Data in parentheses are percen-
tage.

Fig. 2 Manufacturer and magnetic
field strength of MRI scanners (mul-
tiple answers were allowed) (ques-
tion 42).
Values are the number of MRI
scanners. Data in parentheses are
percentage.
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oxygen level during MRI; noise reduction measures
were implemented in 1707 of 2004 (85%) facilities
(Table 4). The responses to questions related to the
maintenance of MRI instruments and MRI records are
shown in Table 5. About one-third of facilities kept
records of the temperature, humidity, and oxygen con-
centration in the MRI room, and the temperature and
humidity in the computer room. A phantom for quality
control of the MRI equipment was present in 1656
(83%) of 2005 facilities. Phantom scans acquired at the
start of the MRI system were examined for image arti-
facts in 1175 (58%) of 2015 facilities.

A summary of MRI-related accidents is shown in
Table 6. During the period from October 2017 to

September 2018, 90 (5%) of 1954 facilities experienced
MRI-related major incidents that affected the patients’
health and 519 (27%) minor incidents that did not.
Factors that attributed to the occurrence of major and
minor incidents are shown in Tables 7 and 8. Among
102 major incidents reported by 90 facilities, 31 (30%)
were due to shock or death attributable to the adminis-
tration of contrast agents; 519 facilities encountered 850
minor incidents, of which 28% were because of mag-
netic materials harbored by the patient, which were
overlooked.

The automated machine learning platform identified 6
questions that were robust to varying sampling condi-
tions and were strongly associated with major MRI-

Fig. 4 Total number of MRI exam-
inations during the month of
September 2018 (question 44)
Values are the total number of MRI
examinations. Data in parentheses
are percentage.

Fig. 3 Average time for 1 MRI
examination (question 43).
Values are the number of facilities.
Data in parentheses are percen-
tage.

Safety Management at MRI Facilities
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related incidents (Fig. 8). The median, maximum, and
minimum values of the permutation importance for the 6
items are also shown in the figure. Questions with
higher permutation importance values are, in descending
order, the total number of MRI examinations (question
44), post-marketing safety measures for drugs (question
15), manuals for the management of patients with
implanted medical devices (question 11), the number of
minor incidents (question 40), checking the body for
magnetic substances before MRI examination (question
23), and regular maintenance inspection (question 34).
There was a significant positive correlation between the
total number of MRI studies and the partial dependence
(the risk of major incidents) (r = 0.8558, P < 0.0001).

To assess the independent impact of individual vari-
ables on the occurrence of major incidents, we con-
structed partial dependence plots for 5 items (Fig. 9).
After the total number of MRI studies (question 44),
post-marketing safety measures for drugs (question 15)

had the second largest impact. The risk ratio of a “no”
to a “yes” answer was 1.53 (Fig. 9A). This was followed
by a manuals for the management of patients with
implanted medical devices (question 11), for which the
risk ratio of a “yes” to a “no” answer was 1.17
(Fig. 9B); for the number of minor incidents (question
40), the risk ratio of a “yes” to “no” answer was 1.54
(Fig. 9C). Checking the body for magnetic substances
before MRI examination (question 23) had a risk ratio of
a “no” to a “yes” response of 2.7 (Fig. 9D). Last, regular
maintenance inspections of the MRI equipment (ques-
tion 34) at least once every 6 months had a risk ratio of
a “no” to a “yes” response of 1.79 (Fig. 9E).

Discussion

There was a large variation among the responding facil-
ities in the compliance rate with important specific MRI

Fig. 5 Number of MRI-specialized
personnel in each facility (ques-
tion 45).
Values are the number of facilities.
Data in parentheses are percen-
tage.

Fig. 6 Number of full-time radiolo-
gists involved in MRI protocol
instructions, scan interpretation,
and face-to-face interactions with
patients and/or colleagues in each
facility (question 46).
Values are the number of facilities.
Data in parentheses are percen-
tage.
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safety items. Highest compliance (99%) was with the
requirement to check for transdermal patches (question
18) and the lowest compliance rate (9%) involved the
holding of safety management meetings at least once a
year (question 2). Only 13% of the respondents had an
on-site management team (question 1).

The rates of major and minor incidents related to MRI
studies were 5% and 27%, respectively, among facilities
responding to this issue. To our knowledge, this is the
first study that has presented on a facility-based basis the
proportion of major and minor incidents associated with
MRI. In 30% of major incidents, the administration of
contrast agents was implicated. In a recent systematic

review and meta-analysis12, it was observed that immedi-
ate hypersensitivity reactions occurred in 31 (0.3%) of
14850 administrations (95% confidence interval: 0.2%–
0.4%). The majority (90%; 28 of 31) of hypersensitivity
reactions were mild; two (6%) were moderate; and one
(3%) was severe. Since the study based its evaluations on
the number of contrast-enhanced MRI studies rather than
on the number of MRI facilities, we were not able to
compare the rate of contrast medium–related incidents
between their data and ours.

We found that the occurrence of major MRI-related
incidents was strongly associated with the number of
MRI studies performed at a facility and that the number

Fig. 8 The question items associated
with major MRI incidents.
Box-and-whisker plots show the
mean permutation importance for
the 6 items (A–F). The lower and
upper hinges of the boxes denote
the 25th and 75th percentiles,
respectively. The median (50th per-
centile) of each distribution is indi-
cated by the line. The whiskers on
each side denote the 10th and 90th
percentiles. The median, maximum,
andminimumvalues of each permu-
tation importance are also shown.
(A) Question 44 (number of MRI
examinations); (B) question 15 (post-
marketing safety measure for drugs);
(C) question 11 (manual for implan-
table medical devices); (D) question
40 (minor MRI-related incidents); (E)
question 23 (body check before MRI
examination); and (F) question 34
(maintenance inspections).

Fig. 7 Number of part-time radiolo-
gists specializing in MRI protocol
instructions, scan interpretation,
and face-to-face interactions with
patients and/or colleagues in each
facility (question 47).
Values are the number of facilities.
Data in parentheses are percen-
tage.

Safety Management at MRI Facilities
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Fig. 9 Partial dependence plots showing independent impact of individual variables on 5 questions.
For question 15 (postmarketing safety measure for drugs) (A), “MRI not performed” indicates that the measure is not necessary because MRI
examination using drugs other than gadolinium-contrast agents is not performed. The risk ratio of “no” to “yes” was 1.53.
For question 11 (manual for implantable medical devices) (B), “MRI not performed” indicates that MRI examination is not performed for
patients with implantable medical devices (e.g., pacemakers). The risk ratio of “yes” to “no” was 1.17.
For question 40 (minor MRI-related incidents) (C), the risk ratio of “yes” to “no” was 1.54.
For question 23 (body check before MRI examination) (D), the risk ratio of “no” to “yes” was 2.7.
For question 34 (maintenance inspections) (E), the risk ratio of “no” to “at least once every 6 months” was 1.79 times.

Table 7 Summary of major incidents related to MRI examination
(102 cases of 90 facilities)

Contents No. of cases (%)

Shock or death from contrast agent
administration

31 (30)

Burns from tattoos, permanent makeup, etc. 11 (11)

Failure of implantable medical device
(pacemaker, etc.)

10 (10)

Tissue damage caused by equipment
outside the body (power ankles, etc.)

3 (3)

Others 47 (46)

Table 8 Summary of minor incidents related to MRI examination
(850 cases of 519 facilities)

Contents No. of cases (%)

Overlooking magnetic material in the body 242 (28)

Overlooking equipment outside the body
(power ankles, etc.)

146 (17)

Overlooking implantable medical devices
(pacemakers, etc.)

127 (15)

Incidents regarding contrast agent
administration

96 (11)

Overlooking tattoos, permanent makeup,
etc.

22 (3)

Others 217 (26)
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of minor incidents was also associated therewith. Our
findings indicate that stronger safety standards must be
implemented for facilities with a large number of
examinations.

To avoid major incidents, manuals, staff training, drug
information, and equipment maintenance are of great impor-
tance. According to a 2020 report of the Japan Medical
Imaging and Radiological Systems Industries
Association13, the annual estimated number of MR device
adsorption incidents in Japan was greater than 100. To reduce
this rate, strong safety regulations must be implemented.

Our study revealed that many MRI facilities do not have
adequate measures in place to guarantee the safety of MRI.
Therefore, we encourage the involvement of academic socie-
ties and governmental and nongovernmental agencies. Points
to be addressed are as follows:

● The presentation of educational lectures onMRI safety by
the Japanese Society forMagnetic Resonance inMedicine

● The promulgation of guidelines by academic societies
and government and nongovernment agencies

● The education of all personnel involved in MRI with
respect to issues that pertain to MRI safety and the
management of accidents

● The granting of more financial support to facilities with
strong MRI safety standards by the Central Social
Insurance Medical Council and the Ministry of
Health, Labour and Welfare.

This study has some limitations. Although we contacted
5914 facilities that performed MRI, only 2015 (34%)
responded fully or partially to all questions in the question-
naire. A full participation in the survey could have contrib-
uted to a more effective data. In the next questionnaire
survey, it is suggested to create a questionnaire with
fewer, more targeted questions to encourage higher partici-
pation in the survey of MRI facilities.

Conclusion

Among the participating facilities, there was a wide variation
in the rate of compliance with the queried MRI safety issues.
Nonetheless, our study revealed that overall compliance with
safety standards was unsatisfactory. Between October 2017
and September 2018, major MRI-related incidents were
reported by 5% of responding facilities and 27% encountered
minor incidents. The most common factor implicated in major
incidents was related to the administration of contrast agents.
Themost influential factor involved in major incidents was the
total number of MRI studies performed at the facility. In
addition to the total number of MRI studies, manuals, staff
training, drug information, and equipment maintenance are
very important to avoid major incidents. Our findings indicate
that for the protection of patients and staff, strong safety
standards must be promulgated and implemented and facilities

with insufficient standards must be investigated to determine
the cause for their inadequate safety management.
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Age-Related Changes in Relaxation Times, Proton Density, Myelin,
and Tissue Volumes in Adult Brain Analyzed by 2-Dimensional

Quantitative Synthetic Magnetic Resonance Imaging
Akifumi Hagiwara, MD, PhD,* Kotaro Fujimoto, MD,*† Koji Kamagata, MD, PhD,* Syo Murata, PhD,*
Ryusuke Irie, MD, PhD,* Hideyoshi Kaga, MD, PhD,‡ Yuki Someya, PhD,§ Christina Andica, MD, PhD,*

Shohei Fujita, MD,*† Shimpei Kato, MD,*† Issei Fukunaga, PhD,|| Akihiko Wada, MD, PhD,*
Masaaki Hori, MD, PhD,*¶ Yoshifumi Tamura, MD, PhD,‡§ Ryuzo Kawamori, MD, PhD,‡§

Hirotaka Watada, MD, PhD,‡§ and Shigeki Aoki, MD, PhD*

Objectives: Quantitative synthetic magnetic resonance imaging (MRI) enables
the determination of fundamental tissue properties, namely, T1 and T2 relaxation
times and proton density (PD), in a single scan. Myelin estimation and brain seg-
mentation based on these quantitative values can also be performed automatically.
This study aimed to reveal the changes in tissue characteristics and volumes of the
brain according to age and provide age-specific reference values obtained by
quantitative synthetic MRI.
Materials and Methods: This was a prospective study of healthy subjects with
no history of brain diseases scanned with a multidynamic multiecho sequence
for simultaneous measurement of relaxometry of T1, T2, and PD. We performed
myelin estimation and brain volumetry based on these values. We performed
volume-of-interest analysis on both gray matter (GM) and white matter (WM) re-
gions for T1, T2, PD, andmyelin volume fractionmaps. Tissue volumeswere cal-
culated in the whole brain, producing brain parenchymal volume, GM volume,
WMvolume, andmyelin volume. These volumeswere normalized by intracranial
volume to a brain parenchymal fraction, GM fraction, WM fraction, and myelin
fraction (MyF). We examined the changes in the mean regional quantitative
values and segmented tissue volumes according to age.

Results: We analyzed data of 114 adults (53 men and 61 women; median age,
66.5 years; range, 21–86 years). T1, T2, and PDvalues showed quadratic changes
according to age and stayed stable or decreased until around 60 years of age and
increased thereafter. Myelin volume fraction showed a reversed trend. Brain pa-
renchymal fraction and GM fraction decreased throughout all ages. The approx-
imation curves showed that WM fraction and MyF gradually increased until
around the 40s to 50s and decreased thereafter. A significant decline in MyF
was first noted in the 60s age group (Tukey test, P < 0.001).
Conclusions:Our study showed changes according to age in tissue characteristic
values and brain volumes using quantitative synthetic MRI. The reference values
for age demonstrated in this study may be useful to discriminate brain disorders
from healthy brains.

Key Words: aging, MDME, myelin, quantitative synthetic MRI, relaxometry,
volumetry

(Invest Radiol 2021;56: 163–172)

Q uantitative magnetic resonance imaging (MRI) has revealed
changes in brain tissue characteristics according to age.1–13 Estab-

lishing normative reference values according to age is essential for dis-
criminating disease from normal aging.14 The signal intensity of
conventional magnetic resonance (MR) images, such as T1- and
T2-weighted images, is dependent on variations in acquisition parame-
ters and scanners. Hence, the evaluation of such images is mainly per-
formed by comparing with surrounding tissues.15 Quantitative MRI
can mitigate differences due to scanner differences and imperfections,
as opposed to conventional MRI.15,16 One method is simultaneous tis-
sue relaxometry for quantifying T1 and T2 relaxation times (or their in-
verses, R1 and R2) and proton density (PD) with inherent alignment.17

Recent studies of simultaneous relaxometry showed the changes in T1
and T2 values according to age usingMR fingerprinting18 in adults and
quantitative synthetic MRI in children.1 Quantitative synthetic MRI is
typically performed through a commercial 2-dimensional (2D)
multidynamic multiecho (MDME) sequence, providing simultaneous
quantification of T1, T2, and PD, with a scan time of about 5 to
6 minutes for full head coverage.16 Quantitative synthetic MRI has en-
abled objective evaluation of diseases such as Alzheimer disease,19

multiple sclerosis,20–22 brain infarction,23 brain tumor,24,25 and
Sturge-Weber syndrome.26 Using dedicated software, we can also auto-
matically obtain brain parenchymal volume (BPV), white matter vol-
ume (WMV), and gray matter volume (GMV), based on these
quantitative values.27 Furthermore, voxel-wise myelin volume fraction
(MVF) and myelin volume (MyV) in the whole brain can also be esti-
mated from the same relaxometry values based on a 4-compartment
model.28 Myelin volume fraction derived from quantitative synthetic
MRI has been validated by postmortem imaging29,30 and comparison
with other myelin imaging techniques.22,31
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Quantifying the degree of brain atrophy is especially crucial in
evaluating neurodegenerative disorders, such as Alzheimer disease,14,32

vascular dementia,33 and multiple sclerosis.34 Although quantification
of BPV may be useful for management and early diagnosis of these dis-
eases, it can be challenging to determine whether the brain atrophy is
caused by normal aging or pathological processes. Previous studies have
shown age-related decreases in BPV,35 GMV,36–38 and WMV.39,40 For
brain volumetry, postprocessing software, such as FreeSurfer, FMRIB
Software Library (FSL), and Statistical Parametric Mapping, has been
used. These methods require relatively longer postprocessing times (from
10 minutes to a few hours),21 hindering clinical use in a timely manner.
On the other hand, quantitative synthetic MRI is already approved by
the Food and Drug Administration and can perform tissue volumetry
based on tissue relaxation times by dedicated software with a
postprocessing time of less than 1 minute, which is feasible in clinical
practice.16 Previous studies have shown that the volumetric measure-
ments, including BPV, GMV, WMV, and intracranial volume (ICV), per-
formed on 2D quantitative synthetic MRI agreed with those on other
volumetric software, such as FreeSurfer, FSL, and Statistical Parametric
Mapping, using 3D T1-weighted images.21,41

Relaxometry, PDmeasurement, volumetry, andmyelin measure-
ments performed with quantitative synthetic MRI have been reported to
be highly repeatable and reproducible across scanners from different
vendors,15,42 and age-related changes in these values have been demon-
strated in children.1–3 However, to our knowledge, there has been no
study discussing the age-related changes in T1, T2, and PD, and
GMV, WMV, and MyV obtained by quantitative synthetic MRI in
adults. Integrating relaxometry and tissue volumetry, we can estimate
age-related changes in the human brain in a multidimensional manner.
Further, reference values for age are prerequisites to discriminate abnor-
mal from normal in an individual brain. Therefore, this study aimed to
describe the changes in regional relaxometry and brain tissue volumes
as well as MyV according to age and to provide reference values ob-
tained by an MDME sequence according to age.

MATERIALS AND METHODS

Subjects
A total of 134 subjects 20 years or older with no history of brain

disorders were enrolled in this study, and written informed consent was
obtained from all subjects. Subjects 65 years or older were recruited as
part of the Bunkyo Health Study lasting over 10 years that included
1629 older people aimed at the prevention of disease requiring
long-term care.43 Subjects recruited from April 2017 until September
2018 in the Bunkyo Health Study were included in the current study.
We classified white matter (WM) hyperintensity on fluid-attenuated in-
version recovery (FLAIR) imaging using the Fazekas scale44 and ex-
cluded subjects with a scale score of 3 or higher. We also excluded
subjects with old hemorrhage, microbleeds, infarcts, and/or intracranial
mass lesions detected on T2*-weighted images and FLAIR images.

MR Acquisition and Quantitative Maps
All subjects were scanned using an MDME sequence on a 3 T

scanner (MAGNETOM Prisma, Siemens Healthcare, Erlangen,
Germany) with a 64-channel head coil. This sequence is a multislice,
multisaturation deslay, multiecho, fast spin-echo sequence, using com-
binations of 2 echo times (TEs) and 4 delay times to produce 8 complex
images per slice.17 The TEs were 22 and 99 milliseconds, and the delay
times were 170, 620, 1970, and 4220 milliseconds. The repetition time
(TR) was 4250 milliseconds. The other parameters used for MDME
were as follows: field of view, 230 � 186 mm; matrix, 320 � 260;
echo-train length, 10; bandwidth, 150 Hz/pixel; parallel imaging accel-
eration factor, 2; slice thickness/gap, 4.0/1.0 mm; 30 sections; and ac-
quisition time, 5 minutes 8 seconds. The postprocessing was

performed using SyMRI software (version 8.04; SyntheticMR AB,
Linköping, Sweden) to retrieve T1, T2, and PD maps. The PD values
are reported as percentage unit (pu), where the PD of pure water at
37°C corresponds to 100 pu.17 The details of the postprocessing are de-
scribed elsewhere.17 We created T1-weighted and FLAIR images with
postprocessing TR of 500 milliseconds and TE of 10 milliseconds, as
well as TR of 15,000 milliseconds, TE of 100 milliseconds, and inver-
sion time of 3000 milliseconds, respectively, based on T1, T2, and PD
maps on SyMRI software (SyntheticMR AB). The patients were also
scanned using T2*-weighted gradient-echo imaging. The scan parame-
ters were as follows: TR, 500 milliseconds; TE, 12 milliseconds; flip
angle, 20°; field of view, 230 � 201.3 mm; matrix, 320 � 176;
echo-train length, 1; bandwidth, 230 Hz/pixel; parallel imaging acceler-
ation factor, 3; slice thickness/gap, 5/1 mm; sections, 22; and acquisi-
tion time, 48 seconds.

Myelin volume fraction in each voxel was automatically calcu-
lated by using SyMRI software (SyntheticMR AB). The model of my-
elin calculation was based on the 4-compartment model in the brain:
myelin, cellular, free water, and excess parenchymal water volume frac-
tions.21 The R1, R2, and PD values of free water and excess parenchy-
mal water volume fractions were fixed to those of cerebrospinal fluid
(CSF) (R1, 0.24 s−1; R2, 0.87 s−1; PD, 100%).17 The R2 of MVF was
fixed to the literature value of 77 s−1.45 Optimization of other model pa-
rameters was performed by simulation of running Bloch equations for
observable R1, R2, and PD properties in a spatially normalized and av-
eraged brain from a group of healthy subjects. In this model, the mag-
netization exchange rates between partial volume compartments are
also considered. A lookup grid was made in R1-R2-PD space for all
possible distributions (ranging from 0% to 100%) of the 4 volume frac-
tions. The measured R1, R2, and PD values were projected onto the
lookup grid for estimating the MVF in each voxel.

Volume of Interest Analysis
T1, T2, PD, and MVF maps were evaluated by volume of inter-

est (VOI) analysis. We created 8 gray matter (GM) (frontal, parietal,
temporal and occipital GM, insula, caudate, putamen, and thalamus)
and 8 WM (frontal, parietal, temporal and occipital WM, genu and
splenium of the corpus callosum, internal capsules, and middle cerebel-
lar peduncles) VOIs in the Montreal Neurological Institute space as de-
scribed previously.42 Other than splenium of the corpus callosum, we
combined the right and left components, because the right-left differ-
ence has been reported to be minimal for relaxometry.46 We warped
VOIs created in the Montreal Neurological Institute space to the space
of each volunteer using FSL v 5.0.11 (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSL) linear and nonlinear image registration tools (FLIRT and
FNIRT), based on the synthetic T1-weighted images. No smoothing
was used. The GM and WM masks were generated from the synthetic
T1-weighted images using FMRIB's Automated Segmentation Tool.
These masks were then thresholded at 0.9 and used on the T1, T2,
PD, and MVF maps to compute average values within the GM and
WM. In other words, VOI analysis of GM and WM structures was per-
formed only on voxels for which equal to or more than 90% of their vol-
umes are GM andWM, respectively. Figure 1 shows an example of VOI
measurements.

Brain Tissue Volume and MyV Calculation
Based on the acquired T1, T2 and PD, we also calculated GM/

WM/CSF volume in the whole brain on the SyMRI software
(SyntheticMR AB). The measured quantitative values of brain tissues
were used as coordinates in the T1-T2-PD space. Based on the quanti-
tative values for WM, GM, and CSF measured by SyMRI
(SyntheticMR AB) for healthy controls, each brain tissue was defined
and a numerical Bloch simulation was performed to investigate T1,
T2, and PD for tissue mixtures and their partial volumes. Technical
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details are described elsewhere.27 Voxels not classified as GM,WM, or
CSF were called non-WM/GM/CSF (NoN). Total volumes of GM,
WM, CSF, and NoN were summed up for each voxel in the intracranial
tissue. The BPVwas calculated as the sum ofWM, GM, and NoN.My-
elin volume fraction in each voxel was also summed up in the whole
brain to represent the MyV. The border of the ICV was defined exactly
at a PD of 50%, assuming that the edge of the ICV corresponds to the
interface between CSF (PD = 100%) and bone (PD = 0%).47 The
ICV is automatically cut at the base of the skull.48 The ICV corresponds
to the sum of BPVand CSF. Acquired volumes were normalized by ICV,
and we obtained the brain parenchymal fraction (BPF), WM fraction

(WMF), GM fraction (GMF), andmyelin fraction (MyF). Figure 2 shows
representative quantitative and tissue volume maps.

Statistical Analysis
For statistical analysis, the normality of each variable was tested

using the Shapiro-Wilk test. We compared the age, quantitative values
(T1, T2, PD, and MVF) averaged in each segmented area, tissue vol-
umes, and tissue fractions between men and women using a
Mann-Whitney U test or Student t test. To verify the validity of
adjusting each volume by ICV, we performed correlation analysis be-
tween age and ICVand between ICVand BPV.

FIGURE 1. An example of VOI analysis. The upper and lower rows show T1-weighed images with and without, respectively, VOI overlay.

FIGURE 2. Representative images of a 24-year-old patient. Panels show a synthetic T1-weighted image (A) and maps of T1 (B), T2 (C), PD (D), MVF (E),
GM (F), WM (G), CSF (H), and NoN (I). MVF, GM, WM, CSF, and NoN maps are overlaid on a T1-weighted image.
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To investigate the relationship between age and quantitative
values, we conducted regression analyses as a function of age. For tis-
sue volume fraction (BPF, GMF,WMF,MyF), regression analyses were
performed as a function of age separated by sex. We selected linear or
quadratic approximation by choosing the one that showed the smaller
Akaike information criterion (AIC).44 We stratified the subjects into
each decade (7 groups: 21–29, 30–39, 40–49, 50–59, 60–69, 70–79,
and 80–86 years) and performed 2-way analysis of variance (ANOVA)
to test the effect of age and sex onMyF. In case of a significant effect on
the ANOVA, a post hoc Tukey test was performed for multiple compar-
isons. The level of statistical significance was set at P < 0.05. Statistical
analyses were performed with Matlab (release R2015b; MathWorks,
Natick, MA).

RESULTS
Of the 132 subjects included in this study, those with old hemor-

rhage, microbleeds, and/or infarctions (n = 17) and with an intracranial
mass lesion (n = 1) were excluded. Hence, we excluded 18 subjects in
total and the data of 114 subjects were finally analyzed (53men;median
age, 66.5 years; age range, 21–86 years). Each decade group from the
20s to 70s included at least 5 men and 5 women. There were 2 men
and 6 women in their 80s.

VOI Analysis
No significant differences were found in T1, T2, PD, and MVF

between men and women, except for T1 in the middle cerebellar

peduncle (men vs women [mean ± SD], 830 ± 27 vs 816 ± 32 millisec-
onds; P = 0.01) and PD in the caudate (mean vs women [mean ± SD],
78.8 ± 2.1 vs 79.5 ± 1.6 pu; P = 0.04).

In all segmented areas, the approximate curves of T1, T2, PD,
andMVFwere the best fitted by quadratic curves (Figs. 3–6). The equa-
tions used to plot the T1, T2, PD, andMVF curves are provided, respec-
tively, in Supplemental Digital Content 1 to 4, http://links.lww.com/
RLI/A561. The AICs of linear and quadratic approximations for T1,
T2, PD, and MVF are shown in Supplemental Digital Content 5,
http://links.lww.com/RLI/A561. The coefficient of determination (R2)
was higher than 0.1 for all estimations, except for PD in the insula, mid-
dle cerebellar peduncle, and thalamus and MVF in the occipital GM,
the middle cerebellar peduncle, putamen, and the thalamus. Overall,
T1 and T2 were stable until around the 60s and increased thereafter.
Proton density was stable in almost all areas until around the 60s, except
for GM, which showed a variable degree of decrease, with frontal GM
showing the highest rate of decrease. Overall, PD showed an increase
after the 60s. Myelin volume fraction showed the opposite tendency
to PD. For T1, T2, PD, and MVF, the middle cerebellar peduncle
showed smaller changes compared with supratentorial regions. The oc-
cipital GM and WM showed slower demyelination in the senescence
period compared with the frontal, parietal, and temporal GM and
WM, respectively, with the frontal GM and temporal WM showing
the fastest demyelination among these GM and WM structures, respec-
tively, as indicated by Figure 6 and the first coefficients of MVF for
age2 (the first coefficients of MVF: frontal GM, −0.0031; parietal GM,
−0.0020; temporal GM, −0.0015; occipital GM, −0.00048; frontal

FIGURE 3. Scatterplots and approximate curves of T1 values in relation to age for each region. A regression line is shown with 95% confidence intervals
(dotted lines).
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WM, −0.0032; parietal WM, −0.0023; temporal WM, −0.0035; occipital
WM, −0.0022) shown in Supplemental Digital Content 4, http://links.
lww.com/RLI/A561.

Tissue Volumes and Volume Fractions
There was no significant correlation between ICV and age

(Spearman correlation coefficient [95% confidence interval], −0.11
[−0.30 to 0.08]; P = 0.26), and there was a significant strong correlation
between ICV and BPV (Pearson correlation coefficient [95% confi-
dence interval], 0.82 [0.74–0.88]; P < 0.001) (Supplemental Digital
Content 6, http://links.lww.com/RLI/A561). Hence, it was considered
to be appropriate to normalize each tissue volume by ICV to evaluate
the effect of aging on tissue volumes.

Mean tissue volumes and volume fractions are shown in Table 1.
We found significantly larger brain tissue volumes in men than women.
After normalization by ICV however, BPF, GMF, and WMF were sig-
nificantly smaller in men than in women, whereas there was no signif-
icant difference in MyF between men and women (P = 0.36).

The changes in BPF, GMF,WMF, andMyF in relation to age are
shown in Figure 7. The equations used to plot the curves are shown in
Supplemental Digital Content 7, http://links.lww.com/RLI/A561. All of
these metrics were best approximated by quadratic curves. The AICs of
linear and quadratic approximations for BPF, GMF,WMF, andMyF are
shown in Supplemental Digital Content 8, http://links.lww.com/RLI/
A561. Brain parenchymal fraction monotonously decreased through
all ages, and it decreased slightly faster after around the 50s. Gray mat-
ter fraction decreased until around the 60s and became stable. White

matter fraction and MyF seemed to increase gradually until the 40s,
and they were on the decline thereafter.

A 2-way ANOVA for age and sex factors withMyFas dependent
variables showed a significant effect of age group on MyF (P < 0.001),
but the effects of sex and interaction between age and sex were not sig-
nificant (P = 0.28 and 0.97, respectively). Tukey multiple comparison
test for MyF did not show significant differences among younger
groups (equal to and under the 50s), whereas it showed a significant dif-
ference between the younger groups and the older groups (60s and over)
and among older groups except between 60s and 70s (Fig. 8). In other
words, the earliest decade of life where a significant decrease in MyF
was found was in the 60s age group (P < 0.001 compared with the
50s age group).

DISCUSSION
We performed quantitative syntheticMRI on healthy adults aged

21 to 86 years and examined the change in T1, T2, PD, andMVF values
and tissue volumes associated with aging. Regional T1, T2, and PD
values showed similar patterns of change with aging, except for the
middle cerebellar peduncle that showed smaller changes compared with
supratentorial regions. Overall, T1, T2, and PD values were stable or
slightly decreased until the 60s and increased thereafter, whereas
MVF showed a reversed trend. Various microstructural changes have
been shown to affect T1 and T2 values. Some reports indicated that
changes in T1 and T2 values result from the change in water content,49

myelin,50 and iron.51 In the normal aging process until about 50,

FIGURE 4. Scatterplots and approximate curves of T2 values in relation to age for each region. A regression line is shown with 95% confidence intervals
(dotted lines).
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myelination has been suggested to continue, which is followed by de-
myelination.52 During continuing myelination in children, myelin in-
crease and water decrease contribute to the decrease in T1 and T2
values.53 Our results for adults until the 60s were partially congruent
with this observation, with MVF in some regions, mainly GM, increas-
ing along with a decrease in PD. The effect of sex on relaxometry was
minimal in this study, in line with a previous study performed by MR
fingerprinting.18

In our study, the T1, T2, and PD of GM started to increase from
the 60s, and T1 showed a remarkable increase after 80 years, possibly
because of an increase in water content. Stable T1 and T2 values from
the 20s until 60s in both GM andWMand increases from 60s are in line
with previous studies,6,13,18,46 except for reports by Gracien et al54 and
Okubo et al.55 Gracien et al showed a decrease in the T1 value of the
cortical GM after the 60s over 7 years in 17 healthy subjects (51–77 years)
and concluded that this observation was due to decreasing water and iron
accumulation. This discrepancy may lie in the difference in methods
used for relaxometry (quantitative syntheticMRI vs variable flip angle).
Okubo et al55 used 3D T1 map created by magnetization-prepared
2 rapid acquisition gradient echoes sequence to investigate the effect
of aging on T1 values. Even though wide areas showed increases in
T1 related to aging on voxel-based analysis, some structures (ie, inferior
putamen, nucleus accumbens, and amygdala) showed decreases. The
narrower age range in their study (ie, 20–76) than ours (ie, 21–86), us-
age of only linear regression in their study, and differences in sequences
and analysis methods may have resulted in the discrepancy between the
results of their and our studies. Notably, discrepancy in the T1 values

obtained with different methods are discussed in previous litera-
tures.15,56 For example, Stikov et al56 compared inversion recovery,
Look-Locker, and variable flip angle techniques and reported that devi-
ations from inversion recovery reached over 30% in the WM, from
750 milliseconds in the Look-Locker technique (underestimation) to
1070 milliseconds in the variable flip angle technique (overestimation).
Even though we mitigated partial volume effects by thresholding the
partial GM volume maps, the quantitative values could have been af-
fected by partial volume effects because the cortex in elderly people
is thinner than in younger people.57 Because the tissue properties of
the cortical GM are more different from the CSF than the WM, the par-
tial volume effects, if any, would affect the quantitative values of the
cortical GM by deviating them slightly near to those of the CSF (ie,
leading to increases in T1, T2, and PD and a decrease in MVF). Like-
wise, enlarged perivascular spaces, which progress with aging,58 may
also have affected the quantitative values of subcortical GM and WM.
Novel 3D quantitative synthetic MRI, which is still a research sequence
but mitigates the partial volume effect, is desired to be used to further
investigate the age-related changes in the quantitative values in the
cortical GM.59–61 Meanwhile, T1 value in the cortical GM has been
reported to be stable in other studies, possibly because of the much
smaller sample size of subjects over 60 compared with the younger
population.46,62,63

Age-related myelin changes in adults have been investigated by
myelin water imaging10,11 and magnetization transfer imaging.12,13,52

The quadratic inverted U-shape trend shown in our study, with stable
or increasing myelin metrics until around the 60s and the following

FIGURE 5. Scatterplots and approximate curves of PD in relation to age for each region. A regression line is shownwith 95% confidence intervals (dotted
lines).
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decease, was also shown in these studies, except for the linear decrease
reported by Cercignani et al,12 who included the fewest number of par-
ticipants among these studies. In line with the observation by myelin
water imaging,10 the occipital lobes showed delayed demyelination com-
pared with other lobes in the senescence period. This regional demyelin-
ation pattern agrees with the retrogenesis hypothesis (first-in-last-out), in
which the posterior brain is spared from degeneration for healthy sub-
jects in the senescence period and patients with Alzheimer disease com-
pared with the late-myelinated anterior brain.64–66

Upon investigation of age-related changes in tissue volumes, we
revealed that the original brain tissue volumes, namely, BPV, GMV,
WMV, andMyV, were larger in men than in women; however, after nor-
malization, these tissue volumes, except for MyF, were significantly
larger in women than in men. Previous studies have shown that the
brains of men are larger than those of women, while BPV is dependent
on skull size.7,67–69 In our study, BPV had a strong correlation with ICV,
and ICV had no significant change upon aging, in line with the results
of previous studies.7,70,71 These results justified the appropriateness of
normalization of tissue volumes using ICV. Previous studies investigat-
ing sex differences in GMF and WMF were only partially congruent
with our results,72,73 possibly owing to the small effect size of sex on
normalized volumes.

We demonstrated that the inverted U-shaped quadratic curvewas
better fitted to BPF than a line as a function of age, with a constant de-
crease in BPF accelerating throughout adulthood. There is general
agreement that BPF constantly declines in adulthood upon aging,40,41,67

and some of them also fitted quadratic curves to BPF in relation to

FIGURE 6. Scatterplots and approximate curves of MVF in relation to age for each region. A regression line is shown with 95% confidence intervals
(dotted lines).

TABLE 1. The ICV, BPV, GMV, WMV, and MyV of Men and Women

Men
(n = 53)

Women
(n = 61) P

Age, median (range), y 67 (22–86) 66 (21–84) 0.88
Raw volume, mean ± SD, mL
ICV 1530 ± 115 1350 ± 91 <0.001
BPV 1260 ± 120 1150 ± 91 <0.001
GMV 715 ± 69 650 ± 53 <0.001
WMV 523 ± 62 477 ± 52 <0.001
MyV 173 ± 24 154 ± 20 <0.001

Volume normalized by ICV,
mean ± SD, %
BPF 82.5 ± 5.1 84.9 ± 4.3 0.008
GMF 46.8 ± 3.5 48.2 ± 2.9 0.02
WMF 34.2 ± 2.8 35.3 ± 3.1 0.048
MyF 11.2 ± 1.2 11.4 ± 1.2 0.36

P values are for comparisons between men and women. All comparisons are
performed with Student t test, except for age, which is analyzed using the
Mann-Whitney U test. P < 0.05 is considered statistically significant.

Abbreviations: ICV, intracranial volume; BPV, brain parenchymal volume;
GMV, gray matter volume; WMV, white matter volume; MyV, myelin volume;
BPF, brain parenchymal fraction; GMF, gray matter fraction; WMF, white matter
fraction; MyF, myelin fraction.
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aging.41,67 Contrary to BPF, the rate of decrease in GMF was deceler-
ated through adulthood and GMF became stable after around the 60s.
This deceleration pattern is in line with previous studies,7,46 although
other studies reported a linear decrease in GMF.36,73 Notably, a decrease
in GMF and BPF was observed to begin even at a younger age around
the 10s, after an increase during the developmental period.2

Similar quadratic inversed U-shapes are shown by WMF and
MyF, with peaks at around the 40s to 50s. The Tukey multiple compar-
ison test also supported this result for MyF, demonstrating the 60s age
group to be the earliest decade of life showing a significant decrease in

MyF. Previous studies have also reported an increase in WMF until
around the 40s7,36,37,72–74 and a decline after the 40s.36,72–75 This gradual
increase in WMF has been suggested to reflect myelination continuing
until midlife shown by histology of human brains.76 To our knowledge,
our report is the first to show MyF changes with aging in adults.

Even thoughwe focused only on quantitative values in this study,
we can also create synthetic images with any contrast-weighing based on
quantitative synthetic MRI,16 as opposed to acquiring contrast-weighted
images separately.77 Regarding future perspectives, comparison of quan-
titative syntheticMRI with other sequences sensitive to cortical lesion de-
tection would be interesting.78,79 Further, multiparametric quantitative
information acquired with quantitative synthetic MRI may improve the
prediction of contrast enhancement and the quality of automatic lesion
segmentation, as were previously performed by using contrast-weighted
images.80,81

There were some limitations to our study. First, we did not con-
sider the clinical background of the subjects, including race, hyperten-
sion, smoking, and drinking. However, the effect of these factors on T1
and T2 values in the brain have been reported to be minimal.82 A future
study is warranted to investigate the age-related changes in the brain
using quantitative synthetic MRI considering the effects of these fac-
tors. The second limitation was the cross-sectional design of this study.
A longitudinal design may enable us to avoid biases related to the inter-
individual variability of brain tissues.54 Third, we used quadratic regres-
sion models to fit the quantitative values to age. Even though a
quadratic regression model is conventional and well represented in the
literature, it has been revealed that the choice of age range affects the
peak age of the quadratic curve.83 Caution is warranted when compar-
ing the peak ages reported for studies performed on populations with
different age ranges. Nonetheless, our results would serve as a reference
of quantitative values derived from 2D quantitative synthetic MRI for
the age range investigated in the current study (ie, 21–86). Lastly, sub-
jects 65 years or older were recruited differently from the younger sub-
jects. This study design and the larger density of subjects in the 65 to 75
age range compared with the other age ranges may have introduced
some biases in the results.

CONCLUSIONS
This study showed age-related changes in quantitative values

and brain volumes derived from quantitative synthetic MRI. The results

FIGURE 7. Scatterplots of BPF, GMF, WMF, and MyF in relation to age. Regression lines are shown with 95% confidence intervals (dotted lines).

FIGURE 8. Boxplots of MyF stratified by decade-long age groups. A
significant difference revealed by Tukey multiple comparisons is shown
as a bracket. Comparisons between the 50s or younger and 70s or 80s,
which also show significant differences, are omitted for visual clarity.
*P < 0.05, **P < 0.01, ***P < 0.001.
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were overall in line with those measured by other methods. Differences
may lie in the quantitative technique, analysis method, and age range
used in each study. Reference values according to age demonstrated
in this study may be useful for discriminating brain disorders from
healthy brains using quantitative synthetic MRI.
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A B S T R A C T   

Introduction: Recently, three-dimensional (3D) quantitative synthetic magnetic resonance imaging (MRI), which 
quantifies tissue properties and creates multiple contrast-weighted images, has been enabled by 3D-quantifica-
tion using an interleaved Look-Locker acquisition sequence with a T2 preparation pulse (3D-QALAS). Howev-
er, the relatively long scan time has hindered its introduction into clinical practice. A hybrid of compressed 
sensing and parallel imaging (Compressed sensing-sensitivity encoding: CS-SENSE) can accelerate 3D-QALAS; 
however, whether CS-SENSE affects the quantitative values acquired by 3D-QALAS remains unexplored. 
Therefore, this study aimed to examine the effects of reduction factors of CS-SENSE (RCSS) on the quantitative 
values derived from 3D-QALAS, by assessing the signal-to-noise ratio (SNR) of the quantitative maps, as well as 
accuracy (linearity and bias) and repeatability of measured quantitative values. 
Methods: In this study, the ISMRM/NIST standardized phantom was scanned on a 1.5-T MRI scanner with 3D- 
QALAS using RCSS in the range between 1 and 3, with intervals of 0.2, and between 3 and 10 with intervals 
of 0.5. The T1, T2, and proton density (PD) values were calculated from the imaging data. For each quantitative 
value, the SNR, the coefficient of determination (R2) of a linear regression model, the error rate, and the within- 
subject coefficient of variation (wCV) were calculated for each RCSS and compared. 
Results: Within the clinically-relevant dynamic range of the brain of T1 and T2 (T1: 200–1400 ms; T2; 50–400 
ms) and PD value of 15–100% calculated from 3D-QALAS, the effects of RCSS on quantitative values was small 
between 1 and 2.8, with SNR ≧ 10, R2 ≧ 0.9, error rate ≦ 10%, and wCV ≦ 10%, except for T2 values of 186.1 and 
258.4 ms. 
Conclusions: CS-SENSE enabled the reduction of the scan time of 3D-QALAS by 63.5% (RCSS = 2.8) while 
maintaining the SNR of quantitative maps and accuracy and repeatability of the quantitative values.   

1. Introduction 

Quantitative synthetic magnetic resonance imaging (MRI) is an im-
aging technique that quantifies tissue properties and creates multiple 
contrast-weighted images based on the measured quantitative values 
obtained from a single scan [1,2]. The utility of the quantitative syn-
thetic MRI has been shown for normal development, aging, and disease 

evaluation [3–7]. However, the multi-dynamic multi-echo sequence, 
which is conventionally used for quantitative synthetic MRI, is a two- 
dimensional (2D) multi-slice sequence and has a relatively low resolu-
tion in the slice direction compared to three-dimensional (3D) acquisi-
tion [8,9]. Recently, 3D-quantification using an interleaved Look-Locker 
acquisition sequence with a T2 preparation pulse (3D-QALAS) sequence 
has been developed for simultaneous quantification of T1 and T2 in 
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cardiac imaging [10–12] (Fig. 1). 3D quantitative synthetic MRI using 
3D-QALAS showed high accuracy and precision not only in the heart, 
[11] but also in the human brain [13]. However, the relatively long scan 
time of 3D-QALAS has hindered its introduction into clinical practice 
[8]. One solution would be the usage of compressed sensing (CS), which 
is an acceleration technique of acquiring highly undersampled data and 
reconstructing an image with little degradation in image quality 
compared with the fully-sampled data [14–16]. CS is particularly 
compatible with images that have an inherently sparse nature, such as 
MR cholangiography and MR angiography. However, 3D-QALAS is less 
sparse than these MR imaging techniques. A combination of CS and 
parallel imaging developed to accelerate less sparse images [17] may be 
useful for accelerating 3D-QALAS and maintain the image quality. 
Compressed sensing-sensitivity encoding (CS-SENSE) [18–23] is a 
hybrid technique by combining SENSE, a version of the parallel imaging 
technique using phased array coils, and CS. The CS-SENSE adopts a 
variable density compressive sampling system that automatically opti-
mizes the balance between random-basis and SENSE-basis sampling for 
each acquisition [17]. Morita et al. reported that CS-SENSE reduced the 
acquisition time of 3D isotropic T2-weighted turbo spin-echo imaging of 
the lumbar spine by 39.2%, without sacrificing image quality compared 
to SENSE alone [17]. To the best of our knowledge, there has not been a 
report about how the CS-SENSE affects the quantitative values derived 
from 3D-QALAS. Therefore, the purpose of this study was to examine the 
effect of reduction factors of CS-SENSE (RCSS) on the quantitative values 
derived from 3D-QALAS, by assessing signal-to-noise ratio (SNR) of 
quantitative maps, and the accuracy (linearity and bias) and repeat-
ability of measured quantitative values. 

2. Materials and methods 

2.1. Devices and scan parameters 

In this study, the ISMRM/NIST system phantom (High Precision 
Devices, Inc., Boulder, Colorado, USA) [24,25], which consists of three 
layers of sphere arrays with known T1, T2, and proton density (PD) 
values, was scanned on a 1.5-T MRI scanner (A patched R5.4.1 Ingenia, 
Philips Healthcare, Best, The Netherlands) equipped with a 15-channel 
head coil, after being placed in the center of the gantry for more than 30 
min. After imaging, the temperature of the phantom was measured and 
recorded. Imaging was performed with 3D-QALAS with RCSS changed 
between 1 and 3 with intervals of 0.2, and between 3 and 10 with in-
tervals of 0.5 (the denoising level is “no” for all RCSS). Each image session 
was performed 10 times at intervals of at least 24 h. All scan parameters 
were the same for all RCSS. Prior to this study, it was confirmed that there 
was no remarkable difference between the images obtained from RCSS =

no and RCSS = 1; hence, the image obtained from RCSS = 1 was used as 
the reference image. The other scan parameters of the 3D-QALAS were 
as follows: axial acquisition; repetition time/echo time, 6.6/3.0 ms; 
inversion delay times, 100, 1000, 1900, and 2800 ms; T2-prep echo 
time, 100 ms; field-of-view, 250 × 250 × 120 mm; voxel size, 1.5 × 1.5 
× 1.5 mm3; flip angle, 4◦; receiver bandwidth, 230 Hz/pixel; number of 
average, 1. Coil sensitivity was corrected using the constant level 
appearance (CLEAR) technique. Table 1 summarizes the acquisition 
time for each RCSS. 

Fig. 1. Diagrammatic overview of the acquisition kernel for 3D-QALAS. The typical Mz magnetization evolution is displayed as the dotted line. Before the first 
acquisition, a T2-sensitizing phase decreases the Mz magnetization proportional to the T2 relaxation. Before the second acquisition, a T1-sensitizing phase is applied 
to invert the Mz magnetization. The total cycle time is 4500 ms and 5 source images can be acquired in one series. 
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2.2. Data analysis 

T1, T2, and PD values [26] were calculated from the imaging data 
using SyMRI software (version 0.45.11, SyntheticMR, Linköping, Swe-
den) (Fig. 2). A spherical volume of interest (VOI) with a diameter of 10 
mm was placed for each quantitative value at the center of the spheres in 
the phantom using ITK-SNAP (version 3.6.0) software, and the mean 
values were recorded. In this study, 7 T1 and 12 T2 spheres in the 
ISMRM/NIST phantom with values within the computable dynamic 
ranges of SyMRI software (250–4300 ms and 10–2000 ms, respectively) 
were analyzed; for PD, all 14 spheres were analyzed. The average and 
standard deviation (SD) were calculated for each quantitative value 
acquired 10 times. In order to evaluate the noise of the quantitative 
maps, the SNR was calculated by dividing the mean value by the SD for 
the RCSS for each quantitative value, because the background signal, 
such as that of air, was set at zero by the correction method for coil 
sensitivity (i.e., CLEAR). Each SNR was averaged over 10 measurements. 
Heat maps of SNR with respect to the change of the RCSS were created. 
The heat maps of SNR were classified into an increase of ≧100, ≧50, 
≧10, ≧5, ≧3, ≧1, and < 1. 

To evaluate the linearity, linear regression analysis was performed 
for quantitative values acquired with each RCSS compared with the 
reference values acquired with RCSS of 1. Here, 7 T1 spheres and 12 T2 
spheres with T1 and T2 values within the clinically-relevant dynamic 
ranges of the brain (200–1400 ms and 50–400 ms, respectively) were 
used [13]. 

The assumption of linearity was deemed met with the coefficient of 
determination (R2) higher than 0.90 [27]. 

Bias introduced by CS-SENSE was evaluated as an error rate, 
comparing the average values between the quantitative value acquired 
with each RCSS and the reference value acquired with the RCSS of 1. The 
error rates of T1, T2, and PD values were calculated by the following 
equations: 

Error rateT1 =
⃒
⃒T1(RCSS=1)–T1(RCSS=i)

⃒
⃒× 100

/
T1(RCSS=1) (1)  

Error rateT2 =
⃒
⃒T2(RCSS=1)–T2(RCSS=i)

⃒
⃒× 100

/
T2(RCSS=1) (2)  

Error ratePD =
⃒
⃒PD(RCSS=1)–PD(RCSS=i)

⃒
⃒× 100

/
PD(RCSS=1) (3) 

We also investigated the repeatability of the quantitative values 
using a within-subject coefficient of variation (wCV) for each quantita-
tive value calculated over 10 measurements. The heat maps of the error 
rate and wCV of the T1, T2, and PD values with varying RCSS were 
created and classified into an increase of >75%, ≦75%, ≦50%, ≦30%, 
≦10%, ≦5%, and ≦1%. 

3. Results 

The temperature of the phantom after image acquisition was 20.1 ±
0.2 ◦C (mean ± SD). For PD values 5% and 10% (true values), the 
measurement yielded approximately 0%; It was not possible to calculate 
the SNR, error rates, and wCV and were excluded in the calculation of 
R2. 

In the examination of the noise, visual inspection of the quantitative 
maps with varying RCSS revealed that the noise was more remarkable 
with the larger RCSS values (Fig. 2). Heat maps of SNR for each 

Table 1 
The acquisition times for each RCSS.  

Rcss 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.5 4 

Scan time[min] 6:51 5:44 4:59 4:23 3:56 3:29 3:11 2:57 2:44 2:30 2:21 2:03 1:45  

Rcss 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10  

Scan time[min] 1:36 1:27 1:18 1:09 1:05 1:00 0:56 0:51 0:51 0:47 0:42 0:42  

Abbreviation: RCSS, reduction factor of compressed sensing-sensitivity encoding. 

Fig. 2. T1, T2, and PD maps of the ISMRM/NIST system phantom in cross 
sections of the 14 array spheres of T1, T2, and PD, respectively, with varying 
values of reduction factors of CS-SENSE (RCSS) are shown. Only representative 
values of RCSS are shown. 
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quantitative value (Fig. 3) showed that the SNR of T1, T2, and PD values 
tended to decrease as RCSS increased. In the T1 and T2 values, the SNR 
was higher in spheres having quantitative values inside the clinically- 
relevant dynamic range of the brain. The SNR was more than 10 for 
RCSS = 4.0 or less when the spheres with T1 values ranged between 
272.3 and 1027 ms. The SNR was more than 10 for RCSS = 2.8 or less in 
the spheres with T2 values in the range of 43.84–137.0 ms. For spheres 
with PD value of 15% or more, the SNR was more than 10 when RCSS was 
2.8 or less. 

For the assessment of the linearity, the R2 was higher than 0.9 with 
RCSS of 8 or less, 6.5 or less, and 10 or less, respectively, for T1, T2, and 
PD (Table 2). Overall, the T1 values were similar to the reference values 
regardless of RCSS, except for T1 values of 1432 and 1879 ms (true values 
outside the clinically-relevant dynamic range of the brain), showing 

deviation from the reference values with RCSS of 5.0% or higher (Fig. 4). 
Within the clinically-relevant dynamic range of the brain (50–400 ms), 
the T2 values tended to be estimated higher as the RCSS increased. The 
entire range of PD values tended to be higher as the RCSS increased. 

To examine bias, heat maps of the error rate for each quantitative 
value (Fig. 5) showed that the error rate of T1, T2, and PD values tended 
to increase as RCSS increased. For the T1 and T2 values, the error rates 
were larger in spheres having quantitative values outside the clinically- 
relevant dynamic range of the brain than inside. The error rates were 
less than 10% for RCSS = 6.0 or less in the spheres with T1 value in the 
range 272.3–1027 ms. The error rates were less than 10% for RCSS = 2.8 
or less in the spheres with T2 value in the range 43.84–186.1 ms. For 
spheres of PD value 15% or more, the error rates were less than 10% 
when RCSS was 5.5 or less. 

Fig. 3. Heat maps of the SNR of T1 values, T2 values, and PD values. The horizontal axis shows the value of reduction factors of CS-SENSE (RCSS), and the vertical 
axis shows the VOI number, the true value of the quantitative value, and the reference value measured at RCSS = 1. The areas surrounded by the thick black border are 
areas of quantitative values within the clinically-relevant dynamic range of the brain (T1 value: 200–1400 ms, T2 value: 50–400 ms) [13]. The SNR of PD values with 
5% and 10% are omitted because of a calculation error of PD values on SyMRI software. Also, the SNR of some spheres with T2 values of 623.9 and 1044 ms are 
omitted. All T2 values within these VOIs were calculated as 2000 ms (upper limit) by SyMRI software and SD became 0. The SNR of the sphere with T1 value of 1879 
ms was large overall because most of the T1 values in the VOI were calculated near the upper limit of the dynamic range and the SD was small. 

Table 2 
The coefficient of determination for each quantitative value.  

Rcss 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.5 4.0 

T1 value 1.000 0.993 1.000 1.000 1.000 0.999 0.996 0.997 0.999 0.989 0.992 0.983 
T2 value 1.000 0.999 0.989 1.000 0.998 0.999 0.998 0.998 0.999 0.986 0.992 0.990 
PD value 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000  

Rcss 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 

T1 value 0.970 0.976 0.982 0.967 0.954 0.930 0.905 0.904 0.831 0.783 0.860 0.758 
T2 value 0.969 0.980 0.940 0.939 0.920 0.867 0.832 0.712 0.689 0.751 0.720 0.698 
PD value 1.000 0.999 0.996 0.990 0.983 0.970 0.958 0.947 0.938 0.932 0.919 0.908 

Note. Assumption of linearity was deemed met with R2 > 0.9 and the R2 > 0.9 is represented as bold face. For T1 and T2 values, the coefficient of determination was 
calculated from the data of the true value within the dynamic range of SyMRI software (T1 value = 250–4300 ms, T2 value = 10–2000 ms). For PD values, the 
coefficient of determination was calculated excluding the 5% and 10% data that were not appropriately calculated on SyMRI software. 
Abbreviation: R2, coefficient of determination; RCSS, reduction factor of compressed sensing-sensitivity encoding. 
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For the assessment of repeatability, heat maps of the wCV for each 
quantitative value (Fig. 6) showed that the wCVs in all spheres of T1 
values inside the clinically-relevant dynamic range of the brain were 
less than 10%. The wCV of T2 values tended to increase as RCSS 
increased. The wCVs in all spheres of PD value with 15% or more were 
less than 10%. 

4. Discussion 

In this study, we examined the effect of RCSS on the quantitative 
values derived from 3D-QALAS by assessing noise, linearity, bias, and 
repeatability. The SNR, the error rates, and the wCV of PD values with 
5% and 10% could not be properly estimated because of the automatic 
masking of low values in the SyMRI software. However, precise quan-
tification of tissues with such small PD values is of little importance in 
the clinical setting [13,28]. 

Fig. 4. Scatter plots of T1, T2, and PD values in various reduction factors of CS-SENSE (RCSS) against the reference values (RCSS = 1). Only representative values of 
RCSS are shown. Error bars represent ±1 standard deviation. Solid lines indicate identity. 

Fig. 5. The Heat maps of the error rates of T1, T2 values, and PD values. The horizontal axis shows the value of reduction factors of CS-SENSE (RCSS), and the vertical 
axis shows the VOI number, the true value of the quantitative value, and the reference value measured at RCSS = 1. The areas surrounded by the thick black border are 
areas of quantitative values within the clinically-relevant dynamic range of the brain (T1 value: 200–1400 ms, T2 value: 50–400 ms) [13]. The error rate of PD values 
with 5% and 10% are omitted because of the measurement error of PD values on the SyMRI software. 
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The noise of the quantitative maps was more evident with larger 
RCSS. The SNR of T1, T2, and PD maps tended to decrease as RCSS 
increased. This may be because of a decrease in the sampling data vol-
ume of the original k-space acquired by 3D-QALAS [20,22]. In the 
clinically-relevant dynamic range of the brain, except for the T2 values 
of 186.1 and 258.4 ms, the SNR of T2 value tended to be smaller than 
that of T1 value: the SNR of T2 value was 10 or more when RCSS was 2.8 
or less, while the SNR of T1 value was 10 or more when RCSS was 4.0 or 
less. Even though the SNR is generally inversely proportional to the 
square root of a reduction factor, this relationship is expected to be 
invalid for quantitative maps acquired with 3D-QALAS because each 
map is based on a combination of five source images. In this study, the 
SNR of the quantitative maps within a VOI was defined as the mean 
value divided by the SD. However, evaluating SNR only for the quan-
titative maps is problematic because the software that handles the 
calculation of relaxation parameters may threshold values that are 
considered out of range, which may result in artificially low SD and high 
SNR for the phantom measurements. Hence, as a supplementary study, 
the SNR of the five source images was measured and evaluated (Sup-
plementary document 1). However, since 3D-QALAS uses an inversion 
recovery pulse and the signals can come close to zero, it is difficult to set 
an acceptable range in the SNR measurement of the source images. It is 
difficult to distinguish between the effects of longitudinal relaxation and 
those of RCSS on SNR. Therefore, in this study, the acceptable range of 
RCSS was determined from the SNR of quantitative maps. 

Linearities of the T1 and T2 values were not maintained when RCSS 
was large which can be explained by the increase in error rates. Outside 
of the clinically-relevant dynamic range of the brain the T1 values 
fluctuated more than within the clinically-relevant dynamic range of the 
brain when the RCSS was large. The reason may be that the SyMRI 
software was optimized to characterize human brain tissue. With 

increasing RCSS, T2 value lost linearity at smaller values of RCSS than T1 
and PD. The PD values tended to be estimated higher as the RCSS 
increased. The cause of this phenomenon is unclear but may be because 
of the salt-and-pepper like noise in PD maps accompanying the calcu-
lation errors in the quantitative value at high RCSS. 

In the examination of bias, the error rate of T1, T2, and PD values 
tended to increase as RCSS increased. It is likely because when RCSS 
increased, the error and variation in the measured quantitative value 
became larger because of decreases in the SNR of the original images of 
3D-QALAS [22]. The error rate of the T2 value was generally larger than 
that of the T1 value. Also, among T1, T2, and PD, the error rate of T2 
value exceeded 10% at smaller RCSS. In the spheres with T2 values of 
623.9 and 1044 ms, and with T1 value of 1879 ms, the error rates were 
small, even though they were outside the clinically-relevant dynamic 
range of the brain. This may be because most of the pixels in the VOI for 
T1 and T2 were calculated near the upper limit of the dynamic range of 
SyMRI software regardless of RCSS. 

In the examination of repeatability, the wCVs in the entire range of 
T1 values inside the clinically-relevant dynamic range of the brain and 
in PD values of 15% or more were less than 10%. The wCV of T2 values 
within the clinically-relevant dynamic range of the brain tended to in-
crease as RCSS increased. In the spheres with T2 values of 623.9 and 
1044 ms, and with T1 value of 1879 ms, the wCV was small although 
they were outside the clinically-relevant dynamic range of the brain. 
Again, this may be because most of the pixels in the VOI for T1 and T2 
were calculated near the upper limit of the dynamic range of SyMRI 
software. 

In summary, the effect of RCSS on quantitative values within the 
clinically-relevant dynamic range of the brain of T1 and T2 (T1 value: 
200–1400 ms, T2 value: 50–400 ms) and PD value of 15% or over 
(enough number of protons as signal source) calculated from 3D 

Fig. 6. The heat maps of the within-subject coefficient of variation (wCV) of T1, T2, and PD values. The horizontal axis shows the value of reduction factors of CS- 
SENSE (RCSS), and the vertical axis shows the VOI number, the true value of the quantitative value, and the reference value measured at RCSS = 1. The areas sur-
rounded by the thick black border are areas of quantitative values within the clinically-relevant dynamic range of the brain (T1 value: 200–1400 ms, T2 value: 
50–400 ms) [13]. The wCV of PD values with 5% and 10% are omitted because of the measurement error of PD values on the SyMRI software. 
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quantitative synthetic MRI was small (between 1 and 2.8), with SNR 
≧10, R2 ≧0.9, the error rate ≦10%, and wCV ≦10%, except for T2 values 
of 186.1 and 258.4 ms. It is considered that one of the reasons why the 
measurement accuracy of the long T2 value was low is that 3D-QALAS 
has few measurement points for calculating the T2 value. In addition, 
since SyMRI software targets values close to living organisms, it is 
possible that it is not good at measuring long T2 values. In contrast, it 
was reported that the T2 value of normal GM is 95 ± 8 ms and normal 
WM is 72 ± 4 ms [29]. Hence, low measurement accuracy of T2 values of 
186.1 and 258.4 ms may not largely affect a clinical brain scan. 
Therefore, using CS-SENSE, it may be possible to reduce the imaging 
time by 63.5% with RCSS of 2.8, while maintaining the SNR of quanti-
tative maps and accuracy and precision of the quantitative values. 

The major limitation of this study is that it was based on only 
phantom experiments. Human brain and phantom have different spar-
sity and contrast. CS presents with a higher noise processing efficiency 
for data with higher sparsity [17,30]. CS-SENSE is more effective in 
higher-contrast areas, while the efficiency decreases in lower contrast 
regions [17]. The difference in sparsity and contrast between the human 
brain and phantom may affect the calculation process of CS-SENSE. 
Thus, the results of our study will require verification using human 
anatomical data relevant to clinical application. Further, this study 
focused on quantitative values and did not qualitatively examine the 
image quality. Care should be taken when using each quantitative map 
for visual diagnosis. In addition, Philips’ commercial CS-SENSE tech-
nology—”Compressed SENSE”—does not clearly separate CS and 
SENSE. In Compressed SENSE, the ratio of CS and SENSE to reduction 
factor is automatically optimized based on (1) the positional relation-
ship between the target part and coil, (2) the size of the region of in-
terest, and (3) geometry factor information. Therefore, in this study, it 
was not possible to separately determine the effect of CS and SENSE on 
the quantitative values. 

5. Conclusion 

The effect of CS-SENSE on T1, T2, and PD values calculated from 3D 
quantitative synthetic MRI was small with RCSS of 1–2.8. By using CS- 
SENSE, it may be possible to reduce the imaging time by 63.5% while 
maintaining the SNR of quantitative maps and accuracy and repeat-
ability of the quantitative value. 
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Accelerated Isotropic Multiparametric Imaging by High Spatial
Resolution 3D-QALAS With Compressed Sensing

A Phantom, Volunteer, and Patient Study

Shohei Fujita, MD,*† Akifumi Hagiwara, MD, PhD,* Naoyuki Takei, MS,‡ Ken-Pin Hwang, PhD,§
Issei Fukunaga, PhD,* Shimpei Kato, MD,*† Christina Andica, MD, PhD,* Koji Kamagata, MD, PhD,*

Kazumasa Yokoyama, MD,|| Nobutaka Hattori, MD, PhD,||
Osamu Abe, MD, PhD,† and Shigeki Aoki, MD, PhD*

Objectives: The aims of this study were to develop an accelerated multiparametric
magnetic resonance imagingmethod based on 3D-quantification using an interleaved
Look-Locker acquisition sequence with a T2 preparation pulse (3D-QALAS) com-
bined with compressed sensing (CS) and to evaluate the effect of CS on the quantita-
tive mapping, tissue segmentation, and quality of synthetic images.
Materials and Methods: A magnetic resonance imaging system phantom, con-
taining multiple compartments with standardized T1, T2, and proton density
(PD) values; 10 healthy volunteers; and 12 patients with multiple sclerosis were
scanned using the 3D-QALAS sequence with and without CS and conventional
contrast-weighted imaging. The scan times of 3D-QALAS with and without
CS were 5:56 and 11:11, respectively. For healthy volunteers, brain volumetry
and myelin estimation were performed based on the measured T1, T2, and PD.
For patients with multiple sclerosis, the mean T1, T2, PD, and the amount of my-
elin in plaques and contralateral normal-appearing white matter (NAWM) were
measured. Simple linear regression analysis and Bland-Altman analysis were
performed for each metric obtained from the datasets with and without CS. To
compare overall image quality and structural delineations on synthetic and con-
ventional contrast-weighted images, case-control randomized reading sessions
were performed by 2 neuroradiologists in a blinded manner.
Results: The linearity of both phantom and volunteer measurements in T1, T2, and
PD values obtainedwith andwithout CSwas very strong (R2 = 0.9901–1.000). The
tissue segmentation obtained with and without CS also had high linearity
(R2 = 0.987–0.999). The quantitative tissue values of the plaques and NAWM ob-
tained with CS showed high linearity with those without CS (R2 = 0.967–1.000).

There were no significant differences in overall image quality between synthetic
contrast-weighted images obtained with and without CS (P = 0.17–0.99).
Conclusions:Multiparametric imaging of the whole brain based on 3D-QALAS
can be accelerated using CS while preserving tissue quantitative values, tissue
segmentation, and quality of synthetic images.

Key Words: 3D-QALAS, compressed sensing, magnetic resonance imaging,
parallel imaging, quantitative mapping, synthetic MRI

(Invest Radiol 2020;00: 00–00)

Q uantitative magnetic resonance imaging (MRI) techniques allow
objective rather than the current subjective evaluation.1 Simulta-

neous multiparametric mapping techniques provide tissue property
maps, including T1 and T2 maps, in a single scan, and have attracted
much attention owing to their high acquisition efficiency.2–4 Their clin-
ical feasibility in the evaluation of the brain has been reported in many
studies assessing and characterizing brain conditions, such as multiple scle-
rosis (MS) and brain tumors, as well as brain development.5–9 Rapid myelin
estimation has also been developed on the basis ofmultiparametricmapping
techniques.10,11 These techniques were validated on histology12,13 and com-
pared with other myelin imaging techniques,14,15 and applied to diseases
such as MS and Sturge-Weber syndrome.16,17 From the quantitative maps
acquired in a single time-efficient scanning process, multiparametric map-
ping techniques have the potential to reduce the long MRI time by produc-
ing any of the contrast-weighted images, such as T1-weighted, T2-weighted,
and fluid-attenuated inversion recovery (FLAIR) images.2

In recent years, there has been an increasing interest in improving
the spatial resolution of multiparametric mapping techniques by acquiring
thewhole-brain data in 3D.One of these techniques, namely, 3D-quantification
using an interleaved Look-Locker acquisition sequence with a T2 prep-
aration pulse (3D-QALAS) sequence, has been applied to the brain and
has demonstrated high repeatability and reproducibility both in vivo and
in vitro.18–20 Compared with a 2D acquisition, a 3D acquisition enables
thinner slices, which are contiguous and more amenable to interpolation
in the slice direction. Furthermore, a 3D acquisition with isotropic reso-
lution would allow visualization of the subject from any orientation, en-
abling improved depiction of structures and characterization of the
pathologies. Despite their potential, current 3D quantitative imaging tech-
niques require long acquisition times, thereby limiting its clinical use.

Compressed sensing (CS) is an acceleration technique that re-
constructs images from subsampled data by leveraging the sparsity of
the image.21 Using incoherently undersampled k-space data, CS accel-
erates image acquisition by reducing the amount of data acquired and
filling in unacquired data points in a manner that minimizes the inco-
herent artifacts. Generally, CS and 3D acquisitions are highly compati-
ble owing to the compressibility of the volume data and the increased
incoherence offered in the added spatial dimension. It has been ob-
served previously that utilization of CS in combination with parallel im-
aging (PI), another acceleration technique, could achieve a higher
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acceleration rate than application of either method alone,22 while pre-
serving the quality of 3D MRI scans.23–27 However, the effects of CS
on quantitative values obtained with multiparametric mapping tech-
niques, including 3D-QALAS, have been largely unexplored.28–30

This study aimed to propose an application of CS combined with
PI to the 3D-QALAS sequence, a multiparametric mapping technique, to
enable the whole-brain 1-mm isotropic T1, T2, and proton density (PD)
quantification and myelin estimation within a span of 6 minutes. We
assessed whether an accelerated acquisition could allow reliable T1,
T2, and PD quantification and myelin estimation while maintaining the
quality of the contrast-weighted images. Furthermore, we also compared
3D-QALAS with and without CS and conventional contrast-weighted
images in patients with MS for assessing lesion quantitative values and
diagnostic image quality.

MATERIALS AND METHODS

Magnetic Resonance Imaging Settings
We implemented an acceleration technique that serially com-

bined CS and data-driven PI to 3D-QALAS according to the procedure
proposed by King et al.31,32 The overview of the procedure is illustrated
in Supplemental Digital Content Figure 1, http://links.lww.com/RLI/
A587 showing a reconstruction based on the serial combination of CS
and PI. K-space datawere first undersampled in a Gaussian random dis-
tribution outside of a fully sampled small area around the center of the
k-space. The standard deviation of the Gaussian random distribution
was set to 0.28, which was determined empirically. The unacquired
points in this step were filled with CS reconstruction to restore uni-
formly undersampled k-space data. This CS reconstruction was per-
formed on each channel of the coil, based on a total variation
sparsifying transform and an iterative nonlinear conjugate gradient
method described by Lustig et al.21 The image from the undersampled
k-space data was reconstructed by using the following formula:

m̂ ¼ argmin ∥Ψm∥1 s:t: ∥Em̂−y∥22≤ε

where m̂ is the reconstructed image,Ψ is sparsifying transform, m is all
the pixel values, y is the acquired k-space data samples, E is coil and

gradient encoding, and ε is noise standard deviation in y controlling
the fidelity of the reconstruction to the measured data. The maximum
number of CS iteration was set to 10. Finally, PI reconstruction based
on the Autocalibrating Reconstruction for Cartesian imaging method33

restored the rest of the k-space on each coil channel, followed by fast
Fourier transform and sum of squares reconstruction.

A 3-T scanner (Discovery 750w; GE Healthcare, Waukesha,
WI) with a 32-channel head coil was utilized for image acquisition in
the standardized phantom and all the human subjects. To evaluate the
effects of CS on quantitative mapping and tissue segmentation, we have
acquired 3D-QALAS with and without CS for each subject. The se-
quence used a Look-Locker inversion acquisition-based technique
with acquisition parameters shown in Table 1. The imaging parame-
ters were all identical between the 2 acquisitions, except for the in-
corporation of CS acceleration with an undersampling factor of
1.9, corresponding to 53% of the full k-space points. The scan times
for the 3D-QALAS sequence with and without CS were 5:56 and
11:11, respectively. For patient data acquisition, we additionally ac-
quired conventional T1-weighted, T2-weighted, and FLAIR images
for comparison of diagnostic image quality (Table 1).

Phantom Study
A standardized NIST/ISMRM (National Institute of Standards

and Technology/International Society for Magnetic Resonance in Med-
icine) system phantom (High Precision Devices, Inc, Boulder, CO) with
3 layers of sphere arrays was designed to assess a range of specific T1,
T2, and PD values (Supplemental Digital Content Table 1, http://links.
lww.com/RLI/A587).34 Each sphere was filled with either NiCl2 or
MnCl2 dopedwater. Over a period of 1month, this phantomwas scanned
10 times on different days. Moreover, to minimize the effects of motion
on the measurements, the phantom was positioned 30 minutes before
commencement of each scan. The images produced by 3D-QALAS se-
quences were postprocessed using a prototype version 0.45.5 of SyMRI
software (SyntheticMR, Linköping, Sweden) to generate T1, T2, and PD
maps. A spherical volume of interest (VOI) was manually placed at the
center of each sphere on the T1, T2, and PD maps, and the respective
mean values were recorded. To minimize the effects of the artifacts near

TABLE 1. Sequence Parameters for 3D-QALAS With CS, 3D-QALAS Without CS, and Conventional Imaging

3D-QALAS Conventional

Parameter With CS Without CS T1WI T2WI FLAIR

Acquisition dimension 3D 3D 3D 2D 2D
Acquisition plane Axial Axial Axial Axial
Repetition time, ms 8.6 7.7 4500 9000
Echo time, ms 3.5 3.1 122.3 120
Flip angle, degree 4 11 — —
Bandwidth, Hz/pixel 244.1 244.1 162.8 195.3
Field of view, mm 256 � 205 � 146 256 � 218 240 � 240 240 � 240
Matrix 256 � 205 � 146 256 � 218 320 � 224 320 � 224
Interpolated matrix 512 � 410 � 292 256 � 218 320 � 224 320 � 224
Slice thickness, mm 1 (0.5)* 1 (0.5)* 4 4
Slice gap, mm — — 1 1
Parallel imaging (ARC) 2 � 1 2 � 1 2 � 1 2 � 1
Compressed sensing 1.9 — — — —
Acquisition time 5:56 11:11 5:45 2:06 2:33

*Slice thicknesses after zero-fill interpolation.

3D-QALAS, 3D-quantification using an interleaved Look-Locker acquisition sequence with a T2 preparation pulse; ARC, Autocalibrating Reconstruction for Car-
tesian imaging; CS, compressed sensing; FLAIR, fluid-attenuated inversion recovery images; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging.
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the edge of the sphere, the spherical VOI was set to 10-mm diameter
within each sphere with an inner diameter of 15 mm.

In Vivo Quantitative Assessment
This study was approved by the local institutional review board.

Ten healthy volunteers (7 men, 3 women; mean age ± standard devia-
tion, 29.7 ± 4.7 years) and 12 patients with relapsing-remitting MS (1
man, 11 women; 42.3 ± 10.9 years) diagnosed using the McDonald
criteria35 were included in the study. Patient characteristics were as fol-
lows: disease duration, 11.3 ± 7.8 years; and median Expanded Disabil-
ity Status Scale score, 1.0 (range, 0–4.5). Written informed consent was
obtained from all the study participants. In addition to T1, T2, and PD
maps as described in the phantom study, SyMRI software was used to
create myelin volume fraction (MVF)maps for each human subject based
on a 4-compartment model.10 To compare the quantitative T1, T2, PD,
and MVF values in vivo, quantitative maps that were derived from
3D-QALAS with and without CS were compared by adopting semiauto-
mated VOI analyses proposed byHagiwara et al.36 In brief, 16 VOIswere
automatically created in the Montreal Neurological Institute space and
registered to each subject's space using the FMRIB Software Library
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).37 Of the 16 VOIs, 8 were gray
matter (frontal, parietal, temporal and occipital GM, insula, caudate, pu-
tamen, and thalamus) and 8werewhite matter (frontal, parietal, temporal,
and occipital WM, genu and splenium of the corpus callosum, internal
capsules, and middle cerebellar peduncles). Circular ROIs with a diame-
ter of 5 mm were manually placed by a neuroradiologist with 6 years of
experience (S.F.) in the anterior horns of the lateral ventricles. The ROIs
were carefully placed so as not to include the brain parenchyma or the
choroid plexus. To topologically show the differences in T1, T2, and
PD values obtained with and without CS, the difference divided by their
mean on a group level in the Montreal Neurological Institute space was
calculated in a voxelwise manner.

For 3D-QALAS data with and without CS, voxelwise T1, T2,
and PD values were used to derive the following tissue fraction maps:
WM, white matter; GM, gray matter; and CSF, cerebrospinal fluid frac-
tion maps.38 By integrating the tissue fraction maps across all voxels,
the following tissue volumes were calculated: WM volume, GM vol-
ume, CSF volume, myelin volume, and intracranial volume. The effects
of CS on the tissue fraction maps obtained with 3D-QALAS were eval-
uated by comparing those obtained with and without CS.

To compare the quantitative values of the plaques and
normal-appearing white matter (NAWM) of MS patients obtained with
and without CS, VOI analysis was performed. A neuroradiologist (S.F.)
identified plaques that were larger than 5 mm in diameter using all the
available images. A spherical VOI with 4-mm diameter was placed on
each plaque and contralateral NAWM to measure the mean T1, T2,
PD, and MVF values (see Supplemental Digital Content Figure 2,
http://links.lww.com/RLI/A587, an example of spherical VOI place-
ment in a patient with MS).

In Vivo Qualitative Assessment
To evaluate the effects of CS on image quality, all patient images

were blinded and independently assessed by 2 neuroradiologists (C.A.
and S.K.) with 10 and 6 years of experience, respectively. The evalua-
tion was performed with at least 4 weeks of washout period between
reading sessions to minimize the recall bias. The images were pre-
sented in a random order in 3 sessions during which each reader
was presented only once with each case per session from one of
the following 3 datasets: 3D-QALAS with CS, 3D-QALAS without
CS, and conventional contrast-weighted image dataset. For 3D-QALAS
datasets, the following contrast-weighted images were generated using
SyMRI software: T1WI, T1-weighted images; T2WI, T2-weighted im-
ages; FLAIR, fluid-attenuated inversion recovery images; DIR,
double-inversion recovery images; and PSIR, phase-sensitive inversion

recovery images. TR, TE, and TI used for image synthesis were virtually
set as follows: T1WI, 650/10/− milliseconds; T2WI, 4500/100/− milli-
seconds; FLAIR, 15,000/75/3000 milliseconds; DIR, 15,000/100/
3600 milliseconds; and PSIR, 6000/10/500 milliseconds, respectively.
The conventional contrast-weighted image dataset consisted only of
T1WI, T2WI, and FLAIR images.

For each contrast-weighted view, the overall image quality and
visibility of brain structures (how easily the margins and structures of
an anatomic region can be detected) were rated on a 5-point Likert
scale, which was defined as follows: 1, unacceptable; 2, poor; 3, accept-
able; 4, good; and 5, excellent. The structures included the central sul-
cus, head of the caudate nucleus, posterior limb of the internal capsule,
cerebral peduncle, and middle cerebellar peduncle.39 Conspicuity of
plaques was also rated by using the same 5-point Likert scale. Further,
readers recorded whether any of the following artifacts were present in
each image: truncation and ringing artifacts, motion artifacts, aliasing
artifacts, chemical shift artifacts, and any other artifacts (eg, spike noise,
banding, and blurring).40 Readerswere providedwith a free text column
to record any other observations.

Statistical Analysis
All statistical analyses were performed on R program version

3.5.1 (R Core Team [2018], R).41 Simple linear regression analyses
were performed for each quantitative metric obtained from the datasets
with and without CS. ABland-Altman analysis was performed to assess
the agreement and biases between themetrics derived from 3D-QALAS
with and without CS. Agreement of categorical data between readers
was assessed using Kendall's coefficient of concordance. The overall
image quality and structural delineations for each contrast-weighted im-
age were compared among 3D-QALAS with and without CS and con-
ventional images using the pairwise Dunn-Bonferroni post hoc test
when therewere significant differences in the Friedman test. Agreement
of overall image quality between 3D-QALAS with and without CS was
assessed using Kendall's coefficient of concordance. A P value of less
than 0.05 was considered statistically significant.

RESULTS

Phantom Study
The temperature of the phantom immediately after the scan was

19.6°C ± 0.4°C. The T1, T2, and PD values that were measured using
the data acquired with CS showed strong linear associations with the
values acquired without CS (R2 = 0.999, 0.993, and 0.996, respectively;
see Supplemental Digital Content Figure 3, http://links.lww.com/RLI/
A587: Scatterplots and Bland-Altman plots comparing T1, T2, and
PD values). The linear fits had slopes of 0.99 for T1, 0.90 for T2,
and 1.0 for PD, and the intercepts were 8.3 milliseconds for T1,
15.2 milliseconds for T2, and −0.1% for PD. The mean biases for T1,
T2, and PD were −3.3 milliseconds, 9.6 milliseconds, and −0.3%, re-
spectively. The 95% agreement limits for T1, T2, and PD were
−30.0 milliseconds to 23.5 milliseconds, −114.5 milliseconds to
133 milliseconds, and −2.5% to 1.9%, respectively.

In Vivo Quantitative Assessment
Figure 1 shows representative T1, T2, and PD maps and tissue

fraction maps of the brain obtained from a healthy volunteer using
3D-QALAS with and without CS. The relative difference of T1, T2,
and PD values obtained with and without CS are shown in Figure 2.
The difference was very small on the brain parenchyma, whereas T2
values on the brain surface tended to be smaller when using CS. Repre-
sentative quantitative maps, tissue fraction maps, and contrast-weighted
images of an MS patient created from data acquired by 3D-QALAS
with CS are shown in Figure 3. Figure 4 summarizes the agreement
of the T1, T2, PD, and MVF values between the data acquired with
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and without CS in different brain regions. The linearity of measure-
ments in T1, T2, PD, and MVF values obtained with and without CS
were very strong (R2 = 0.990–0.998). The T1, T2, and PD values of
the CSF with CS were 4216 ± 45.6 milliseconds, 1997 ± 7.3 millisec-
onds, and 101% ± 3.2%, respectively, whereas the mean T1, T2, and
PDwithout CSwere 4181 ± 36.0milliseconds, 1998 ± 3.9milliseconds,
and 98.2 ± 2.9, respectively. Figure 5 shows the agreement of the tissue
fraction volumes that were calculated using 3D-QALAS with and with-
out CS. The tissue segmentation obtained with and without CS also
showed a high linearity (R2 = 0.987–0.999).

A total of 140 plaques were analyzed in 12 patients with MS.
Supplemental Digital Content Figure 4, http://links.lww.com/RLI/
A587 shows 3D scatterplots comparing the quantitative properties of
the plaques and NAWM; a clear differentiation of the plaques and
NAWM using quantitative values was observed regardless of the appli-
cation of CS. Figure 6 shows the linearity and biases of T1, T2, and PD
values of the plaques evaluated from the images obtained with and

without CS. The quantitative tissue values of the plaques and NAWM
obtained with CS showed a high linearity with those obtained without
CS (R2 = 0.967–1.000).

In Vivo Qualitative Assessment
Representative examples of synthetic contrast-weighted images

of 3D-QALAS with and without CS are presented in Figure 7. Another
representative case of MS is presented in Supplemental Digital Content
Figure 5, http://links.lww.com/RLI/A587 (a representative example of a
patient with MS shown in reformatted sagittal views). Because the
interrater agreement between the 2 readers was high, with Kendall's co-
efficient of concordance of 0.82, the pooled overall image quality and
structural delineation, that is, the results of the 2 readers, were simulta-
neously used for further analysis. Figure 8 shows the overall image
quality and structural delineation of contrast-weighted images scored
on a 5-point Likert scale. On Friedman test, therewas no significant dif-
ference in the overall image quality of T1WI among the examined

FIGURE 1. Representative quantification maps and tissue fraction maps of a healthy volunteer. Axial images of T1, T2, and PDmaps, and segmentation
results for white matter, gray matter, cerebrospinal fluid, and myelin volume fraction. Minimal differences are observed between the maps obtained
with and without CS. PD, proton density; CSF, cerebrospinal fluid; MVF, myelin volume fraction; CS, compressed sensing.

FIGURE 2. Images show relative differences in T1, T2, and PD values between with and without CS. Maps were calculated by subtraction (quantitative
values acquired with CS minus those without) divided by their mean on a group level. Different metrics (rows) and sections (columns) are shown. Red
and blue indicates larger and smaller value with CS than without, respectively.
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datasets (ie, 3D-QALAS with CS, 3D-QALAS without CS, and con-
ventional contrast-weighted images) (P = 0.17). Pairwise Dunn-Bonferroni
post hoc test revealed that the overall image quality of the synthetic im-
ages acquired with T2WI and FLAIR sequences, with and without CS,
was significantly lower than that of the conventional images (P < 0.001).
No significant differences were present between the synthetic images
with and without CS for all contrast weightings (P values for T2WI,
FLAIR, DIR, and PSIR were 0.53, 0.98, 0.99, and 0.99, respectively).
Overall image quality between 3D-QALAS with and without CS
across all contrast-weighted images showed high agreement with
Kendall's coefficient of concordance of 0.83. Among the target
structures examined, there were no significant differences between
contrast-weighted images acquired with and without CS for all con-
trast weightings.

Truncation artifacts were seen in 4.2% (3/72) of the conventional
contrast-weighted images, 5% (3/60) of 3D-QALAS–acquired images
with CS, and 3.3% (2/60) of 3D-QALAS–acquired images without
CS. Parenchymal-CSF interface hyperintensities39,42,43 were found in
8.3% (5/60) of the 3D-QALAS–acquired images with CS and without
CS (8.3%; 5/60). None of the images exhibited a global ringing artifact,

which is known to be associated with CS.44 No artifacts were noted in
conventional contrast-weighted images.

DISCUSSION
The long acquisition times of quantitative MRI have made the

procedure suboptimal for routine clinical practice. Although faster im-
aging is desirable, assuring reproducible quantitative values and suffi-
cient image quality is a prerequisite for utilization in clinical
settings.45 Hence, to address both these issues and evaluate the perfor-
mance of quantitative MRI, we have implemented CS acceleration for
high spatial resolution multiparametric imaging by 3D-QALAS; we
also assessed the quantitative values and tissue segmentation perfor-
mance with and without CS acceleration. The accelerated acquisition
protocol of 3D-QALASwith CS enabled isotropic, 1-mm,multiparametric
imaging of the whole brain in less than 6 minutes, while maintaining the
tissue quantitative values and segmentation quality. This technology can al-
leviate the problem of long MRI scanning times and provide objective in-
formation of the brain to supplement the contrast-weighted imaging
commonly used in clinical settings.

FIGURE 3. Representative quantitative maps, tissue fraction maps, and contrast-weighted images of a multiple sclerosis patient created from data
acquired by 3D-QALASwith CS. All images are reformatted in 3 directions. Note that all of these maps are acquired in a single scan. WM, white matter;
GM, gray matter; CSF, cerebrospinal fluid; MVF, myelin volume fraction; T1WI, T1-weighted images; T2WI, T2-weighted images; FLAIR, fluid-attenuated
inversion recovery images; DIR, double-inversion recovery images; and PSIR, phase-sensitive inversion recovery images.
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The relaxometry parameters and tissue volumes obtained with
3D-QALAS with and without CS showed a high agreement with both
in vitro and in vivo settings. The bias caused by the presence or absence
of CS was estimated to be approximately 0.99% (mean difference of
9.9 milliseconds divided by 1000 milliseconds), 0.24% (mean differ-
ence of 0.19 milliseconds divided by 80 milliseconds), 0.49% (mean
difference of 0.34% divided by 70%), and −1.7% (mean difference of
−0.33% divided by 20%) for T1, T2, PD, andMVF, respectively, which
is sufficiently small. The robustness of the quantitative value could be
attributed to the fact that the center of the k-space, which dominates

the contrast, was fully sampled. Acceleration with CS was effective
for high-resolution imaging with 3D-QALAS, partly because the propor-
tion of high-frequency components, which have a high undersampling ra-
tio, increases as the resolution increases. Although only small differences
were observed between values obtained with and without CS, the differ-
ences in T2 were noticeable on brain surfaces and ventricular walls.
This may be due to partial volume effects: the T2 value was forcefully
calculated using Bloch equation supposing a monoexponential behav-
ior, but the relaxation behavior in these regions is expected to be
multiexponential.

FIGURE 4. Scatterplots and Bland-Altman plots comparing T1, T2, PD, and MVF values of 16 brain regions of 10 volunteers and 12 patients with MS,
which were calculated from 3D-QALAS with CS compared with those calculated without CS. Solid black lines in the scatterplots represent the linear
regression fit, and the center solid lines in the Bland-Altman plots represent mean differences. The upper and lower dotted lines represent the agreement
limit, whichwas defined as themeandifference ± 1.96� SDof the difference between the values acquiredwith andwithout CS. SD, standard deviation.
PD, proton density; MVF, myelin volume fraction.

FIGURE 5. Scatterplots and Bland-Altman plots comparing GM, WM, CSF, myelin, and intracranial volumes of 10 volunteers and 12 patients with MS,
calculated from 3D-QALAS acquired with and without CS. The center solid lines in the Bland-Altman plots represent mean differences, whereas the
upper and lower dotted lines represent the limit of agreement, which is defined as the mean difference ± 1.96� SD of the difference between the values
acquired with and without CS. SD, standard deviation, WM, white matter; GM, gray matter; CSF, cerebrospinal fluid.
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The overall image quality of contrast-weighted images acquired
with 3D-QALAS in patients was maintained with the combination of
CS. However, the image quality of the synthetic T2-weighted and
FLAIR images, either with and without CS, was inferior than the corre-
sponding conventional images. This difference in image quality has
been observed in published literature,39,42 whereas another study ap-
plied deep learning to improve the image quality of synthetic FLAIR

images.43 It may be possible to reduce artifacts by creating synthetic
contrast-weighted images directly from the original source images,
bypassing the quantitativemaps.46 In the current study, parenchymal-CSF in-
terface hyperintensities were observed in both synthetic FLAIR images
with and without CS. Although this artifact did not affect the delinea-
tion of MS plaques (P = 0.33), it may mimic certain pathologies involv-
ing the meninges, such as subarachnoid hemorrhage and meningitis.

FIGURE 6. Scatterplots and Bland-Altman plots comparing T1, T2, and PD values of plaques and NAWM calculated from 3D-QALAS acquired with and
without CS. The solid black lines in the scatterplots represent the linear regression fit, and the center solid lines of the Bland-Altman plots representmean
differences. The dotted lines represent the agreement limit, which was defined as the mean difference ± 1.96 � SD of the difference between the
measurements with and without CS. SD, standard deviation; CS, compressed sensing; PD, proton density; MVF, myelin volume fraction; NAWM,
normal-appearing white matter.

FIGURE 7. Representative contrast-weighted images of a multiple sclerosis patient. Minimal differences are seen between the contrast-weighted images
that were obtained with and without CS. CS, compressed sensing; T1WI, T1-weighted images; T2WI, T2-weighted images; FLAIR, fluid-attenuated
inversion recovery images; DIR, double-inversion recovery images; and PSIR, phase-sensitive inversion recovery images.
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Although this artifact was readily recognizable by its distinctive
appearance and by confirming the lack of such artifact on other
contrast-weighted images, additional imaging of conventional FLAIR
may be still desirable. The partial volume effect may explain the reason
for lower P values when comparing the T2-weighted images obtained
with and without CS than other contrast-weighted images. Although
there were no indications that the application of CS made lesions less
visible in the reading sessions, the appearance may be slightly different
for T2WI and should be interpreted with caution.

Scan time reduction with CS may enable the incorporation of
high spatial resolution multiparametric imaging in routine clinical set-
tings. The rapid acquisition of relaxometry parameters in 6 minutes is
comparable to our routine 3D T1WI structural imaging protocol, which
requires 4 to 5minutes. This approach could be particularly effective for
pediatric and preoperative imaging, wherein multiple contrast images
are needed in a short time.

Traditionally, visual and quantitative assessments have required
independent scans, resulting in very long examination times, making
them difficult to use simultaneously in clinical practice. The present
study showed that 3D-QALAS combinedwith CS provides information
required for both visual and quantitative assessment. For example, scan
times for MS lesions and other lesions would be shorter, allowing for
more objective clinical management.

The inherent alignment of the maps is a significant advantage of
multiparametric mapping techniques. It has been shown that brain seg-
mentation with synthetic T1WI strongly agrees with image segmentation
obtained with conventional 3D T1WI.19 Reliable morphometry metrics
with relaxometry parameters would translate this segmentation to reliable
VOI data to detect small differences in local tissues; this will further pave
the way for combined evaluation of morphometric and quantitative

values.47 Further, image postprocessing, including deep learning, could
be performed without the need for image resampling or registration.43,48

However, simultaneous acquisition of spin parameter maps could also be
problematic because all themapswould be degraded if motion corruption
occurs at any point during the acquisition. To mitigate this complication,
current developments in motion detection or correction49 could be incor-
porated into the 3D-QALAS technique in the future, in addition to the
further acceleration of acquisition time.

The generalizability of our study results is subject to certain lim-
itations. For instance, we did not compare CS to a standard PI tech-
nique, and we have used a fixed undersampling factor in this study.
This was chosen based on a preliminary study with a phantom. Al-
though a study that iterates multiple undersampling factors by small
steps to explore the highest undersampling factor with tolerable degrada-
tion in quantitative values and image quality would be of tremendous in-
terest from the point of viewof engineering, it was not feasible to perform
such a study on human subjects. Second, the phantom measurements
were not verified by conventional quantitative mapping methods, such
as variable flip angle gradient echo scan and Carr-Purcell-Meiboom-
Gill sequence. Third, this study only included a single group of patients
with MS. Relatively young adults, in whom MS is frequently seen, tend
to be cooperative during MRI examinations. The results may not be gen-
eralizable to patients with other movement disorders and to older patients
who may not be cooperative during MRI examinations. Hence, to mimic
actual clinical scenarios, inclusion and evaluation of patients with move-
ment disorders and elderly patients may further demonstrate the effective-
ness of applying CS to 3D-QALAS.

In conclusion, isotropic 1-mm multiparametric imaging of the
whole brain based on 3D-QALAS can be performed in less than
6 minutes using CS, while preserving tissue quantitative values, tissue

FIGURE 8. Visual assessment of contrast-weighted images generated from 3D-QALAS with and without CS and conventional imaging for patients with
multiple sclerosis. Overall image quality and structural delineation scored on a 5-point Likert score by 2 neuroradiologists are shown. T1WI, T1-weighted
images; T2WI, T2-weighted images; FLAIR, fluid-attenuated inversion recovery images; DIR, double-inversion recovery images; and PSIR, phase-sensitive
inversion recovery images; NA, not applicable.
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segmentation, and contrast-weighted image quality. The image quality
of T2WI and FLAIR was inferior to that of conventional contrast-weighted
images, and additional conventional imaging may be selected. This
technique would further facilitate the use of quantitative imaging in ac-
tual clinical settings.
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