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Original Article

Myelin water quantification in multiple sclerosis using short 
repetition time adiabatic inversion recovery prepared-fast spin 
echo (STAIR-FSE) imaging
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Background: Myelin water imaging (MWI) is a myelin-specific technique, which has great potential for 
the assessment of demyelination and remyelination. This study develops a new MWI method, which employs 
a short repetition time adiabatic inversion recovery (STAIR) technique in combination with a commonly 
used fast spin echo (FSE) sequence and provides quantification of myelin water (MW) fractions. 
Method: Whole-brain MWI was performed using the short repetition time adiabatic inversion recovery 
prepared-fast spin echo (STAIR-FSE) technique on eight healthy volunteers (mean age: 38±14 years, four-
males) and seven patients with multiple sclerosis (MS) (mean age: 53.7±8.7 years, two-males) on a 3T clinical 
magnetic resonance imaging scanner. To facilitate the quantification of apparent myelin water fraction 
(aMWF), a proton density-weighted FSE was also used during the scans to allow total water imaging. The 
aMWF measurements of MS lesions and normal-appearing white matter (NAWM) regions in MS patients 
were compared with those measured in normal white matter (NWM) regions in healthy volunteers. Both the 
analysis of variance (ANOVA) test and paired comparison were performed for the comparison.
Results: The MW in the whole-brain was selectively imaged and quantified using the STAIR-FSE 
technique in all participants. MS lesions showed much lower signal intensities than NAWM in the STAIR-
FSE images. ANOVA analysis revealed a significant difference in the aMWF measurements between the 
three groups. Moreover, the aMWF measurements in MS lesions were significantly lower than those in both 
NWM of healthy volunteers and NAWM of MS patients. Lower aMWF measurements in NAWM were also 
found in comparison with those in NWM.
Conclusions: The STAIR-FSE technique is capable of measuring aMWF values for the indirect detection 
of myelin loss in MS, thus facilitating clinical translation of whole brain MWI and quantification, which 
show great potential for the detection and evaluation of changes in myelin in the brain of patients with MS 
for future larger cohort studies. 

Keywords: Myelin water (MW); short repetition time adiabatic inversion recovery (STAIR); fast spin echo (FSE); 
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Introduction 

The myelin sheath of axons facilitates the fast transmission 
of electrical impulses between neurons, which is essential 
for the proper function of the central nervous system 
(CNS) (1). Multiple sclerosis (MS) is a debilitating disease 
characterized by autoimmune demyelination in the brain 
and/or spinal cord. It results in significant disability in 
patients and high economic costs in healthcare systems (2,3). 
The study of myelin quality and quantity is a crucial factor 
in the diagnosis and understanding of MS. Conventional 
magnetic resonance imaging (MRI) techniques such as 
T1- and T2-weighted fast spin echo (FSE) imaging are 
capable of detecting lesions caused by demyelination, and 
these are a hallmark of MS, but they lack specificity and 
may also be produced by other disease processes such as 
inflammation, edema, and axonal damage (4-7). Because of 
this, more myelin-specific MRI techniques are an important 
adjunct to conventional sequences both in diagnosis and the 
assessment of treatment (8).

Myelin water imaging (MWI) is one of the most 
promising techniques for more specific assessment of 
changes in myelin (8). Myelin water (MW) is a water 
component that is tightly bound within the myelin bilayers 
and has much shorter T1 and T2 values than the intracellular 
and extracellular water components found elsewhere in 
the brain. Several state-of-the-art MWI techniques have 
been developed to measure myelin water fraction (MWF) 
(defined as the ratio of the MW signals to total water 
signals), including multi-component T2 and T2* analysis 
(4,6,9-12), as well as multicomponent-driven equilibrium 
single pulse observation of T1 and T2 (mcDESPOT) (13). 
Studies have demonstrated a strong correlation between 
MRI-measured MWF and histology-measured myelin 
content (14,15). Moreover, lower MWFs have been found 
in both MS lesions and normal-appearing white matter 
(NAWM) in patients with MS when compared to MWFs in 
normal white matter (NWM) in healthy controls (16-18). 
While the existing suite of MWI techniques show promise 
in myelin assessment in MS, several studies have reported 
that multicompartment modeling techniques are relatively 
sensitive to MRI system imperfections (e.g., B1 and B0 
inhomogeneities, as well as eddy currents), and this has 

led to sub-optimal performance (10,19-21). Furthermore, 
the ill-conditioned fitting process used in modeling is 
susceptible to noise and artifacts, further degrading the 
results obtained with MWF mapping (22-24). These lead 
to increased efforts to improve the performance of these 
multicompartment modeling techniques (19,20,22,25-28).

Oh et al. have proposed a selective MWI technique 
utilizing the short T1 of MW i.e., direct visualization of the 
short transverse relaxation time component (ViSTa) (29). 
The ViSTa technique utilizes a double inversion recovery 
(DIR) preparation to suppress signals from long T2 intra/
extracellular water compartments which also have long 
T1 values covering a wide range. While the technique 
is less sensitive to B0 and B1 inhomogeneities because of 
the use of adiabatic full passage (AFP) pulses in the DIR 
preparation, ViSTa’s clinical translation is hampered by its 
long acquisition time (~3 min per slice). 

More recently, a new selective technique, the short 
repetition time (TR) adiabatic inversion recovery (STAIR) 
prepared Cones (STAIR-Cones) sequence has been 
developed to improve the efficiency of MWI (30). This 
STAIR-Cones technique uses a short TR to effectively 
suppress long T1 water signals and allow selective imaging 
of short T1 MW. In the first study with this technique, 
the measured apparent myelin water fraction (aMWF) 
of lesions and NAWM in MS patients was significantly 
lower than the aMWF measured in NWM in the control 
group, demonstrating the feasibility of using the STAIR-
Cones technique to detect the effects of demyelination (30).  
The technique was limited by the fact that the three-
dimensional (3D) Cones acquisition sequence is not 
clinically available and has only been installed for research 
purposes on GE MRI scanners (31,32). 

To address this issue, we developed a new short repetition 
time adiabatic inversion recovery prepared-fast spin echo 
(STAIR-FSE) sequence for translational MWI that can 
be easily implemented in different clinical settings. The 
FSE sequence is routinely used in clinical practice and is 
widely available on vendors’ MR systems. A proton density-
weighted FSE (PD-FSE) sequence was also included in the 
examination to allow total water imaging; when combined 
with the STAIR-FSE sequence, the PD-FSE sequence 
facilitated aMWF quantification. In this study, seven MS 
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Figure 1 Sequence diagram for STAIR-FSE sequence. Inversion of longitudinal magnetization is achieved using the AFP pulse. TI is the 
time between the center of the AFP pulse and the center of the excitation pulse, while ST represents the time interval between the center 
of the excitation pulse and the center of the last refocusing pulse. The STAIR-FSE sequence employs a short TR and an optimized TI to 
effectively suppress long T2 water components with a wide range of long T1S. The FSE sequence enables rapid data acquisition of the MW 
signals. AFP, adiabatic full passage; TI, inversion time; ST, saturation time; FSE, fast spin echo; TR, repetition time; STAIR-FSE, short 
repetition time adiabatic inversion recovery prepared-fast spin echo; MW, myelin water.
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patients and eight healthy volunteers were scanned with the 
STAIR-FSE technique. The STAIR-FSE-measured aMWF 
of MS lesions and NAWM in MS patients were compared 
with the aMWF in NWM in healthy volunteers.

Methods

STAIR-FSE sequence

Figure 1 shows the STAIR-FSE sequence. Following 
an AFP pulse and a period for recovery of longitudinal 
magnetization, a conventional FSE sequence is employed 
for rapid data acquisition. The FSE component of the 
sequence begins with a 90° radiofrequency (RF) excitation 
pulse, and this is succeeded by a series of refocusing pulses 
with identical flip angles (FAs) of 125°. The inversion time 
(TI) is the interval between the center of the AFP pulse 
and the center of the excitation pulse. The saturation 
time (ST) is defined as the time between the center of the 
excitation pulse and the center of the last refocusing pulse 
in each echo train. During this period, the longitudinal 
magnetization is close to zero due to the 90° excitation 
and repeated refocusing pulses. Consequently, we define 
an effective repetition time (TReff), which excludes the ST 
(i.e., effTR TR ST= − ), to simplify the STAIR-FSE signal 

model. By utilizing a short TReff ranging from 180 to 300 ms 
together with an appropriate TI and short echo time (TE) 
in the STAIR sequence, the signals originating from long T2 
water components which exhibit a wide range of T1 values 
from 600 to 2,000 ms can be effectively suppressed (30).

The signal equation for the STAIR-FSE sequence is: 

( )( )eff 1 1 2TR T TI T TE T
STAIR 0S M 1 Qe 1 Q e e− − −= − − −

 
[1]

The longitudinal magnetizations of MW and long T2 
water components in the equilibrium state are denoted 

as MW L
0 0 0M M , M =   . In STAIR-FSE imaging, the signal 

intensities of MW and long T2 water components are 

represented by MW L
STAIR STAIR STAIRS S , S =   . The inversion 

efficiency (Q) signifies the impact of the AFP pulse on the 
z-magnetization and ranges from −1 (full inversion) to 1 (no 
disturbance). For long T2 water components, Q is assumed 
to be −1. However, for MW, which has a short T2* of  
~10 ms, Q is set at −0.75 when a relatively long AFP 
pulse (in the case of this study, 8.64 ms) is employed for 
signal inversion, as determined through Bloch simulation  
(19,33-35). During the signal inversion phase, specifically 
the AFP pulse period, transverse signals follow the T2* 
decay. Thus, T2* of MW should be used in the Bloch 
simulation to calculate the inversion efficacy Q.

The optimal TI of the STAIR-FSE sequence is 
determined by minimizing the signals originating from 
long T2 components with a wide range of T1 values (600– 
2,000 ms) (30).

To facilitate quantification of aMWF, a PD-FSE 
sequence is additionally performed to provide total water 
imaging. The signal equation of the PD-FSE sequence can 
be expressed as follows:

( )2TE Ttotal
PD 0S M e −=  [2]

total
0M  represents  the  equi l ibr ium longi tudina l 

magnetization of total water within the brain. In this 
equation, T2 is employed due to the susceptibility-
refocusing properties inherent to the FSE acquisition.
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aMWF is defined as the ratio of MW to total water, and 
is expressed as follows: 

( ) ( )MW total
0 0aMWF M M=  [3]

Given the known signal intensities of MW (i.e.,  
MW
STAIRS  and total water (i.e., SPD), the calculation of the 

aMWF is a straightforward division of Eq. [1] by Eq. [2]. 
The T1 and T2 values of MW are set to 220 and 20 ms, 
respectively (18,36-38). The T2 of total water is set to  
80 ms (39).

In vivo study

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and received 
approval from the institutional review board (IRB) of 
University of California, San Diego, with the registration 
number of 172121. Written informed consents were 
obtained from all individual participants. A total of seven 
patients with MS (mean age: 53.7±8.7 years, two males, 
five females) and eight healthy volunteers (mean age: 
38±14 years, four males, four females) were recruited 
and underwent MRI scans. The inclusion criteria for MS 
patients required a documented MS diagnosis, age above 
18 years, and exclusion of concurrent malignancy or 
other serious conditions such as stroke. Healthy volunteer 
inclusion criteria were being in good health and over  
18 years of age. Subjects with any contraindications for 
MRI were excluded from participating in the study.

All participants underwent scanning on a 3 Tesla 
(T) clinical MRI scanner (MR750, GE Healthcare 
Technologies, Milwaukee, WI, USA) using a 12-channel 
head coil for signal reception. The imaging protocol 
included the acquisition of images in the axial plane using 
a conventional T2-fluid attenuated inversion recovery (T2-
FLAIR) sequence for clinical validation purposes and the 
STAIR-FSE and PD-FSE sequences for whole brain MWI 
and total water imaging, respectively. 

The T2-FLAIR sequence was scanned with the following 
parameters: field of view (FOV) =25.6×25.6×16.3 cm3, 
matrix =256×256×136, TR/TI/TE =7,000/2,028/130 ms, 
acceleration factor =4, bandwidth =62.5 kHz, and scan time 
=5.5 min. 

The key parameters of the STAIR-FSE and PD-FSE 
sequences were as follows: (I) STAIR-FSE: FOV =22× 
22 cm2, matrix =140×140, TReff/TI/TE =250/117/6.8 ms,  
FA =90°, echo-train-length (ETL) =8, slice thickness  

=5 mm, number of slices =14, number of excitations (NEX) 
=7, bandwidth =62.5 kHz, and scan time =8.5 min; (II) 
PD-FSE: FOV =22×22 cm2, matrix =140×140, TR/TE 
=8,000/6.8 ms, slice thickness =5 mm, number of slices =14, 
NEX =1, and scan time =1.4 min. 

To evaluate scan repeatability, two healthy subjects were 
scanned three times, with the scanner conditions reset 
before each scan.

Data analysis

Elastix registration software is utilized for co-registration 
be tween  STAIR-FSE and  PD-FSE images  (40 ) .  
Regions of interest (ROIs) were manually drawn on the 
MS lesions using images captured by the STAIR-FSE 
technique in MS patients, as well as on eight non-lesion 
white matter regions in both the healthy volunteers and the 
MS patients. The lesions were selected for analysis when 
they met the classical definition for MS lesion appearance: 
hyperintense in T2, oval shape or patchy, high predilection 
for periventricular white matter, and perpendicular to 
the ependymal surface (i.e., Dawson’s fingers). Any other 
non-MS lesions were avoided while drawing ROIs. The 
MS lesions with sizes ranging from 20 to 300 mm2 were 
included for aMWF measurement. The non-lesion 
regions consisted of the left and right centrum semiovale, 
subcortical white matter, periventricular regions, splenium, 
and genu of the corpus callosum. The sizes of the ROIs 
for NWM and NAWM areas were ~300 mm2. The signal 
to noise (SNR) was calculated according to the following 
formula: SNR = (NAWM signal)/noise standard deviation 
(SD), and the contrast to noise ratio (CNR) for MS lesions 
was calculated according to the following formula: CNR = 
(lesion signal − NAWM signal)/Noise SD. Drawing of ROIs 
and calculation of aMWF were performed using MATLAB 
2022a software (MathWorks Inc., Natick, MA, USA).

Statistical analysis

Two radiologists,  with 3 and 10 years’ experience 
respectively, drew ROIs independently and the inter-class 
coefficient (ICC) was calculated to assess the reliability of 
the aMWF quantification. ICC was also calculated between 
three scans for each subject to evaluate repeatability 
of the STAIR-FSE technique. To evaluate the normal 
distribution of aMWF measures and compare the three 
distinct groups (MS lesions, NAWM, and NWM), the 
Kolmogorov-Smirnov test was employed followed by a 
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Table 1 Basic demographic information of the participants including age, sex, race, BMI, and treatments

Participants Age (years) Sex Race BMI (kg/m2) Treatment

MS patients

1 48 Female White 25.6 Ocrelizumab

2 52 Male White 26.8 Natalizumab

3 57 Female White 26.6 Gabapentin

4 57 Male White 29.7 N/A

5 67 Female White 24.1 Glatiramer acetate

6 37 Female Asian 27.3 Vumerity 231

7 58 Female White 28.3 Ocrelizumab

Mean ± SD 53.7±8.7 – – 26.9±1.8 –

Healthy volunteers

1 30 Male White 20.7 N/A

2 40 Female Latino 27.5 N/A

3 70 Female Asian 21 N/A

4 25 Male Asian 24.9 N/A

5 30 Female Latino 25.8 N/A

6 25 Male Asian 26.3 N/A

7 52 Female Asian 21.5 N/A

8 32 Male White 22.7 N/A

Mean ± SD 38±14 – – 23.8±2.6 –

BMI, body mass index; MS, multiple sclerosis; N/A, not applicable; SD, standard deviation. 

one-way analysis of variance (ANOVA) test. Moreover, 
post hoc comparisons between each pair of groups (i.e., 
NAWM vs. MS lesions, NWM vs. MS lesions, and NWM 
vs. NAWM) were performed using the Games-Howell test 
considering the small sample size of this study. Two types 
of data analysis strategies were employed for the ANOVA 
test and paired comparisons: (I) single measurement for 
each subject (i.e., the mean aMWF value of eight different 
ROIs); (II) multiple measurements for each subject (i.e., 
different ROIs considered as different measurements). The 
statistical differences of age and body mass index (BMI) 
between healthy volunteers and MS patients were tested by 
independent t-test. 

Results

Table 1 summarizes the basic demographic information 
of the participants including age, sex, race, BMI, and 
treatments. Both age and BMI show significant difference 

between healthy volunteers and MS patients due to the 
relatively small size of the cohorts. Figure 2 displays 
representative whole brain STAIR-FSE images obtained 
from a 31-year-old healthy male volunteer. The STAIR-
FSE images show significantly higher MW signal intensities 
in white matter regions compared to gray matter regions. 
In Figure 3, representative STAIR-FSE and PD-FSE 
images are presented, along with the corresponding aMWF 
maps, all acquired from the same 31-year-old male healthy 
volunteer. The aMWF maps further illustrate higher 
aMWF values in white matter regions compared to gray 
matter regions. 

Figure 4 depicts the T2-FLAIR images serving as a 
reference, the STAIR-FSE and PD-FSE images alongside 
corresponding aMWF maps from three MS patients. The 
hyperintense lesions identified in the T2-FLAIR images 
exhibit an obvious signal loss in the STAIR-FSE images and 
a decrease in aMWF values within the lesions. The mean 
SNR for NAWM and mean CNR for MS lesions were 
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Figure 2 Representative whole brain STAIR-FSE images acquired from a 31-year-old healthy male volunteer. STAIR-FSE, short repetition 
time adiabatic inversion recovery prepared-fast spin echo. 

31±0.5 and −10.5±4.0, respectively. In addition, there was 
an obvious visual correlation between the sizes and shapes 
of lesions shown on the T2-FLAIR and STAIR-FSE images. 

The ICC values showed excellent repeatability (ICC for 
the first subject =0.95, ICC for the second subject =0.98) 
between all three scans for each subject. Excellent reliability 
was found for the two independent measurements in all 
three groups (i.e., ICC =0.92 for NWM, ICC =0.93 for 
NAWM, and ICC =0.96 for MS lesions).

Table 2 provides a summary of mean and standard 
deviation (SD) values for the aMWF measurements for 
the two types of data analysis. For the first type of analysis, 

the aMWF values of MS lesions and NAWM in MS 
patients were found to be 5.1%±1.7% and 10.5%±1.7%, 
respectively. In healthy volunteers, the aMWF value of 
NWM was 11.3%±0.7%. For the second type of analysis, 
the aMWF values of MS lesions and NAWM in MS 
patients were found to be 5.3%±2.1% and 10.5%±1.7%, 
respectively. In healthy volunteers, the aMWF value of 
NWM was 11.3%±1.1%. ANOVA analysis revealed a 
significant difference between all measurements for the two 
types of data analysis.

Figure 5 shows comparisons of measured aMWF values 
for each of the pairs: NAWM vs. MS lesions, NWM vs. 
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 STAIR-FSE PD-FSE aMWF

Figure 3 Representative STAIR-FSE and PD-FSE images as well as corresponding aMWF maps from a 31-year-old healthy male volunteer. 
White matter regions have much higher aMWF values than gray matter regions. STAIR-FSE, short repetition time adiabatic inversion 
recovery prepared-fast spin echo; PD-FSE; proton density-weighted FSE; aMWF, apparent myelin water fraction.

MS lesions, and NWM vs. NAWM. For the first type of 
data analysis (i.e., single measurement for each subject), 
significant differences in aMWF measures were found 
between MS and NAWM and between MS and NWM. 
Though NAWM had a lower aMWF value than NWM, 
no significant difference was found for the aMWF 
measurements between them (P=0.4). For the second 
type of data analysis (i.e., multiple measurements for each 
subject), significant differences were found for aMWF 
measures between MS and NAWM, between MS and 
NWM, and between NAWM and NWM. 

Discussion

In this study, we employed a combination of the STAIR 
technique and FSE data acquisition to detect MW changes 
in patients with MS. Using the STAIR-FSE technique on 

a 3T clinical scanner, whole brain MWI was performed 
on eight healthy volunteers and seven MS patients. The 
STAIR-FSE images revealed substantially lower signal 
intensities in MS lesions compared to NAWM in MS 
patients. The measured aMWF values in MS lesions 
(5.1%±1.7%) were significantly lower than those in both 
NWM of healthy volunteers (11.3%±0.7%) and NAWM 
of MS patients (10.5%±1.7%). These findings show the 
potential of the mapping of aMWF using the STAIR-
FSE technique to detect and quantify the effects of 
demyelination in MS. Furthermore, the implementation of 
the FSE version of the STAIR method facilitates a seamless 
path for clinical translation of whole brain MWI.

The STAIR-FSE sequence utilized a short TR and TI 
to efficiently suppress long T2 water components with a 
range of long T1 values. The clinical FSE sequence enabled 
rapid data acquisition of the MW signals. More signals will 
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18%
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Figure 4 Representative T2-FLAIR (first column), STAIR-FSE (second column), PD-FSE (third column), and aMWF (fourth column) 
images from three patients with MS. Patient #1 was a 57-year-old female, Patient #2 was a 58-year-year-old female, and Patient #3 was a 
67-year-old female. Hyperintense lesions detected on T2-FLAIR images show a signal loss on the STAIR-FSE images and decreased values 
in the corresponding aMWF maps. MS lesions are indicated by yellow arrows. T2-FLAIR, T2-fluid attenuated inversion recovery; STAIR-
FSE, short repetition time adiabatic inversion recovery prepared-fast spin echo; PD-FSE, proton density-weighted FSE; aMWF, apparent 
myelin water fraction; MS, multiple sclerosis.

Table 2 Mean and standard deviation of aMWF values for MS lesions, NAWM, and NWM, as well as one-way ANOVA test results

ROI
First type of analysis Second type of analysis

aMWF (%, mean ± SD) 95% CI P value aMWF (%, mean ± SD) 95% CI P value

MS lesion 5.1±1.7 3.5–6.6 <0.001 5.3±2.1 4.8–5.8 <0.001

NAWM 10.5±1.7 8.9–12.0 10.5±1.7 10.0–10.9

NWM 11.3±0.7 10.7–11.9 11.3±1.1 11.0–11.6

First type of analysis: single measurement (mean value for eight different white matter regions) for each subject; second type of analysis: 
multiple measurements (i.e., eight values) for each subject. aMWF, apparent myelin water fraction; MS, multiple sclerosis; NAWM, normal-
appearing white matter; NWM, normal white matter; ANOVA, analysis of variance; ROI, region of interest; SD, standard deviation; CI, 
confidence interval. 

be received with a higher refocusing FA in FSE imaging, 
whereas fewer signals will be acquired with a larger number 
of echo times (nTE) (longer effective TE). However, we 
do not expect dramatic changes in aMWF quantification 
with either a higher refocusing FA or a larger nTE since the 

same refocusing FAs and nTE are used in the STAIR-FSE 
and PD-FSE scans. The signal changes in STAIR-FSE and 
PD-FSE can be largely canceled in their division process 
for aMWF quantification. 

Multicompartment modeling methods,  such as 
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Figure 5 Paired comparisons of the STAIR-FSE-measured aMWFs between MS lesions, NAWM, and NWM for the first (A) and second 
(B) type analysis. For the first type analysis, significant differences in aMWF measures were found between MS and NAWM and between 
MS and NWM. Though NAWM had a lower aMWF value than NWM, no significant difference was found for the aMWF measurements 
between them (P=0.4). For the second type of data analysis, significant differences were found for aMWF measures between MS and 
NAWM, between MS and NWM, and between NAWM and NWM (“***” indicates P<0.001, “**” indicates P<0.05, and “▲” indicates 
P>0.05). MS, multiple sclerosis; NAWM, normal-appearing white matter; NWM, normal white matter; aMWF, apparent myelin water 
fraction; STAIR-FSE, short repetition time adiabatic inversion recovery prepared-fast spin echo. 

multicomponent T2 and T2* analysis as well as mcDESPOT, 
require complicated post-processing to solve ill-conditioned 
problems associated with the determination of MWI, which 
may reduce the reliability of the MWF quantification 
(5,19,22-24,30). In comparison, the STAIR technique is free 
from either complicated post-processing or sensitivity to B0 
and B1 inhomogeneities associated with ViSTa is (29,30). 
The STAIR technique is also more time-efficient than 
ViSTa because it uses a much shorter TR. Furthermore, the 
proposed STAIR-FSE sequence has greater potential for 
clinical translation than the STAIR-Cones sequence because 
FSE is available on all MRI scanners. In comparison, the 
Cones sequence is a research sequence that is only available 
on GE scanners, making it limited for clinical use (32).

Previous studies have reported a wide spectrum of 
MWFs in MS lesions, NAWM, and NWM, ranging from 
4% to 16%. Specifically for NWM, multicomponent T2 
analysis techniques have reported MWFs ranging from 
9% to 15.6% (4,6,9,11,41-43), while multicomponent T2* 
analysis techniques have reported MWFs ranging from 
6.9% to 14.4% (21,44), and multicomponent T1 modeling 
techniques have yielded MWFs ranging from 5% to  
15% (36). The initial STAIR-Cones study reported an 
aMWF of 9.2% (30). In the present study, the measured 
aMWF was 11.2%, which is consistent with previous 
research findings. Since the T2 is longer than the T2* of 
MW, it is not surprising that the STAIR-FSE-measured 
aMWF was slightly higher than the STAIR-Cones-
measured aMWF. 

The STAIR technique has been integrated with Cones 

and ultrashort echo time (UTE) for specific MW and 
myelin imaging, respectively, to take advantage of the 
method’s long T1 tissue suppression capability (30,45). The 
efficacy of STAIR’s short T1 tissue suppression is contingent 
upon the duration of the chosen TR. In the context of non-
aqueous myelin imaging with STAIR-UTE, the minimal 
TR [governed by specific absorption rate (SAR) limitations] 
is employed (45). In comparison, for MWI using STAIR-
Cones and STAIR-FSE, the TR must not be excessively 
short to prevent undue MW signal suppression by the 
STAIR method (30). The optimal TR for STAIR in MWI is 
established by maximizing the CNR efficiency of MW (i.e., 
180–300 ms) (30). The 3D STAIR-Cones method facilitates 
volumetric MWI and exhibits a lower SAR compared to the 
two-dimensional (2D) STAIR-FSE method. Nevertheless, 
the ubiquity of the FSE sequence on MRI scanners makes 
STAIR-FSE more conducive to clinical adoption.

High-field and low-field MRIs are increasingly popular 
in both the clinic and research environments. At high field 
strengths, such as 7T, the STAIR-FSE technique could 
benefit from the improved SNR. The image resolution and 
scan efficiency could be further improved. Considering the 
longer tissue T1 relaxation times at higher field MRI, the 
TR could be increased in STAIR-FSE for selective MWI to 
mitigate the SAR issue. At low field strengths, such as 0.3T, 
the major challenge for STAIR-FSE imaging is the reduced 
image SNR. Recent advancements in denoising using deep 
learning may improve the STAIR-FSE image quality. In 
addition, the TR could be decreased in STAIR-FSE MWI 
due to the shorter tissue T1 relaxation times at lower field 
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MRI. SAR will not be an issue for STAIR-FSE imaging at 
low-field MRI due to the much-reduced B1 power.

Our study is subject to several limitations. Firstly, the 
10-minute scan time utilized in this study is still relatively 
long for practical clinical applications. To enhance scan 
efficiency in the future, the incorporation of a deep 
learning denoising technique with reduced NEX could 
prove beneficial (46,47). Secondly, the study comprised a 
sample size of seven MS patients, limiting the power of the 
statistical analysis. For instance, no significant difference 
was found between NAWM and NWM measurements 
in the first type of analysis, while a significant difference 
was found in the second type of analysis. This difference 
is primarily attributed to the disparity in sample size. To 
enhance the generalizability of our findings, we intend to 
recruit a larger number of MS patients in future studies. 
Moreover, a study of the correlation between aMWF 
measurements and patient disability levels [evaluated by 
Expanded Disability Status Scale (EDSS) scores] would be 
interesting. Furthermore, a region-specific analysis was not 
performed in the study due to the limited sample size. Such 
an analysis will be conducted in the future large cohort 
study. Thirdly, it is important to note that the specific SAR 
associated with the STAIR-FSE sequence employed in 
this study is relatively high. This issue can be addressed 
by decreasing the FA for the refocusing RF pulses in FSE, 
thereby substantially reducing the SAR of the sequence. 
Fourthly, a future comparison study to investigate the 
MWF value range and imaging reliability between different 
MWI techniques including multicomponent T2 analysis, 
multicomponent T2* analysis, ViSTa, STAIR-Cones, and 
STAIR-FSE would be interesting. Fifthly, in this study, 
the TI, Q, and T1 and T2 values of MW and long T2 water 
components were determined empirically. It would be 
more convincing if these parameters could be measured in 
the current study as opposed to using reported values in 
the literature. Once more solid methods are developed to 
measure these parameters, we will apply them to a future 
STAIR-FSE MWI study. Sixthly, the imaging resolution of 
the 2D STAIR-FSE is much lower than the 3D T2-FLAIR 
in the study. As a result, small lesions may not be detectable 
in the STAIR-FSE images due to the partial volume 
effect. To facilitate accurate quantification, the aMWF 
measurement was performed only for the lesions with sizes 
larger than 20 mm2. Efforts were made to match anatomical 
regions between STAIR-FSE and T2-FLAIR during ROI 
drawing. In future studies, the imaging resolution of the 
STAIR-FSE technique should be increased and the image 

registration between STAIR-FSE and T2-FLAIR will be 
performed for data analysis.

Conclusions

The combination of the STAIR technique with a clinical 
FSE sequence allows the detection of the consequences of 
myelin loss in MS. This sequence has great potential for the 
translation of the technique to clinical applications.
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