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Introduction 

The multiple sclerosis lesion burdens assessment using T2-weighted imaging has 

been shown to be associated with clinical disability score (1–3). Detection of these 

lesions based on T1 and T2-weighted as well as fluid-attenuated inversion 

recovery (FLAIR) images (4,5) could be an indirect way of probing the 

pathophysiology of the disease. Quantitative analysis of other MRI observable 

compartments of the water content could also be used to monitor white matter 

demyelination (6–8) and diagnose and monitor treatment response.  

Magnetic resonance fingerprinting (MRF) is a rapid dynamic MRI approach that 

aims to estimate the MR parameters of biological tissues, which are largely 

independent of MRI hardware and sequence configurations (9). Previous studies 

have demonstrated the clinical applications of MRF for brain tumors (10), breast 

cancer (11), and prostate cancer (12). Considering that brain MRI examination 

often entails multi-contrast scans, including T1, T2, magnetization transfer, and 

macromolecule-weightings (e.g., myelin), there is thus an urgent need to extend 

conventional MRF beyond the estimation of the T1 and T2 of a single brain tissue 

compartment (12–14). Multi-compartment water mapping by MRI is highly 

desirable for monitoring demyelination and remyelination processes. Such multi-

compartment measurement was conventionally based on the MRI measurement 

of 16 to 32 echoes to estimate the T2 differences between tissue compartments, 

namely free water and myelin water (15–17). The myelin water has a significantly 

shorter T1 and T2 than free water, thereby allowing the myelin water to be 

distinguished by multi-compartment analysis of MRF data (15–17).  

The multi-compartment analysis was a recent breakthrough in MRF (18). It 

required multiple MRF acquisitions with pseudorandom flip angle schemes at 

both 1.5T and 3.0T (18). In that study, the estimation of myelin water fraction was 

demonstrated on 1.5T (18). It is desirable to further extend the application of MRF 

for multi-compartment analysis. Our study, therefore, aimed to develop a rapid 

MRF sequence for multi-compartment water mapping. We proposed a multi-

inversion-recovery (mIR) MRF method for the estimation of the MR relaxation 

times of short T1/T2 water in the brain. Our results have demonstrated that this 

method could achieve a rapid estimation of brain water compartments, which may 

be useful for the investigation of white matter pathologies such as demyelination. 

Methods 

Multi-inversion-recovery MRF 

All experiments were performed using a 3 T human MRI scanner (Achieva TX, 

Philips Healthcare) with an 8-channel brain coil for signal reception. An in-house 



inversion recovery FISP sequence with variable flip angles (FA) and repetition 

times (TR) was used for MRF acquisitions (19). A constant angular velocity spiral 

readout trajectory with an acquisition window of 8.4 ms and a rotation angle of 

222.5º after each dynamic was used. Spiral-in/out trajectory was used for a higher 

signal-to-noise ratio (SNR) while reducing the susceptibility effect (20). The total 

number of spiral interleaves for full k-space coverage was 144.  

Our proposed mIR MRF sequence was sensitized to brain water content that has 

short T1/T2. The magnetization obtained after repeatedly applying the IR pulse is 

was specific to the short T1/T2 signals due to the inversion and prolonged 

recovery of a long T1/T2 signal, as shown in Figures 1 a and b. Other imaging 

parameters include: 2000 dynamics, 4 IR pulses applied at the 0th, 501th, 1001th, 

and 1501th TR, constant TR = 10.0 ms for TE = 2 ms  or constant TR = 12.5 ms 

for TE = 6 ms, FA = 0 to 60º (in Fig. 1), TE = 6 ms (for spiral-in/out trajectory) 

or 2 ms (for spiral-out trajectory), field of view = 300 × 300 mm2, acquisition 

matrix = 256 × 256, image resolution = 1.17 × 1.17 mm2, slice thickness = 5 mm 

and number of excitation (NEX) = 1. The scan time of mIR MRF was 24 s/slice. 

Three volunteers were recruited with informed consent. The WOW-180 pulse was 

used for the inversion (21), and a trapezoid-shaped gradient spoiler was applied 

with a duration of 0.8 ms and maximum strength of 20.7 mT/m along the z-axis. 

The image reconstruction was based on a direct non-uniform Fourier transform, 

and no iterative reconstruction techniques were used. The coil sensitivity was 

estimated from the sum of coil images from all time points. The coil combination 

was performed using the sensitivity-weighted sum of all channels of the raw 

image series. 

The mIR MRF acquisition parameters, including the number of IR pulses, the 

interval between IR pulses, and the readout trajectories (which also coupled with 

the minimal TE), were also empirically optimized. The mIR enhancement of 

tissues with short T1/T2 was simulated. We also investigated different readout 

trajectories for multi-compartment analysis, whereby two separate mIR MRF 

experiments were performed using spiral-in/out and spiral-in out trajectories in 

one volunteer.  

Multi-compartment analysis 

The effects of exchange were ignored in this study. The multi-compartment 

analysis is was a recent key breakthrough in MRF methodology (18). In our study, 

we applied this multi-compartment algorithm (18) to our proposed mIR MRF in 

a pixel-wise fashion. An in-house MATLAB implementation of the non-negative 

least-square (NNLS) algorithm with a reweighting iteration for updating the joint 

distribution of the T1/T2 parameter across an imaging slice/volume was 

implemented (18). The dictionary for mIR MRF was simulated using an extended 

phase graph method (22,23). Singular value decompression (SVD) was applied to 



the dictionary for dimensionality reduction. Singular values/vectors were 

subsequently thresholded at the 1% of the maximum singular value. The 

dictionaries after normalization and SVD compression were then used in NNLS 

analysis. During the NNLS iteration, the myelin compartment was 10 times 

magnified due to the naturally low concentration, compared with other 

compartments, i.e., gray matter and white matter free water, as illustrated in 

Figure 2. We empirically found that this weighting on the short T1/T2 

compartment was necessary for the detection of this water compartment. 

Specifically, an additional compartment type-dependent weighting term was 

applied to the dictionary elements as shown in Figure 2. We used a 10-time 

amplification for myelin water to ensure that the peak amplitude of myelin water 

to be comparable with that of white matter. In addition, we also used the phase of 

temporally-summed dynamic MRF images as the reference phase to correct the 

pixel-wise phase variation. After the phase correction, the real part of the MRF 

signal evolution was used in the reweighted NNLS method. The regularization 

for L1 norm term for dictionary weighting was 0.5.  

In dictionary generation, the T1 and T2 were exponentially distributed, similar to 

reference (18). The T1 started from a value of 4 s, and multiplied with a decay 

factor of 0.942 for 100 times, generating values between 3.768 and 0.0102 s.  The 

T2 started from a value of 2 s, and multiplied with a decay factor of 0.91 for 70 

times, generating values between 1.82 and 0.0027 s. The range of T1 and T2 for 

four compartments were 111 ≤ T1 ≤ 367 ms and 4 ≤ T2 ≤ 18 ms for short T1/T2 

water, 1211 ≤ T1 ≤ 1632 ms and 46 ≤ T2 ≤ 189 ms for GM, 666 ≤ T1 ≤ 1211 ms 

and 35 ≤ T2 ≤ 74 ms for WM, and 2336 ≤ T1 ≤ 3768 ms and 157 ≤ T2 ≤ 1820 ms 

for cerebrospinal fluid (CSF), respectively. The method achieved maximal spatial 

separation of compartments as determined empirically from the MRF data in vivo. 

The spatial separation was the process of finding the boundary between the 

compartment of interest and the background, e.g., for the gray matter 

compartment, the white matter and CSF were the background, and the boundary 

was set so that the background was close to zero. We adjusted the boundaries to 

achieve “best” separation of different water compartments. The boundaries were 

estimated based on the T1 and T2 plot, as shown in Figure 3. We checked the T1 

and T2 to ensure there was no overlap between different compartments. On 

images, the wrongly overlapped compartmental images showed scattered or 

blocky artifacts on top of normal anatomy. After such a process for optimizing 

the T1/T2 boundaries. We used nearly identical T1/T2 boundaries definition for 

all experiments. 

Results 



Our proposed mIR MRF consisted of 4 IRs applied to perturb the signal evolution, 

thereby allowing differentiation of the short and long T1/T2 components (i.e., 

blue vs. red curves in Figure 1). Figure 3 shows the MR parametric map of a 

healthy volunteer's four brain tissue compartments using our proposed mIR MRF. 

The T1 and T2 water compartments could be rapidly measured using the proposed 

mIR MRF with a scan time of 24 s/slice. The method achieved maximal spatial 

separation of compartments, e.g., gray matter and white matter pixels were 

separated entirely, with T1/T2 ranges determined empirically from the mIR MRF 

data in vivo.   

MRF scans with and without the proposed mIR scheme were compared (Figure 

4). The use of mIR scheme improved the detection of short T1/T2 water content. 

This result was consistent with our simulation in Figure 1 that demonstrated that 

the mIR scheme created more differences in signal evolutions for short and long 

T1/T2 compartments. Figure 5 shows the results from mIR MRF acquired with 

two different spiral readout trajectories, namely spiral-in/out trajectory with TE 

of 6 ms and spiral-out trajectory with TE of 2 ms, from the same volunteer. The 

spiral-in/out trajectory provided a higher signal level, compared with the spiral-

out trajectory, which was the default trajectory in conventional MRF. The 

measured signal levels were 0.18 ± 0.09 and 0.16 ± 0.05 for spiral-in/out and 

spiral-out trajectories in the genu corpus callosum area. The tradeoff was the 

theoretically lower sensitivity for short T2 components for the spiral-in/out 

trajectory due to longer TE. Nevertheless, the short T1/T2 water compartment 

could still be detected with the two spiral trajectories. In Figure 6, as compared to 

the 4-IR scheme, the short T1/T2 map from the 5-IR scheme showed fewer 

artifacts, i.e., ringing artifact on the left occipital lobe was minimized by the 

additional IR pulse. 

Discussions 

We have demonstrated the estimation of the water compartments of short T1/T2, 

GM, WM, and CSF, using our proposed mIR MRF. The mIR MRF jointly utilized 

the T1 and T2 differences of tissue compartments to improve the separation. The 

proposed mIR scheme showed improvements in the differentiation of short and 

long T1/T2 compartments, compared with that from MRF without mIR. This is 

due to the fast recovery of short T1/T2 signal after each IR pulse, compared with 

that of long T1/T2. As a result, our newly proposed method permits reliable 

estimation of the brain short T1/T2 or macromolecule-associated content, together 

with that of the WM and GM.  

The spatial location of the short T1/T2 compartment identified using our proposed 

mIR MRF largely reside within white matter and is consistent with the known 



distribution of myelinated axon. The T1 and T2 of this water compartment were 

smaller than those of white matter (see right panel of Figure 2). The short T1/T2 

values of this compartment suggested that it likely originated from the water 

associated with macromolecule contents, e.g., through magnetization exchange, 

which might cause a rapid T1 recovery after inversion pulses. The short T2 water 

compartment could be myelin-associated water, as conventionally probed used 

multi-echo spin-echo sequence. The literature T2 values for myelin water were 

~20 ms at 3T with T1 < 400 ms (24). In the study done by Nagtegaal et. al. (18), 

myelin water was shown to have 0 < T2 < 40 ms and 0 < T1 < 200 ms at 1.5 T. 

Considering the shorter T2 and longer T1 at the higher field, our reported T1 and 

T2 ranges, i.e., 111 ≤ T1 ≤ 367 ms and 4 ≤ T2 ≤ 18 ms, for myelin water were in 

reasonable agreement with references (18,24). Therefore, this compartment likely 

corresponds to a weighted combination of short T2 myelin water and 

magnetization exchange with the myelin-associated macromolecule. We will, 

therefore, investigate the demyelination/remyelination process in diseases such as 

multiple sclerosis using mIR MRF in future studies.   

We have also compared mIR MRF using a spiral-in/out trajectory with the 

conventional spiral-out trajectory. The former was known to have a ~40% SNR 

gain (20) since it measured the k-space twice in each readout. Our results showed 

that the spiral-in/out trajectory provided a high signal level in short T1/T2 water 

detection at the expense of signal penalties on the short T2 compartment due to 

longer TE. To improve the characterization of the short T2 (e.g., < 6 ms) 

compartment, a dual-echo approach could be used (25). In addition, this dual-echo 

method can also be extended to the ultrashort echo regime in the future, where the 

direct measurement of short T1/T2 content could be achieved.    

In this study, we have chosen 4-IR for our proposed mIR MRF. To see whether 

the estimation of short T1/T2 water content would change with the number of IR, 

we have also performed two separate mIR MRF experiments, one with 4-IR and 

another with 5-IR. As compared to the 4-IR scheme, the short T1/T2 water map 

from the 5-IR scheme showed fewer artifacts and improved. This result suggested 

the need for increasing the number of IR pulses to improve the imaging of short 

T1/T2 water content.  

Exchange effects were ignored in this study, i.e., the model in this study was non-

exchange, which might be a source of bias. The B1 inhomogeneity was not 

considered. The B1 inhomogeneity might have introduced an estimation bias due 

to its effect on the inversion and excitation pulses. The off-resonance effect was 

also ignored because of the FISP MRF sequence with gradient spoiler. However, 

we only considered the non-exchange model with a single frequency component. 

Therefore, the estimation bias from sequence imperfection might exist in the 

current study. Correction for B1 inhomogeneity should be considered in future 



studies. In addition, we didn’t perform the repeatability test in this preliminary 

study. The reliability of the result will need to be evaluated in a future experiment. 

Conclusion 

We have successfully developed a new mIR MRF sequence for measuring the 

brain water compartments, including a short T1/T2 compartment, which likely 

corresponds to myelin water.  
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Figure Captions 

Figure 1 (a) The flip angle (FA) and the time point or TR at which inversion pulse 

(IR) was applied in our proposed multi-inversion-recovery (mIR) MRF sequence. 

In the current study, an mIR scheme with 4 IR pulses applied every 500 TRs was 

used. (b) MR signal evolution for long (blue) and short (orange) T1 and T2 

components. The mIR scheme repeatedly inverses the long T1/T2 compartment 

signal, thereby enhancing the detection of the short T1/T2 water compartment. 

Figure 2 The initialization for the NNLS method, emphasizing on the short T1/T2 

compartment. An additional compartment type-dependent weighting term was 

applied on W0 for dictionary elements, D. We used a 10-time amplification for 

myelin water to ensure that the peak amplitude of myelin water to be comparable 

with that of white matter. 

Figure 3 Multi-compartment analysis of our proposed mIR MRF for a healthy 

volunteer. The scan time was 24s/slice. Four-compartment brain maps were 

obtained from a direct pixel-wise separation. (left) The first compartment with 

111 ≤ T1 ≤ 367 ms and 4 ≤ T2 ≤ 18 ms is considered as short T1/T2 water. 

(right) the T1/T2 compartments plot. Dash boxes were zoom-in views show the 

contours of peaks, and the peak amplitudes (as relative abundances) were color-

coded. The solid boxes indicate the T1 and T2 ranges for quantifying the different 

water compartments. It should be noted that the water with short T1/T2 and white 

matter free water can be separated in the T1/T2 compartments plot. The size of 

marker indicted the contour of the compartment at the level of amplitude/ relative 

abundance ≥ 1.0 (in a.u.). For the contour plot, seven levels ranging from relative 

abundances of 1.0 to 7.0 (in a.u.) were displayed. WM: white matter; GM: grey 

matter; CSF: cerebrospinal fluid.  



Figure 4 Multi-compartment analysis of another healthy volunteer obtained from 

MRF with and without the proposed mIR scheme. The use of mIR scheme clearly 

improved the detection of myelin water content. The scan time for both protocols 

was 24 s/slice.  

Figure 5 Multi-compartment analysis of mIR MRF with two different spiral 

readout trajectories, namely spiral-in/out trajectory with TE of 6 ms and spiral-

out trajectory with TE of 2 ms for the same volunteer as that in Figure 3. The 

spiral-in/out trajectory provided a higher signal compared with the spiral-out 

trajectory.  

 

Figure 6 The comparison of the short T1/T2 water compartment mapping using 

our proposed mIR MRF with mIR scheme with 4 versus 5 IR’s. Short T1/T2 water 

content can be detected using either mIR scheme. That from the 5-IR scheme  had 

fewer artifacts. 
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Figures 

Figure 1 (a) The flip angle (FA) and the time point or TR at which inversion pulse 

(IR) was applied in our proposed multi-inversion-recovery (mIR) MRF sequence. 

In the current study, an mIR scheme with 4 IR pulses applied every 500 TRs was 

used. (b) MR signal evolution for long (blue) and short (orange) T1 and T2 

components. The mIR scheme repeatedly inverses the signal of the long T1/T2 



compartment, thereby enhancing the detection of the short T1/T2 water 

compartment. 

 

 

 

 

 

  

 

 

Figure 2 The initialization for the NNLS method, emphasizing on the short T1/T2 

compartment. An additional compartment type-dependent weighting term was 

applied on W0 for dictionary elements, D. We used a 10-time amplification for 

myelin water to ensure that the peak amplitude of myelin water to be comparable 

with that of white matter.  

 

 

 

 

 

 



 

 

 

 

Figure 3 Multi-compartment analysis of our proposed mIR MRF for a healthy 

volunteer. The scan time was 24s/slice. Four-compartment brain maps were 

obtained from a direct pixel-wise separation. (left) The first compartment with 

111 ≤ T1 ≤ 367 ms and 4 ≤ T2 ≤ 18 ms is considered as short T1/T2 water. 

(right) the T1/T2 compartments plot. Dash boxes were zoom-in views show the 

contours of peaks, and the peak amplitudes (as relative abundances) were color-

coded. The solid boxes indicate the T1 and T2 ranges for quantifying the different 

water compartments. It should be noted that the water with short T1/T2 and white 

matter free water can be separated in the T1/T2 compartments plot. The size of 

marker indicted the contour of the compartment at the level of amplitude/ relative 

abundance ≥1.0 (in a.u.). For the contour plot, seven levels ranging from relative 

abundances of 1.0 to 7.0 (in a.u.) were displayed. WM: white matter; GM: grey 

matter; CSF: cerebrospinal fluid. 

 

 



 

Figure 4 Multi-compartment analysis of another healthy volunteer obtained from 

MRF with and without the proposed mIR scheme. The use of mIR scheme clearly 

improved the detection of myelin water content. The scan time for both protocols 

was 24 s/slice.  

 

 

 

 

 

 



Figure 5 Multi-compartment analysis of mIR MRF with two different spiral 

readout trajectories, namely spiral-in/out trajectory with TE of 6 ms and spiral-

out trajectory with TE of 2 ms for the same volunteer as that in Figure 3. The 

spiral-in/out trajectory provided a higher signal compared with the spiral-out 

trajectory.  



Figure 6 The comparison of the short T1/T2 water compartment mapping using 

our proposed mIR MRF with mIR scheme with 4 versus 5 IR’s. Short T1/T2 water 

content can be detected using either mIR scheme. That from the 5-IR scheme had 

fewer artifacts. 




