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a b s t r a c t 

Multi-parameter mapping (MPM) magnetic resonance imaging (MRI) provides quantitative estimates of the lon- 

gitudinal and effective transverse relaxation rates R1 and R2 ∗ , proton density (PD), and magnetization transfer 

saturation (MTsat). Thereby, MPM enables better comparability across sites and time than conventional weighted 

MRI. However, for MPM, several contrasts must be acquired, resulting in prolonged measurement durations and 

thus preventing MPM’s application in clinical routines. State-of-the-art imaging acceleration techniques such as 

Compressed SENSE (CS), a combination of compressed sensing and sensitivity encoding, can be used to reduce 

the scan time of MPM. However, the accuracy and precision of the resulting quantitative parameter maps have 

not been systematically evaluated. In this study, we therefore investigated the effect of CS acceleration on the 

fidelity and reproducibility of MPM acquisitions. 

In five healthy volunteers and in a phantom, we compared MPM metrics acquired without imaging accelera- 

tion, with the standard acceleration (SENSE factor 2.5), and with Compressed SENSE with acceleration factors 4 

and 6 using a 32-channel head coil. We evaluated the reproducibility and repeatability of accelerated MPM using 

data from three scan sessions in gray and white matter volumes-of-interest (VOIs). 

Accelerated MPM provided precise and accurate quantitative parameter maps. For most parameters, the re- 

sults of the CS-accelerated protocols correlated more strongly with the non-accelerated protocol than the standard 

SENSE-accelerated protocols. Furthermore, for most VOIs and contrasts, coefficients of variation were lower when 

calculated from data acquired with different imaging accelerations within a single scan session than from data 

acquired in different scan sessions with the same acceleration method. 

These results suggest that MPM with Compressed SENSE acceleration factors up to at least 6 yields repro- 

ducible quantitative parameter maps that are highly comparable to those acquired without imaging acceleration. 

Compressed SENSE can thus be used to considerably reduce the scan duration of R1, R2 ∗ , PD, and MTsat mapping, 

and is highly promising for clinical applications of MPM. 
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. Introduction 

Magnetic resonance imaging (MRI) is one of the most widespread

nd powerful techniques for diagnostic imaging. Its unparalleled and

ighly versatile soft tissue contrast is predominantly influenced by
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ray matter; ISC, imperfect spoiling correction; MPM, multi-parameter mapping; MR

ransfer; MTw, MT-weighted; MTsat, magnetization transfer saturation; p.u., percen

ongitudinal relaxation rate; R2 ∗ , effective transverse relaxation rate; RF, radiofrequ

arametric Mapping; T 1 , longitudinal relaxation time; T1w, T 1 -weighted; T 2 , transver

FA, variable flip angle; VOI, volume-of-interest; WM, white matter. 
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ircumscribed lesions, edemas, and necroses ( Weiskopf et al., 2021 ).

hile a wide variety of parameters can be quantified by means of MRI,

he most basic ones, i.e., proton density (PD), (effective) transverse re-

axation time T 2 ( 
∗ ), and longitudinal relaxation time T 1 , are most of-

en referred to when talking about quantitative MRI. These parameters

llow calculation of synthetic magnetic resonance (MR) images with

ny commonly used or physically impossible contrast ( Callaghan et al.,

016 ; Wehrli et al., 1984 ), or may serve as a basis for deriving more

pecific physiological parameters via biophysical modeling, which has

een referred to as in-vivo histology ( Weiskopf et al., 2021 ). However,

n numerous studies, quantitative T 1 , T 2 ( 
∗ ), and PD parameter values

ave already shown benefits on their own as potential biomarkers in a

ide range of neurological diseases, e.g., multiple sclerosis ( Reitz et al.,

017 ), cerebral small vessel disease ( Brandhofe et al., 2020 ), or tumors

 Lescher et al., 2015 ) (see ( Seiler et al., 2021 ) for a recent review). 

Although quantitative MRI techniques have been applied in clini-

al studies since the mid-eighties of the 20 th century ( Bottomley et al.,

987 ; Holland et al., 1986 ; Just and Thelen, 1988 ), qMRI has not yet

eached clinics. A major reason is that qMRI requires acquisitions of sev-

ral different contrasts and complex evaluation routines ( Tofts, 2003 ).

ince patients are often less compliant than healthy volunteers, high

peed acquisitions are highly beneficial for clinical applications. Fortu-

ately, in recent years, quantitative MRI techniques have increasingly

een accelerated and refined ( Cooper et al., 2020 ; Fujita et al., 2021 ;

eutritz et al., 2020 ), which raises hopes that qMRI may finally find its

ay into the clinical routine. 

One currently well-established approach is multi-parameter mapping

MPM) of T 1 , T 2 
∗ , PD, and magnetization transfer (MT) saturation (MT-

at) ( Helms et al., 2008 ; Weiskopf et al., 2013 ) using a modified variable

ip angle radiofrequency (RF) spoiled multi-echo gradient-echo acquisi-

ion and modeling. This approach is implemented in a software toolbox

or in-vivo histology using MRI ( Tabelow et al., 2019 ; Weiskopf et al.,

015 ). It has already been widely applied to investigate microstruc-

ural properties of neural tissue ( Callaghan et al., 2014 ; Freund et al.,

011 ; Grabher et al., 2015 ; Seif et al., 2018 ; Weiskopf et al., 2013 ;

iegler et al., 2018 ) and validated in multi-center reproducibility stud-

es ( Leutritz et al., 2020 ; Weiskopf et al., 2013 ). While a measurement

uration of about 20 minutes is acceptable for many clinical studies, this

ust be further reduced to be applicable in routine clinical protocols. 

Over the last decades, the scan duration of MRI acquisitions has

onstantly been reduced not only due to faster gradient switching, but

ainly due to multi-channel receive coils and evermore sophisticated

ndersampling and reconstruction techniques such as parallel imaging.

ne technique that combines parallel imaging, more specifically sen-

itivity encoding (SENSE) ( Pruessmann et al., 1999 ) and compressed

ensing ( Candès et al., 2006a , b ; Donoho, 2006 ; Lustig et al., 2008 ) is

ommercially available as Compressed SENSE ( Geerts-Ossevoort et al.,

018 ) on Philips scanners. It has facilitated considerably reduced ac-

uisition durations in weighted 3D clinical MRI without compromising

iagnostic quality ( Ding et al., 2021 ; Duan et al., 2020 ; Eichinger et al.,

019 ; Nam et al., 2019 ; Vranic et al., 2019 ). Furthermore, CS and sim-

lar techniques have proven valuable acceleration methods to shorten

can times for several quantitative MRI techniques ( Boyarko et al.,

021 ; Jaeger et al., 2020 ; Kaga et al., 2021 ; Kocaoglu et al., 2021 ;

ussard et al., 2020 ). Recently, Compressed SENSE has also been used

o speed up 3D acquisitions for combined mapping of several quantita-

ive measures in a phantom ( Murata et al., 2021 ), and we obtained pre-

iminary evidence that this also holds in vivo ( Berg et al., 2020 ), which

ould facilitate the use of quantitative biomarkers in clinical routines. 

The aim of this study was, therefore, to investigate the effect of Com-

ressed SENSE acceleration on the fidelity and reproducibility of quanti-

ative multi-parameter mapping of the longitudinal and effective trans-

erse relaxation rates R1 ( = 1/ T 1 ) and R2 ∗ ( = 1/ T 2 
∗ ), PD, and MTsat.

o this end, we compared scans with standard acceleration (SENSE fac-

or 2.5) and Compressed SENSE acceleration factors 4 and 6 to a fully
2 
ampled non-accelerated scan. In addition, we investigated repeatability

cross three scan sessions in five healthy volunteers. 

. Methods 

.1. Participants and phantom 

This study was approved by the local medical ethical committee at

he Klinikum rechts der Isar, Technical University of Munich (TUM).

fter providing informed written consent for participation in this study,

ve healthy volunteers (three females, age range: 23-49 years, average

ge: 30.4 years in the first scan) underwent MRI at the Department of

euroradiology, Klinikum rechts der Isar, TUM. 

All five participants were scanned four times over a period of ap-

roximately 14 months. In three scan sessions (Scans A-C), the MPM

rotocol was run three times each, including all three accelerated pro-

ocols in each scan session. In an additional scan session, all sequences

ere scanned without any imaging acceleration ( “No-Acc ” scan). Scan

 was performed about ten months prior to Scan B. Scan C was per-

ormed about four months after Scan B. The non-accelerated scan was

erformed around the same time as Scan B but in a separate session. 

Additionally, the NIST/ISMRM system phantom (System Stan-

ard Model 130, CaliberMRI (previously QalibreMD), Boulder, Col-

rado; https://www.nist.gov/programs-projects/quantitative-mri ) was

canned in three separate scan sessions at room temperature (about

0°C). For the phantom scans, the three accelerated protocols and the

on-accelerated protocol were combined and performed jointly in each

can session. This phantom contains components of known reference T 1 
nd PD values. 

.2. Data acquisition 

Data acquisition was performed on a Philips Ingenia Elition X 3 T

R system (Philips Healthcare, R5.5.2 (Scan A) or R5.6.1.0 (Scan B,

, and “No-Acc ” scan), Best, NL) using a 32-channel RF receive head

oil. In scan sessions A-C, the entire protocol was scanned with three

ifferent imaging accelerations but with otherwise identical imaging

arameters. Aside from the standard SENSE technique for the lowest

cceleration factor, we chose Compressed SENESE as the acceleration

ethod for higher reduction factors since it was found to be less prone

o artifacts and to provide better SNR ( Akçakaya et al., 2014 ; Cho et al.,

019 ; Eichinger et al., 2019 ; Geerts-Ossevoort et al., 2018 ). The ap-

lied accelerations comprised the standard acceleration using sensitiv-

ty encoding ( Pruessmann et al., 1999 ) with acceleration factors AP:

 and RL: 1.25 (scan duration of 20 minutes) and Compressed SENSE

 Geerts-Ossevoort et al., 2018 ) with acceleration factors of CS = 4 (15:40

inutes) and CS = 6 (10:30 minutes) for a 1mm 

3 isotropic voxel size.

ere, the acceleration factors describe the reduction of k-space sam-

les acquired with the respective acceleration method. The acquisition

uration, however, is not necessarily linearly related to the reduction

f k-space lines, but is additionally influenced by other factors such as

on-accelerated preparatory scans. For the same spatial resolution, the

No-Acc ” protocol without any imaging acceleration had a scan duration

f 45:30 minutes (see Fig. 1 A). 

All imaging sequences were based on a 3D RF-spoiled multi-echo

radient-echo sequence (fast field echo) with six echoes (first echo time

nd echo spacing TE1/ ΔTE = 2.4/2.4 ms). The sequences used a phase

ncrement of 150°, bipolar readout gradients (no flyback), and no flow

ompensation. They had a 1 × 1 × 1 mm 

3 resolution, a water-fat shift of

.9 pixel, and used a partial Fourier factor of ∼0.6 ( “half scan ” Y-factor).

he protocol comprised three main sequences: a T 1 -weighted sequence

T1w) with repetition time TR = 18 ms, flip angle 𝛼 = 25°, and RF ex-

itation pulse duration t ex = 0.954 ms; a PD-weighted sequence (PDw)

ith TR = 18 ms, 𝛼 = 4°, and t ex = 0.669 ms; and an MT-weighted se-

uence (MTw) with TR = 48 ms, 𝛼 = 6°, t ex = 0.669 ms, MT saturation

https://www.nist.gov/programs-projects/quantitative-mri
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Fig. 1. Methodological overview including: A) protocol variants using different imaging accelerations, B) acquisition parameters, C) processing details, 

and D) utilized gray and white matter volumes-of-interest (VOIs). The protocols accelerated with SENSE = 2.5, CS = 4, and CS = 6 were each scanned three 

times (Scans A-C). The VOIs used for the analysis of quantitative parameter values were common whole-brain gray matter (blue), whole-brain white matter (yellow), 

common voxels within the thalamus (azure), and common voxels within the anterior corona radiata (orange). 
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ip angle 𝛼MT = 220°, MT pulse duration t MT = 8 ms, and MT saturation

ff-resonance frequency f MT = 1,000 Hz. Both RF excitation pulses and

T pulses had a sinc-gauss-shape. The images were acquired in sagittal

rientation with frequency encoding (readout) in the foot-head direc-

ion, an anterior-posterior (AP) primary phase encoding (PE 1 ) direction

fold-over), a right-left (RL) secondary phase encoding (PE 2 ) direction,

nd a field-of-view of 240 × 240 × 176 mm 

3 (read x PE 1 x PE 2 ). For a

oxel-wise B1 + bias field correction using the 3D actual flip angle imag-

ng (AFI) method ( Yarnykh, 2007 ), B1 mapping was performed with a

oxel size of 3.5 × 3.5 × 5 mm 

3 and a field-of-view of 240 × 240 × 175

m 

3 . The order of sequences within each MPM protocol was the same

or all scans (1. B1 map, 2. T1w, 3. PDw, 4. MTw), but the order of

ccelerated protocols within the scan sessions A-C was permuted across

articipants and scan sessions. A summary of the imaging parameters is

hown in the methodological overview in Fig. 1 B. 

.3. Parameter map calculation 

Unless stated otherwise, all data processing and analyses were per-

ormed using MATLAB (R2020a, The Mathworks, Natick, MA, United

tates; RRID: SCR_001622). DICOM to NIfTI conversion was performed

sing the hMRI toolbox (version v0.1.3-dev; RRID: SCR_017682;

ttps://github.com/tleutritz-cbs/hMRI-toolbox ) and the Statistical

arametric Mapping (SPM) framework (SPM12, version v7771; RRID:

CR_007037; https://www.fil.ion.ucl.ac.uk/spm/software/spm12/ ).

ll in vivo images were then reoriented via rigid-body transformation

sing the “Auto-reorient ” function provided by the hMRI toolbox to

orrect for angulations of the head and to place the origin at the

nterior commissure. Quantitative parameter maps of relaxation rates

1 and R2 ∗ , proton density, and magnetization transfer saturation

 Fig. 1 C) were calculated via the variable flip angle (VFA) approach

 Baudrexel et al., 2018 ; Preibisch and Deichmann, 2009 ) in combina-

ion with multiple gradient echoes using SPM and the hMRI toolbox

 Tabelow et al., 2019 ). Information from all three multi-echo contrasts

as combined for estimation of R2 ∗ ( Weiskopf et al., 2014 ). Default

onfiguration parameters were used except for a threshold of 10 8 for

he PD map before bias field correction (which is scanner dependent)

nd a threshold of 15 percent units (p.u.) for the MTsat values (which

epends on the utilized MT parameters). 

Residual bias in the apparent R1 maps due to insufficient RF spoil-

ng ( Preibisch and Deichmann, 2009 ) was accounted for using imperfect

poiling correction (ISC) ( Baudrexel et al., 2018 ) customized to the se-

uence specific phase increment. 

.4. Additional processing of phantom data 

Since the standard procedures in the hMRI toolbox are optimized

or human brain imaging, a few additional processing steps had to

e performed for processing the phantom data. First, the phantom

ata were masked manually using ITK-SNAP (RRID: SCR_002010;

ttp://www.itksnap.org ) to obtain a mask of the whole volume of the

hantom, which was needed for parameter map calculation. Further-

ore, the RF transmit bias field was calculated based on the masked

D data set. Finally, the PD map was calibrated to a volume-of-interest

VOI) of known PD value segmented from the uncorrected PD data

et (otherwise, the default calibration is based on the segmentation of

hole-brain white matter (WM) and a standard WM PD value, which is

ot applicable to phantom data). 

.5. Segmentation and normalization to MNI space of in vivo data 

All ten data sets per participant were acquired with a similar head

rientation and alignment. The nine accelerated data sets per partic-

pant were first registered to the single non-accelerated data set using

PM’s “co-register ” module and trilinear interpolation (with 7 × 7 Gaus-

ian Histogram smoothing, 4 × 2 separation distance between sampled
4 
oints, no wrapping, no masking). Subsequently, registered and head-

asked R1 parameter maps were segmented into tissue probability maps

sing SPM’s unified segmentation ( Ashburner and Friston, 2005 ) via the

segmentation ” module implemented in the hMRI toolbox. The set of all

fty gray matter (GM) segmentations and the set of all fifty WM segmen-

ations (from the five participants and their ten scans each) were warped

ogether using the “Run Dartel ” module of the hMRI toolbox with default

arameters. Thereby, the tissue class images were iteratively aligned to

heir own average and a study specific template was created from their

verage. The final template and the individual deformation fields were

hen used to align the images with MNI space by affine transformation

ia the “Normalise to MNI Space ” module with a voxel size of 1 × 1 × 1

m 

3 , a suitable bounding box, and otherwise default parameters. 

.6. Volume ‐of ‐interest definition in in vivo data 

From the MNI normalized data, four volumes-of-interest were

erived for further analyses (see Fig. 1 D). Common whole-brain

egments of GM and WM were calculated as the intersection of

ll fifty R1-based segmentations with individual tissue probabil-

ty > 0.5 for either GM or WM (five participants, ten scans per

articipant). In addition to these whole-brain GM and WM VOIs,

wo smaller, anatomically defined regions were selected from at-

ases ( https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases ) included in the FSL

ramework ( Smith et al., 2004 ). The GM thalamus region was defined

ccording to FSL’s “Oxford Thalamic Connectivity Probability Atlas ”

 Behrens et al., 2003 ) including only voxels that were contained in all

ndividual GM segmentations across all scans of all volunteers. This was

alculated by intersecting all segments of the thalamus region from the

tlas with the common whole-brain GM segment. The anterior corona

adiata (ACR) region within WM consisted of the voxels defined as an-

erior corona radiata right and left in FSL’s ICBM-DTI-81 white-matter

abels atlas ( Mori et al., 2005 ) that were likewise contained in all indi-

idual segmentations. This was calculated by intersecting the ACR re-

ion from the atlas with the common whole-brain WM segment. 

Additionally, a global outlier mask was calculated containing voxels

ith non-physiologic parameter values. This was calculated as an inter-

ection of all voxels with negative values in any of the imaging contrasts

for any of the accelerations or scans and any of the participants) and

oxels with R2 ∗ > 40 s -1 (i.e., T 2 
∗ 
< 25 ms). These voxels were excluded

rom the four defined VOIs for further analysis. The final whole-brain

M VOI contained ∼443,000 voxels, the whole-brain WM VOI ∼390,000

oxels, the thalamus (GM) ∼10,000 voxels, and the ACR (WM) ∼13,000

oxels. 

.7. Volume ‐of ‐interest definition in phantom data 

The NIST/ISMRM system phantom contains fiducial spheres with de-

ned T 1 , T 2 , or PD values. From the spheres with defined T 1 values,

he four spheres with the highest T 1 values were most comparable to

hysiological T 1 values. Thus, these VOIs were selected for analysis of

1 data in the phantom. Two additional spheres with defined PD val-

es were included for the analysis of the PD data. The reference values

f the selected spheres were T1-1 = 1,883.97 ms (R1 = 0.531 s -1 ), T1-

 = 1,330.16 ms (R1 = 0.752 s -1 ), T1-3 = 987.27 ms (R1 = 1.013 s -1 ), T1-

 = 690.08 ms (R1 = 1.449 s -1 ), PD-3 = 15.01 p.u., and PD-11 = 68.55

.u. at 20°C ( NIST, 2020 ). 

.8. Quantitative evaluations 

For each imaging session and acceleration, the R1, R2 ∗ , PD, and MT-

at parameter values of the in vivo data were determined within the

ommon whole-brain GM and WM segments, within the common GM

oxels of the thalamus, and within the common WM voxels of the ACR.

or each VOI, histograms of individual quantitative parameter values

https://www.github.com/tleutritz-cbs/hMRI-toolbox
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.itksnap.org
https://www.fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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Fig. 2. Representative quantitative parameter maps of all accelerations and scan sessions. R1 (A), R2 ∗ (B), PD (C), and MTsat (D) maps are shown for the 

non-accelerated sequence and the three repetitions of the sequences accelerated with SENSE = 2.5, CS = 4, and CS = 6 (columns). 
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ooled across participants and boxplots of participant-mean parameter

alues were compared between imaging accelerations and scan sessions.

Bland-Altman analysis was used to compare quantitative parameter

alues derived from data accelerated with SENSE = 2.5, CS = 4, and

S = 6 with values derived from non-accelerated data for all participants

nd for each of the four volumes-of-interest. For each contrast and each

ccelerated scan, the average difference and the 95% limits of agreement

ith the non-accelerated scan were determined. 

Coefficients of variation (CoV) maps were calculated for each quan-

itative parameter 𝑥 across two factors: 1) the three scan sessions us-

ng the same imaging accelerations ( “repeatability ”), and 2) across the

hree accelerated sequences within the same session ( “reproducibility ”

cross different acceleration parameters). For each of the six conditions

SENSE = 2.5, CS = 4, CS = 6, Scan A, Scan B, Scan C), the CoV maps

ere calculated as 

𝑜𝑉 = 

√ 

1 
3 

( (
𝑥 1 − �̄� 

)2 + 

(
𝑥 2 − �̄� 

)2 + 

(
𝑥 3 − �̄� 

)2 )
1 
3 

(
𝑥 1 + 𝑥 2 + 𝑥 3 

) . 

ere, 𝑥 1 , 𝑥 2 , and 𝑥 3 are the parameter values in a specific voxel in

he three different parameter maps of each condition and �̄� is the av-

rage value (mean of the three values) within this voxel. From the CoV

aps, the average CoV values were determined within the four common

olumes-of-interest. 

For the phantom scans, CoV maps of R1 and PD data were calculated

fter registration of all data sets via MATLAB’s “imregtform ” function to

he non-accelerated PD map of the first scan session. The average CoV

alues were determined within the selected VOIs with defined R1 and

D values (as detailed in section 2.7 ). Additionally, signal-to-noise ratios

SNR) were determined in the selected VOIs of the R1 and PD data. The

NR was determined as the ratio of the mean and the standard deviation

f parameter values across all voxels within a specific VOI. 

.9. Statistical analysis 

Repeated measure analyses of variance (ANOVAs) were performed

n the in vivo data using SPSS (IBM Corp. Released 2019. IBM SPSS

tatistics for Windows, Version 26.0. Armonk, NY; RRID: SCR_019096)

o test if the imaging acceleration had a statistically significant effect on

he quantitative parameter values. For these analyses, the VOI-average

arameter values calculated for SENSE = 2.5, CS = 4, and CS = 6
5 
ere averaged over the three repeated measures (Scans A-C). The VOI-

verage parameter values acquired with the non-accelerated sequence

ere used without any averaging. For each quantitative parameter and

ach of the four VOIs, these four data sets were included in the ANOVA

nd the assumption of sphericity was tested using Mauchly’s Test of

phericity. To identify the pair(s) of acceleration methods that resulted

n significantly different parameter values, the combinations of param-

ters and VOIs for which a significant difference (p-value < 0.05) was

ound were additionally compared using paired two-tailed t -tests. 

. Results 

.1. Overall appearance of parameter maps 

Quantitative parameter maps that were acquired with various imag-

ng accelerations and in various scan sessions appeared visually very

imilar ( Fig. 2 ). There seemed to be the same level of detail and compa-

able contrast between anatomical structures in maps of the same quan-

itative parameters ( Fig. 2 ). For one volunteer, a SENSE unfolding ar-

ifact was present in one of the three data sets accelerated with SENSE

 Supplementary Fig. S1 ). In the same scan session of the same volun-

eer, artifacts were also seen in the data set accelerated with CS = 6

 Supplementary Fig. S1 ). 

To better illustrate differences between the imaging accelerations

nd scan sessions, difference images between the parameter maps of

he non-accelerated and all accelerated scans were calculated and aver-

ged across participants ( Fig. 3 ). Additionally, average maps of absolute

ifferences were calculated to identify variability between individual

easurements ( Supplementary Fig. S2 ). 

Generally, PD maps show smaller average percentage differences

etween accelerated and non-accelerated data compared to R1, R2 ∗ ,

nd MTsat. For all contrasts, the subject-average percentage differences

o the non-accelerated data is comparable across imaging accelerations

 Fig. 3 ). However, on an individual (i.e., per participant) basis, stronger

ariations have been found across imaging accelerations, independent

f the acceleration method ( Supplementary Fig. S3 ). 

.2. Quantitative evaluation of parameter values 

VOI-average quantitative parameter values of R1, R2 ∗ , PD, and MT-

at were comparable across imaging accelerations and scan sessions in
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Fig. 3. Subject-average of non-accelerated parameter maps together with their subject-average differences to quantitative parameter maps from all 

accelerated sequences and scan sessions. The subject-average of non-accelerated reference images of R1 (A), R2 ∗ (B), PD (C), and MTsat (D) are shown in the 

first column. Difference maps were calculated between the non-accelerated reference image and the three repetitions of the sequences accelerated with SENSE = 2.5, 

CS = 4, and CS = 6 and averaged across all participants (second column to last column). Differences are given in percent deviations from the non-accelerated data. 
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he four investigated VOIs ( Fig. 4 ). For the interested reader, we provide

he same evaluations for three additional WM VOIs in the supplemen-

ary material, namely the corpus callosum, the superior corona radiata,

nd the external capsule and compare those to the values from the ACR

 Supplementary Fig. S4 ). Some parameters varied across imaging accel-

rations in individual VOIs (e.g., R2 ∗ in the ACR). More often, however,

OI-average parameter values varied more strongly across scan sessions

e.g., the mean value of R1 in white matter VOIs or the variance be-

ween volunteers of MTsat values in whole-brain WM). Overall, similar

ariability was observed across both different imaging accelerations and

can sessions ( Fig. 4 ). 

Accordingly, for most combinations of quantitative parameters and

nvestigated VOIs, repeated measures ANOVAs did not reveal significant

ifferences between average parameter values acquired with either no

cceleration or the three imaging accelerations ( Supplementary Table

5 ). A significant within-subjects effect of the imaging acceleration was

nly found in two of the 16 VOI-parameter combinations, namely for

D within the thalamus and for R2 ∗ in the ARC VOI ( Supplementary

able S5 ). For the VOI-parameter combinations that showed a signif-

cant effect of the acceleration method on the VOI-average parameter

alues, paired t -tests were performed using data acquired with various

ccelerations ( Supplementary Table S6 ). 

Similarly, histograms of all individual quantitative parameter values

ithin GM and WM VOIs across participants revealed slight differences

etween acceleration methods or scan sessions, but generally confirmed

 good agreement of pooled mean and standard deviation values across

ata sets ( Supplementary Fig. S7 ). 

Parameter values derived from accelerated and non-accelerated mea-

urements agreed well ( Fig. 5 ). CS-accelerated and SENSE-accelerated

ata revealed a comparable agreement with non-accelerated data, in

articular for R1, PD, and MTsat ( Fig. 5 A and C-D). In addition, the

S-accelerated and non-accelerated data showed the same or a smaller

ange of differences (smaller 95% confidence interval) for R1, R2 ∗ ,

nd MTsat compared to SENSE-accelerated and non-accelerated data

 Fig. 5 A-B and D). 

In the phantom data, four VOIs with physiological T 1 values were

elected for quantitative analysis. Within these VOIs, R1 values showed
6 
 very high agreement between non-accelerated data and each of the

hree accelerated data sets, with an average difference close to zero

 Supplementary Fig. S8A ). However, the measured R1 values within the

our VOIs were increased (by 7.9% for T1-1, 13.8% for T1-2, 19.0% for

1-3, and 16.1% for T1-4) compared to the reference values. For the

D data, two additional VOIs with defined PD values were included in

he analysis. Similar to the R1 data, the PD data revealed a good agree-

ent between non-accelerated and accelerated scans ( Supplementary

ig. S8B ). Additionally, the measured PD values agreed well with the

eference values. R2 ∗ and MTsat values have not been analyzed since

he phantom did not contain any reference values for these parameters

nd lacked appropriate artifact-free regions with physiological R2 ∗ and

Tsat values. 

In most VOIs of the R1 phantom data, signal-to-noise ratios of the pa-

ameter maps tended to be slightly higher in the SENSE = 2.5 and CS = 4

cans compared to CS = 6 or non-accelerated scans ( Supplementary Fig.

9A ). In the VOIs investigated for PD phantom data, SNR values were

sually highest in the CS = 4 data and lowest in the non-accelerated data

 Supplementary Fig. S9B ). However, mean SNR values were generally

imilar across acceleration methods and varied between 20 and 32 in

oth R1 and PD data. 

.3. Coefficients of variation 

Subject-average maps of coefficients of variation calculated from

ata acquired with the same imaging acceleration across different scan

essions ( “repeatability ”) had a high visual similarity to CoV maps cal-

ulated from data acquired within the same scan session using different

maging accelerations ( “reproducibility ”) ( Fig. 6 ). CoV maps of different

arameters varied in their visual appearance: PD values showed the low-

st CoV values (darkest CoV maps) while R2 ∗ -based CoV maps appeared

oisiest ( Fig. 6 ). 

For each condition (SENSE = 2.5, CS = 4, CS = 6, Scan A, Scan B,

can C), VOI-average CoV values were calculated for each participant

nd contrast ( Fig. 7 ). Repeatability-based CoV values (blue asterisks)

ere highly comparable to reproducibility-based CoV values (green as-

erisks) with their mean values ranging between ∼2% (PD) and up to
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Fig. 4. Boxplots of average quantitative parameter values within GM and WM VOIs across subjects. The VOI-average values of R1 (A), R2 ∗ (B), PD (C), 

and MTsat (D) are shown for whole-brain GM (1 st column) and WM (3 rd column) segmentations and for common voxels within the thalamus (2 nd column) and 

the anterior corona radiata (4 th column). The thalamus VOI comprised 10,300 and the anterior corona radiata 13,000 voxels. Common whole-brain GM and WM 

segments comprised 443,300 and 389,900 voxels, respectively. The red line represents the median, the edges of the box indicate the 25 th and 75 th percentiles, the 

whiskers extend to the most extreme data points not considering outliers, and red + -symbols represent outliers. 
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7% (R2 ∗ ). For most VOIs and contrasts, the mean repeatability-based

oV value (average of blue data points) was slightly higher than the

ean reproducibility-based CoV value (average of green data point).

his was seen in all VOIs of the R1 and MTsat data and in most VOIs of

he R2 ∗ and PD data ( Fig. 7 ). 

From the phantom data, mean CoV values were calculated in anal-

gy to the in vivo data: The repeatability-based CoV values were calcu-

ated from the three repeated measures of the protocol with the same

cceleration (for the non-accelerated and all accelerated protocols), and

he reproducibility-based CoV values from the three accelerated pro-

ocols (SENSE = 2.5, CS = 4, and CS = 6) of the same scan session

 Supplementary Fig. S10 ). In the phantom, mean CoV values of the

1 data were slightly lower compared to the in vivo data ranging be-

ween 1.7% and 3.0%, and CoV values of the PD data were comparable

ithin the two VOIs with calibrated PD values varying between 0.85%

nd 2.6% ( Supplementary Fig. S10 ). The CoV values of the phantom

ata showed consistently higher mean repeatability-based than mean

eproducibility-based CoV values. This was found in both R1 and PD

ata and was most prominent in the PD-based CoV values of all VOIs se-

ected from the fiducial spheres with defined T 1 values ( Supplementary

ig. S10B ). When including the data of the non-accelerated protocol in

he calculation of the reproducibility-based CoV values (using four in-

tead of three data sets for the CoV map calculation), the difference
7 
etween repeatability- and reproducibility-based CoV values decreased,

ut the overall trend was still visible (not shown). 

. Discussion 

This study aimed to investigate the reproducibility of multi-

arameter quantitative mapping of R1, R2 ∗ , PD, and MTsat compar-

ng a non-accelerated protocol and three different accelerated imaging

rotocols in five healthy volunteers and in a phantom. Quantitative pa-

ameter maps showed similar variability in the visual appearance and

n VOI-average evaluations comparing data acquired with various imag-

ng accelerations and across different scan sessions. SNR analyses in se-

ected R1 and PD VOIs of the phantom data revealed comparable SNR

cross acceleration methods. VOI-average parameter values correlated

ell between non-accelerated and accelerated scans in both in vivo and

hantom data. The agreement between parameter values derived from

ccelerated and non-accelerated scans was very high and comparable

cross acceleration methods. The reproducibility and repeatability of the

easured quantitative parameters were additionally investigated using

oefficients of variation. Mostly, mean repeatability-based CoV values

ere slightly higher than mean reproducibility-based CoV values. This

as seen in all R1 and PD VOIs of the phantom and in most VOIs and

ontrasts of the in vivo data. 
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Fig. 5. Bland-Altman plots comparing VOI-average quantitative parameter values between non-accelerated and accelerated data using either SENSE = 2.5, 

CS = 4, or CS = 6 (columns). The VOI-average parameter values of R1 in s -1 (A), R2 ∗ in s -1 (B), PD in p.u. (C), and MTsat in p.u. (D) from the three repeated 

accelerated measurements were compared with the data from the non-accelerated parameter maps. The data of all five participants and four volumes-of-interest 

were included in the evaluation. Average difference values (blue lines) and 95% limits of agreement (average difference ± 1.96 standard deviations of differences, 

dashed lines) are provided. 
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.1. Quality of parameter maps 

Generally, quantitative parameter maps derived from all accelerated

nd the non-accelerated data showed comparable image quality and

evel of anatomical detail. However, SENSE unfolding artifacts were

ound in one data set acquired with SENSE acceleration. CS artifacts

ere visible in the corresponding CS = 6 data set of the same volunteer

nd the same scan session but were much less prominent. Thus, parame-

er maps from data acquired with Compressed SENSE appeared visually

quivalent in artifact-free data, but superior to SENSE-accelerated data

n case of subject motion. This fits with previous studies that demon-

trated high image quality of CS-accelerated MRI for diagnostic imag-

ng ( Eichinger et al., 2019 ; Nam et al., 2019 ; Vranic et al., 2019 ). How-

ver, some differences were found between imaging acceleration meth-

ds with respect to the degree of deviation from the non-accelerated

ata. The data sets that showed largest deviations varied for each par-

icipant and were independent of the acceleration method and accelera-

ion factor but occurred most often in the later acquisitions of each scan

ession. One reason for this could be an increasing tendency for subject

otion over time with an additional dependence on the pre-scans. Both

ENSE and Compressed SENSE use pre-scans to obtain coil sensitivity in-

ormation for reconstructing the accelerated images. In our study, these

re-scans were only performed once at the beginning of each scan ses-

ion. The last sequence of each session was acquired about 40 minutes
8 
ater. Thus, head movement of the participants occurring after the pre-

cans would have influenced the image quality of the later sequences of

ach scan session more strongly and could have caused some artifacts

ndependent of the imaging acceleration. This assumption is in line with

revious studies highlighting the effect of inter-scan head movement on

1 quantification ( Balbastre et al., 2021 ; Papp et al., 2016 ) and other

RI methods ( Faraji-Dana et al., 2016 ; Poblador Rodriguez et al., 2021 )

f the sensitivity of the receive coil is not accurately accounted for. Ad-

itionally, this effect most likely also influenced the quality of the non-

ccelerated data that were used as reference. The total scan duration of

he non-accelerated protocol (45 minutes) was quite long making both

nter- and intra-scan participant movement more likely, which can cause

learly reduced image quality. 

.2. Accuracy of parameter values 

In order to evaluate the accuracy of the measured quantitative pa-

ameter values, the in vivo data ( Fig. 4 ) were compared to literature

alues of gray and white matter ( Table 1 ), and the phantom data

 Supplementary Fig. S8 ) were correlated with the given reference values

n the selected fiducial spheres. 

Quantitative R1 values can depend on the method used for R1 map-

ing (e.g., inversion recovery or variable flip angle) and the correction

ethods applied to adjust for confounding factors such as sequence
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Fig. 6. Subject-average maps of coefficients of variation (CoV). In A), CoV maps were calculated from the three scans with the same acceleration method 

(repeatability) and then averaged across subjects. In B), CoV maps were calculated from the three measurements within the same scan session and with different 

accelerations (reproducibility) and also averaged across subjects. 

Table 1 

Quantitative parameter values of R1, R2 ∗ , PD, and MTsat in whole-brain GM and WM found in this study compared to literature values from previous 

studies. T 1 and T 2 
∗ values from literature were converted to R1 and R2 ∗ values via T 1 = 1/R1 and T 2 

∗ = 1/R2 ∗ , respectively. Literature PD values were either 

provided as proton density values or water content. 

Parameter GM regions WM regions References 

This study Literature This study Literature 

R1 [s -1 ] 0.67 ± 0.02 0.61 – 0.75 1.00 ± 0.04 1.04 – 1.22 ( Gelman et al., 2001 ; Preibisch and Deichmann, 2009 ; Wansapura et al., 1999 ; 

Weiskopf et al., 2013 ; Wright et al., 2008 ) 

R2 ∗ [s -1 ] 18.1 ± 0.9 15 – 24 23.9 ± 0.6 18.9 – 22.4 ( Krüger et al., 2001 ; Peters et al., 2007 ; Wansapura et al., 1999 ; Weiskopf et al., 

2013 ) 

PD [p.u.] 77.8 ± 0.7 78 – 84.4 68.7 ± 0.3 68.3 – 70 ( Farace et al., 1997 ; Gutteridge et al., 2002 ; Weiskopf et al., 2013 ) 

MTsat [p.u.] 3.09 ± 0.21 0.8 – 2.25 5.28 ± 0.37 1.7 – 4.8 ( Hagiwara et al., 2018 ; Helms et al., 2008 ; Leutritz et al., 2020 ; Lommers et al., 

2019 ; Weiskopf et al., 2013 ) 
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arameters, hardware components, or tissue properties ( Stikov et al.,

015 ). Moreover, the use of a single R1 value in brain tissue is

 significant simplification of the multiple compartments and com-

lex tissue structure ( Labadie et al., 2014 ), adding to variations be-

ween acquisition methods inadvertently probing different tissue aspects

 Weiskopf et al., 2021 ). For the VFA method applied in this study, the

ost important confounding factors are deviations of the real flip angle

rom the nominal flip angle, insufficient RF spoiling, and inadvertent MT

ffects ( Teixeira et al., 2019 ). The first two effects were corrected via

1 mapping with the actual flip angle imaging method ( Yarnykh, 2007 )

nd using imperfect spoiling correction ( Baudrexel et al., 2018 ), respec-

ively. However, correcting for inadvertent MT effects would have re-

uired tuning the RF pulse duration for each sequence separately, which

ould be rather cumbersome and error-prone or would require pulse se-

uence programming on the MR scanner platform used in this study. The

ean R1 values obtained in this study were 0.67 ± 0.02 s -1 in whole-

rain GM and 1.00 ± 0.04 s -1 in whole-brain WM, which are in good
9 
ccordance with literature values of R1 or T 1 ( = 1/R1) found in previous

tudies ( Table 1 ). Similarly, mean R2 ∗ in whole-brain GM (18.1 ± 0.9

 

-1 ) and WM (23.9 ± 0.6 s -1 ) approximately conform to literature values

 Table 1 ). R2 ∗ values can be affected by magnetic background fields or

ather by the quality of the shim and by paramagnetic (iron) accumula-

ions in the tissue. Even though we excluded brain regions with strong

rtifacts and extremely high R2 ∗ values, our results are most likely still

nfluenced by these confounding factors leading to a higher variance

nd slightly increased R2 ∗ values. Since the hMRI toolbox calibrates PD

ata to an average value of 69 p.u. in whole-brain WM, the mean PD

alues in white matter (68.7 ± 0.3 p.u.) are in perfect agreement with

iterature values. In whole-brain GM, the PD values were 77.8 ± 0.7

.u., which agree well with the literature values of PD or water content

 Table 1 ). For the MTsat, a comparison with reference values is more

omplicated since MTsat is influenced by detailed properties of the mag-

etization transfer RF pulse, i.e., primarily the effective RF saturation

ower determined by the MT flip angle, the off-resonance frequency,
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Fig. 7. Coefficients of variation (CoV) of the quantitative parameter maps from the repeatability (blue) and reproducibility (green) measurements. In 

each panel, the VOI-average CoV values of R1 (A), R2 ∗ (B), PD (C), and MTsat (D) are shown for whole-brain GM, the thalamus, whole-brain WM, and the anterior 

corona radiata (ACR). The mean of the fifteen values per factor ( “repeatability ” or “reproducibility ”) is represented with a black line for each parameter and 

volume-of-interest. 
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he MT pulse duration, as well as TR ( Teixeira et al., 2019 ). The whole-

rain MTsat values of this study were 3.09 ± 0.21 p.u. in GM and 5.28

 0.37 p.u. in WM, which are clearly higher than the literature values

 Table 1 ). These increased MTsat values could be caused by our com-

arably short MT pulse duration (compared to ( Helms et al., 2008 ) and

 Hagiwara et al., 2018 )) and, generally, a lower MT saturation frequency

resulting in higher direct saturation) or a different pulse shape. 

In the phantom, reference values were only available for R1 and

D data. Since all PD values derived from phantom data were cali-

rated to the fiducial sphere that was designed to have a PD value

f 68.55 p.u. ( “PD-11 ”), it is not surprising that PD values from this

OI perfectly agreed with the expected reference value. The second PD-

alibrated VOI ( “PD-3 ”) also showed good agreement with the expected

eference value (average deviation 10.3%). For most of the selected R1-

alibrated VOIs (with physiological R1 values), the measured R1 val-

es slightly deviated from the reference values. The VOI with the low-

st reference R1 value (R1 = 0.531 s -1 ) showed the best accordance

ith the measured R1 value. For VOIs with higher reference R1 val-

es, the measured R1 values were increased compared to the expected

eference value by up to 19% ( Supplementary Fig. S8 ). Here, the most

ikely explanation is that these VOIs exhibited non-physiological T 2 val-

es of ∼520 – 1,490 ms, resulting in significant residual transverse co-

erences despite RF spoiling. The hMRI toolbox corrects R1 for imper-

ect RF spoiling based on simulations of the steady-state signal for a

iven phase increment ( Preibisch and Deichmann, 2009 ). However, it

annot adequately correct the R1 values in the phantom because under-
10 
ying simulations used a T 2 value of 64 ms ( https://github.com/hMRI-

roup/hMRI-toolbox/wiki/DefaultsAndCustomization , accessed on De-

ember 14, 2021), which is physiologically plausible at 3 T but about

n order of magnitude lower than the actual T 2 values of the phantom.

uch a T 2 -dependence in the estimated T 1 data has already been high-

ighted and quantified in previous studies at 3 T ( Baudrexel et al., 2018 ;

eule et al., 2016 ) and at 7 T ( Corbin and Callaghan, 2021 ). A previ-

us study that did not perform any correction for imperfect RF spoiling

as found even greater deviations between the measured T 1 and the

eference T 1 values when using the variable flip angle method for T 1 
apping ( Keenan et al., 2016 ). 

.3. Precision of parameter values 

Precision describes the variability of test results determined in inde-

endent measurements of the same quantitative parameter ( Taylor and

uyatt, 1994 ). It can be assessed, e.g., in repeatability studies via

epeated measures of the same condition or in reproducibility stud-

es utilizing different conditions to obtain the same physical quantity

 Sullivan et al., 2015 ). 

Here, precision was assessed using repeatability- and reproducibility-

ased coefficients of variation and by calculating signal-to-noise ratios

n several VOIs of the phantom data. 

Both reproducibility-based and repeatability-based CoV values of all

uantitative parameter values in the in vivo data agree well with intra-

ite CoV values from a previous study ( Leutritz et al., 2020 ). Further-

https://www.github.com/hMRI-group/hMRI-toolbox/wiki/DefaultsAndCustomization
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ore, the phantom CoV values of R1 are in line with CoV values from

 multi-vendor repeatability study using the same phantom with CoV

alues ranging between 0-5% for most vendors ( Keenan et al., 2016 ). 

Overall, our CoV values showed similar precision when comparing

uantitative parameter values from either different imaging accelera-

ions or different scan sessions. This was reflected in visually highly

omparable CoV maps for individual parameters ( Fig. 6 ). Interestingly,

n most VOIs, average quantitative parameter values were more compa-

able (lower average CoV values) across various types of accelerations

han across scan sessions ( Fig. 7 and Supplementary Fig. S10 ), indicat-

ng a high reproducibility of the parameter values using various imaging

ccelerations. In addition, repeatability-based CoV values from CS = 4

nd CS = 6 acquisitions were generally lower compared to CoV values

f SENSE = 2.5 ( Fig. 7 A-C), suggesting a slightly higher precision in

uantitative parameter maps acquired with Compressed SENSE. 

These findings were supported by the signal-to-noise analyses in

he selected R1 and PD VOIs of the phantom data. Compared to the

on-accelerated protocols, the accelerated protocols showed a compa-

able level of noise in the quantitative parameter maps and resulted in

imilar or slightly increased signal-to-noise ratios ( Supplementary Fig.

9 ), suggesting a high precision of accelerated multi-parameter map-

ing. The effect of various imaging accelerations on the noise level in

 1 -weighted images has already been investigated in a previous study

 Yarach et al., 2021 ), showing no statistical difference between the SNR

sing SENSE = 2 and CS = 4, in line with our findings. A reason for the

omparable SNR, despite the shorter scan duration, could be the regular-

zation procedures applied by the acceleration methods, especially the

dditional regularization to reduce noise implemented in Compressed

ENSE ( Geerts-Ossevoort et al., 2018 ). Although we did not find reduced

ccuracy in our accelerated MPM measurements of healthy participants,

egularization procedures generally increase precision at the expense of

ccuracy. Especially in pathologies, a lower accuracy of MPM could re-

ult in lower sensitivity to abnormal tissue changes. While investigating

he sensitivity of MPM to pathological alterations or physiological ef-

ects was outside the scope of this study, a potentially reduced contrast-

o-noise in parameter maps acquired with CS cannot be fully excluded

or clinical applications. 

.4. Reproducibility using Compressed SENSE 

Overall, the measured quantitative parameter values depended nei-

her on imaging acceleration in general (non-accelerated vs. accelerated

rotocols), nor on acceleration techniques (SENSE vs. CS) or accelera-

ion factor (CS = 4 vs. CS = 6) in particular. Especially for the in vivo

ata, R1, R2 ∗ , and PD values agreed well with the literature, showing

igh accuracy of all MPM protocols, independent of the presence and

ype of acceleration method. 

Furthermore, the agreement between accelerated and non-

ccelerated parameter maps was found to be high for all imaging

ccelerations. Compared to the SENSE-accelerated data, the data

ccelerated with CS = 6 even showed a smaller range of differences

95% confidence interval) and thus a higher correlation to the non-

ccelerated data for all contrasts ( Fig. 5 ). This suggests that Compressed

ENSE is more favorable for accelerating MPM protocols compared

o the conventional SENSE acceleration. One possible explanation

or this observation might be the more favorable artifact behavior of

S acceleration, at least in compliant subjects where motion is not a

eal problem. In agitated patient populations, however, more severe

rtifacts have also been observed with CS ( Sartoretti et al., 2018 ). 

The analysis of CoV values revealed a comparable or even lower

ariability of quantitative parameter values acquired with different ac-

eleration methods compared to parameter values acquired in multiple

can sessions (at different time points) using identical imaging proto-

ols. In combination with the comparable level of noise of parameter

aps derived from all phantom data sets, this demonstrates the high

recision of all investigated accelerated multi-parameter mapping pro-
 t  

11 
ocols. Thus, the results of this study suggest that MPM is highly re-

roducible using different imaging accelerations, including Compressed

ENSE with acceleration factors up to CS = 6. These findings are in good

ccordance with previous studies investigating the impact of CS accel-

ration on other imaging sequences ( Eichinger et al., 2019 ; Nam et al.,

019 ; Vranic et al., 2019 ). 

.5. Limitations 

The different scan sessions of the in vivo measurements were sev-

ral months apart, a period long enough to enable changes in the brain

tructure and volume, e.g., due to the hydration state ( Streitbürger et al.,

012 ), learning ( Driemeyer et al., 2008 ; Hofstetter et al., 2013 ), or even

ging ( Fjell and Walhovd, 2010 ), and thus to possibly affect quantita-

ive structural parameters. However, similar differences between VOI-

verage quantitative parameter values were found in the phantom data

hat cannot be prone to plastic and physiological alterations and have

een measured only a few days apart. Thus, effects from structural al-

erations of the brain tissues do not seem to be prominent. Additionally,

he strength of the magnetic field and thus the imaging frequency show

 slight drift over time, which can affect parameter quantification. The

argest difference in imaging frequencies found among in vivo scans in

his study was 3.7 ppm resulting in a possible frequency-dependent R1

ariation of about 1.5% (assuming 𝑇 1 ∼ 𝐵 

1∕3 ( Bottomley et al., 1984 )).

owever, this effect is rather small compared to the R1 fluctuations

f more than 20% found in the investigated volumes-of-interest in this

tudy. Another limitation of this study is that the pre-scans were only

erformed once at the beginning of each scan session, which most likely

ffected the image quality of the later protocols of each session. For fu-

ure studies, we recommend repeating the pre-scans before each pro-

ocol. Furthermore, signal-to-noise evaluations based on a single image

ould only be performed in the phantom data, since the in vivo data were

acking sufficiently large homogeneous brain regions without anatomi-

al structure or physiological “noise ”. 

For multi-parameter mapping, we used the hMRI toolbox, which is

ptimized for brain data. This means that calculation of quantitative pa-

ameter maps was based on several assumptions that are met in human

rain scans but can be violated in phantoms. A few processing parame-

ers could be adjusted to improve the processing of our phantom data,

ut others were fixed by the toolbox, such as certain constants that serve

s input for simulations and correction procedures. One example here is

he T 2 value of the scanned sample, which is needed for calculating the

orrection factors for insufficient RF spoiling. However, the phantom’s

 2 values deviated strongly from physiological values with some of them

ore than ten times greater than T 2 values of GM or WM. This discrep-

ncy between simulated and actual physiological properties presumably

onfounded the calculation of quantitative parameter maps and possi-

ly affected the signal-to-noise ratios. Therefore, future studies should

ompare the variability and noise levels between non-accelerated and

ccelerated MPM protocols in a phantom suitable for MPM using the

ariable flip angle approach with relaxation rates and proton density

alues comparable to brain tissue. 

In this study, the reproducibility of the MPM protocol accelerated

sing Compressed SENSE was only investigated on a single MR scanner.

owever, a previous study already compared the reliability of MPM in

 multi-center study and found high reproducibility of quantitative pa-

ameter maps across sites, two vendors, and time points ( Leutritz et al.,

020 ). For a more general assessment of the feasibility of Compressed

ENSE for MPM, future studies could also investigate the reproducibility

f CS-accelerated protocols at several sites and using different scanner

odels. 

. Conclusion 

Compressed SENSE with acceleration factors up to at least 6 enables

he acquisition of highly reproducible multi-parameter mapping met-
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ics. CS-accelerated MPM using the hMRI toolbox for parameter quan-

ification allows high precision mapping of the quantitative biomarkers

1, R2 ∗ , PD, and MTsat. Obtained parameter maps are similarly as ac-

urate as conventional SENSE-accelerated or non-accelerated protocols,

hile the scan duration of the CS = 6 protocol is almost halved compared

o the original SENSE-accelerated scans. Thus, Compressed SENSE can

e used to accelerate MPM to clinically feasible scan times without loss

f fidelity. CS is thus highly promising for widespread diagnostic appli-

ations and facilitates quantitative multi-parameter magnetic resonance

maging in every day clinical routines. 
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epeated measures ANOVA was performed. The assumption 

nificant p-values ( < 0.05) are highlighted in bold font. 

us Whole-brain WM ACR (WM) 
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0.21 0.019 

calibrated 0.364 
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tween all six pairs of acceleration methods for the combi- 

p-value in the repeated measures ANOVA. Paired two-tailed 

 and for the thalamus VOI of the PD data. No adjustment for 

ant mean differences (with p-values < 0.05) are highlighted in 
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CS = 4 
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CS = 6 
CS = 4 –
CS = 6 
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Supplementary Table S5 
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Supplementary Table S6 
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nations of parameters and VOIs that had a significant 
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Supplementary Figure S7. Histograms of quantitative parameter values within GM and WM VOIs across subjects. Each histogram comprises the values from 

all voxels within whole-brain GM (1 st column) and WM (3 rd column) segmentations, within the thalamus (2 nd column), and within the anterior corona radiata (4 th 

column) of all five participants. Histograms are shown for R1 (A), R2 ∗ (B), PD (C), and MTsat (D) and for each of the 10 acquisitions either using various acceleration 

methods (different colors) or being acquired within different scan sessions. The mean and standard deviations of each histogram are provided as data points with 

error bars above the histogram lines. The legend below the graphs lists from top to bottom the scan session as well as acceleration technique and factor for the plots 

of mean and standard deviation values above each histogram. These graphs were created based on (Lansey, 2021). 

Reference: Lansey, J.C., 2021. Plot and compare histograms; pretty by default. MATLAB Central File Exchange. 
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Supplementary Figure S8. Bland-Altman plots comparing VOI-average quantitative parameter values between non-accelerated and accelerated data using 

either SENSE = 2.5, CS = 4, or CS = 6 (columns) of the phantom data. The four VOI-average parameter values of R1 in s -1 (A) and the six VOI-average parameter 

values of PD in p.u. (B) from the three repeated accelerated measurements were compared with the three repeated measurements of the non-accelerated parameter 

values. Additionally, average difference values are shown as black lines, 95% limits of agreement (average difference ± 1.96 standard deviations of differences) as 

dashed lines, and the literature reference values of R1 and PD as colored vertical lines. 

Supplementary Figure S9. VOI-average signal-to-noise ratios (SNR) of R1 (A) and PD (B) within phantom reference regions. The SNR values are shown for 

the selected volume-of-interest values (columns) from data acquired using different imaging accelerations (colors). The mean across the three repetitions acquired 

with the same imaging acceleration is indicated by a gray line. Error bars indicate the standard deviations across the three repetitions. 

14.e5 
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Supplementary Figure S10. Coefficients of variation (CoV) of the quantitative parameter maps from the repeatability (blue) and reproducibility (green) 

measurements of the phantom data. In each panel, the VOI-average CoV values of R1 (A) and PD (B) are shown for the selected VOIs. The CoV values for Scan 

A, Scan B, and Scan C were calculated based on the accelerated data sets (SENSE = 2.5, CS = 4, and CS = 6) but without the non-accelerated data. The mean of the 

four ( “repeatability ”) or three ( “reproducibility ”) values per factor is represented with a black line for each parameter and volume-of-interest. 

14.e6 
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