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I Derivation of T1 Estimation Formula From Incomplete (Partial)

Recovery

To describe the e�ect of partial recovery, we split the recovery curve into two parts: The imaging part

(subject to R∗1 relaxation) with a time period of t1s and the free recovery part (subject to R1 relaxation)

with a period of t1. The dynamics of each part is then governed by:

Imaging : Mss − (Mss −Mini) · e−R
∗
1 ·t1s =: A1 +B1Mini

Free relaxation : M0 − (M0 −Mini) · e−R1·t1 =: A2 +B2Mini

where t1s and t1 are the time periods for imaging and free relaxation parts, respectively.

Figure 1: Demonstration of IR Look-Locker signal with partial recovery: 3 s imaging followed by 3 s free recovery.

n describes the index of the RF excitation.
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The joint e�ects of these two blocks can then be written as:

free relaxation after imaging: A2 +B2(A1 +B1Mini) =: A3 +B3Mini

where A3 = A2 +B2A1 and B3 = B2B1

For the new signal model, we simply have to �nd the �x point which gets mapped to itself by both

relaxation parts and the inversion:

M
′

0 = A3 +B3 · (−M
′

0)

⇒M
′

0 =
A3

1 +B3

=
A2 +B2A1

1 +B2B1

=
M0(1− e−R1·t1) + e−R1·t1Mss(1− e−R

∗
1 ·t1s)

1 + e−R1·t1 · e−R∗1 ·t1s

By substituting M0 = R−11 MssR
∗
1, we obtain the formula of equation (1) in the main manuscript.

Therefore, the key idea is that even with partial recovery, the signal is still mono-exponential and

can be �tted with a 3-parameter model

s(t) =Mss − (Mss +M
′

0) · e−t·R
∗
1

Following parameter estimation, accurate T1 can be achieved using equation (1) in the main manuscript

in a post-processing step.
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Supporting Information Figure S1. A. Bland-Altman plots comparing ROI-analyzed phantom T1 values

(top) between the original Look-Locker correction and the IR spin-echo reference (from left to right, mean

di�erence: -50, -57, -74, -108 and -195 ms, and SD: 14, 24, 45, 85 and 163 ms), and (bottom) between the

proposed correction and the IR spin-echo reference (from left to right, mean di�erence: -21, -22, -26, -26 and

-41 ms, and SD: 11, 10, 12, 11 and 19 ms) for various delays. B. Bland-Altman plots comparing ROI-analyzed

phantom T1 values between motion-resolved model-based reconstruction with di�erent regularizations and the

IR spin-echo reference (from left to right, mean di�erence: -31, -31 and -31 ms, and SD: 12, 12 and 12 ms).
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Supporting Information Table S1. T1 relaxation times (ms, mean ± SD) and CoV values (%) for the

experimental phantom in Figure 2.

Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6
T1 CoV T1 CoV T1 CoV T1 CoV T1 CoV T1 CoV

Delay 5 s
Look-Locker 290± 4 1.4 % 433± 5 1.2 % 601± 5 0.8 % 768± 7 0.9 % 1122± 15 1.3 % 1419± 21 1.5 %
Proposed 312± 4 1.3 % 456± 5 1.1 % 623± 6 1.0 % 792± 6 0.8 % 1151± 13 1.1 % 1472± 21 1.4 %

Delay 4 s
Look-Locker 290± 4 1.4 % 432± 5 1.2 % 603± 6 1.0 % 768± 7 0.9 % 1111± 12 1.1 % 1386± 22 1.6 %
Proposed 311± 4 1.3 % 455± 5 1.1 % 625± 6 1.0 % 793± 6 0.8 % 1151± 13 1.1 % 1466± 23 1.6 %

Delay 3 s
Look-Locker 290± 3 1.0 % 432± 5 1.2 % 600± 6 1.0 % 760± 8 1.1 % 1080± 11 1.0 % 1325± 18 1.4 %
Proposed 311± 4 1.3 % 454± 5 1.1 % 622± 8 1.3 % 786± 8 1.0 % 1143± 12 1.0 % 1459± 25 1.7 %

Delay 2 s
Look-Locker 289± 3 1.0 % 430± 5 1.2 % 592± 6 1.0 % 740± 8 1.1 % 1015± 13 1.3 % 1215± 17 1.4 %
Proposed 310± 4 1.3 % 453± 5 1.1 % 621± 7 1.1 % 788± 9 1.1 % 1142± 17 1.5 % 1457± 33 2.3 %

Delay 1 s
Look-Locker 286± 4 1.4 % 412± 5 1.2 % 549± 5 0.9 % 667± 7 1.0 % 779± 12 1.5 % 989± 15 1.5 %
Proposed 308± 4 1.3 % 445± 5 1.1 % 608± 9 1.5 % 755± 9 1.2 % 1123± 25 2.2 % 1423± 65 4.6 %

IR Spin-Echo 312± 6 1.9 % 490± 8 1.6 % 653± 6 0.9 % 812± 8 1.0 % 1175± 10 0.9 % 1488± 16 1.1 %

Supporting Information Table S2. T1 relaxation times (ms, mean ± SD) and CoV values (%) for the

experimental phantom in Figure 3.

Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6
T1 CoV T1 CoV T1 CoV T1 CoV T1 CoV T1 CoV

`1-Wavelet (0.005) 302± 8 2.6 % 444± 13 2.9 % 611± 15 2.5 % 783± 21 2.7 % 1148± 43 3.7% 1457± 70 4.8%
`1-Wavelet (0.02) 303± 7 2.3 % 444± 9 2.0 % 611± 10 1.6% 783± 13 1.7 % 1144± 24 2.1% 1454± 33 2.3%
`1-Wavelet +

Spatiotemporal TV (0.005) 311± 5 1.6 % 451± 4 1.0 % 611± 4 0.7 % 786± 4 0.5 % 1144± 8 0.7% 1454± 15 1.0%
IR Spin-Echo 312± 6 1.9 % 490± 8 1.6 % 653± 6 0.9 % 812± 8 1.0 % 1175± 10 0.9% 1488± 16 1.0%

II Oscillation Removal for Self-Gating

As described in [28], for the steady-state AC signal X, we want to remove an oscillation which can be

described by the basis:

nt =



e+iψ0·t

e−iψ0·t

e+2iψ0·t

e−2iψ0·t

...

e+NH iψ0·t

e−NH iψ0·t


,

with ψ0 · t the projection angle at time t, ψ0 the incremental projection angle and NH the highest order

of the harmonic in the basis. Therefore, the corrected signal is Xcor = X −n(n†X) with † denoting the

pseudo-inverse. n(n†X) is the projection of X onto the basis n.

For inversion prepared acquisitions, the contrast changes along time. The new centered k-space

signal X̃ can then be modeled by a global modulation for each channel c, i.e., X̃c(t) = φc(t)Xc(t), where

φc(t) describes the contrast change, and X̃c(t), Xc(t) are the cth components of X̃ and X, respectively.

As Xc(t) =
∑
i niwi + η with wi the weighting factor and η the noise [28], X̃c(t) = φc(t)Xc(t) =∑

i φc(t)niwi + φc(t)η. Thus, our new basis for each channel becomes:

ñc = φc(t) · nc

φc(t) can be determined using a moving average �lter: φc(t) = movavg(X̃c(t)). The newly corrected

signal is then: X̃cor = X̃ − ñ(ñ†X̃).

III Study of High-Dimensional Regularization on Simulated Dy-

namic Phantoms

To study the e�ects of various regularization types (explained in the Iterative Reconstruction part of the

Methods section) in the motion-resolved reconstruction in general, a numerical motion phantom consist-

ing of three elliptical objects was simulated. The diameters of the centered two objects were designed to
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change along time, mimicking the cardiac contraction motion, moving from diastolic to systolic phase.

Moreover, three small tubes, representing certain "lesions", are added to the "myocardium" region. The

corresponding k-space data was then derived from the analytical Fourier representation of ellipses assum-

ing an array of eight circular receiver coils surrounding the phantom without overlap. The simulation

employed a continuous radial FLASH acquisition with a tiny golden-angle (≈ 23, 63◦) between successive

spokes, base resolution of 256 pixels covering a �eld of view of 192 mm, 15 spokes per frame and a total

of 32 time frames.

The e�ects of di�erent regularizations were tested on the simulated dynamic phantom using motion-

resolved image reconstruction ("PICS" command) in BART. The Supporting Information Figure S2

presents such a comparison where all reconstructions have employed the same regularization parameter.

Certain streaking artifacts appear in the images when only the `1-Wavelet-based spatial regularization is

applied. Moreover, the reconstructed images are blurred with signal inhomogeneities on the myocardium

regions. The above artifacts can be largely removed with the use of temporal TV regularization. However,

the pure TV regularization also introduced the "line"-like artifacts along the time dimension, as shown

in the line pro�le images. The joint `1-Wavelet and temporal TV regularization helps to reduce such

artifacts but still has some "line"-like artifacts presented in the line pro�les. The spatiotemporal TV

regularization, which takes account of both spatial and temporal information into the TV regularization,

plus the `1-Wavelet spatial regularization largely eliminate all the above artifacts, resulting in both

smooth images and line pro�les.
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Supporting Information Figure S2. (Top) One of the "end-diastolic" images (28th of 32) of a simulated dy-

namic image series and (middle and bottom) the corresponding horizontal pro�les (dashed line in the top) through

the motion dimension. The image series were reconstructed using the motion-resolved image reconstruction with

di�erent regularization type.

IV Memory-e�cient GPU Implementation

In general, the numerical optimization requires a huge amount of memory, involving the storage of the

gridded k-space Y , the derivatives DF , and temporary memory to hold intermediate results in during the

computation of F and DF . The gridded k-space Y and correspondingly b require the most memory. Both

have dimensions (2Nx)×(2Ny)×NC×NS×TC×TR. With a typical problem size of 640×640×6×27×20×3
single precision complex �oat numbers, this corresponds to a memory of around 32GB. In contrast, the

derivatives DFr,c require about 10GB, the variables in the parameter space (x, y, z) require about 2GB

each and the temporary variables to compute the proximal operators require about 25GB in total. To
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optimally utilize the available GPU-memory, we store the large variables Y and b in CPU-memory. The

linear subproblem is solved completely on the GPU, however, all computations involving F , DF and

AHA are performed independently and sequentially for the di�erent motion states on the GPU. Thus,

the complete gridded k-space does not need to be stored simultaneously on the GPU, as it would be the

case if AHA was computed jointly for all motion states. With the above strategies, we are able to reduce

the required GPU memory to about 70GB, making the model-based reconstruction feasible on a single

NVIDIA A100 GPU with 80GB memory. Compared to a CPU (40-core 2.3 GHz Intel Xeon E5�2650

server with a RAM size of 512 GB) reconstruction, this strategy reduces the computational time from 12

hours to around 25 minutes. Moreover, the block-wise computation of F and DF enables the distribution

of the computations to multiple GPUs, allowing for further accelerations. For example, with a two-GPU

system, the memory required on the �rst GPU reduces to about 60GB and the reconstruction time can

be reduced to be about 15 minutes per dataset. Note that the required memory is not halved by using

two GPUs since the computation of the proximal operators cannot be distributed.
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V Supporting Information for In Vivo Studies
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Supporting Information Figure S3. Two repeated myocardial T1 maps (end-expiration, end-diastolic) of the

motion-resolved model-based reconstruction acquired during free breathing in comparison to MOLLI acquired in

a breathhold for all eleven subjects.

Supporting Information Table S3. The P-value of paired t-test comparison of the proposed motion-resolved

model-based reconstructed diastolic T1 values and the MOLLI values in each AHA segment for all scans.

Anterior Septal Inferior Lateral
Anteroseptal Inferoseptal Inferolateral Anterolateral

Basal* 0.99 0.58 0.85 0.56 0.07 0.25
Middle 0.44 0.17 0.32 0.55 < 0.01 < 0.01
Apical 0.48 0.27 0.89 0.69

* Basal and apical results are from six subjects, while the mid-ventricular results are evaluated

on all eleven subjects.
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Supporting Information Table S4. The relative di�erence (%) of the left-ventricular area between end-

diastolic and end-systolic mid-ventricular myocardial T1 maps for all subjects and scans.

Subject #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 mean ± SD

Scan #1 57 57 58 68 65 57 68 65 63 65 54 62± 5

Scan #2 60 54 59 65 62 54 67 57 68 65 55 61± 5
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Supporting Information Figure S4. Bland-Altman plots comparing ROI-analyzed mid-ventricular septal

mean T1 values between the proposed correction and the Look-Locker correction for all subjects and scans. The

mean di�erence is 24 ms and SD is 8 ms.
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Supporting Information Figure S5. A. Representative diastolic T1 maps of basal, mid and apical short-

axis slices reconstructed with the motion-resolved model-based reconstruction (free breathing) for two healthy

subjects. B. Bullseye plots of (top) six basal segments and (bottom) four apical segments, showing the mean

diastolic T1 values for six subjects for (left) the motion-resolved model-based reconstruction acquired during free

breathing and (right) the MOLLI reference acquired in a breathhold. C. Bland�Altman plots comparing (top)

the mean diastolic T1 values of all six basal segments (mean di�erence: -15 ms, SD: 45 ms) and the two basal

septal segments (segments 2 and 3 according to AHA, mean di�erence: 9 ms, SD: 42 ms), and (bottom) the mean

diastolic T1 values of all apical segments (mean di�erence: -3 ms, SD: 71 ms) and the one apical septal segment

(segment 14 according to AHA, mean di�erence: 42 ms, SD: 40 ms) for the proposed method and MOLLI for six

subjects.
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Supporting Information Figure S6. Free-breathing systolic and diastolic myocardial T1 maps reconstructed

with the motion-resolved model-based reconstruction and their comparison to the MOLLI reference for a pig

study. The ROI-analyzed mean T1 values (ms) and CoV values (%) for all the mid-ventricular AHA segments

are presented in the bottom.
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