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a b s t r a c t

Multidimensional relaxation-diffusion correlation (REDCO) NMR is an assumption-free method that
measures howwater is distributed within materials. Although highly informative, REDCO had never been
used in clinical MRI applications because of the large amount of data it requires, leading to infeasible scan
times. A recently suggested novel experimental design and processing framework, marginal distributions
constrained optimization (MADCO), was used here to accelerate and improve the reconstruction of such
MRI correlations. MADCO uses the 1D marginal distributions as a priori information, which provide
powerful constraints when 2D spectra are reconstructed, while their estimation requires an order of
magnitude less data than conventional 2D approaches. In this work we experimentally examined the
impact the complexity of the correlation distribution has on the accuracy and robustness of the esti-
mates. MADCO and a conventional method were compared using two T1eD phantoms that differ in the
proximity of their peaks, leading to a relatively simple case as opposed to a more challenging one. The
phantoms were used to vet the achievable data compression using MADCO under these conditions.
MADCO required �43 and �30 less data than the conventional approach for the simple and complex
spectra, respectively, making it potentially feasible for preclinical and even clinical applications.

Published by Elsevier Inc.

1. Introduction

Properties such as T1 and T2 time constants, and diffusivity (D),
are determined by the physical barriers and chemical environ-
ments of water residing within materials. Multidimensional NMR
methods can be used to measure how these properties are corre-
lated (e.g., T1eD, T1eT2), and from them identify and characterize
microstructure-related water dynamics in many applications [1,2].
To obtain this information one has to solve an inverse problem e

the Fredholm integral of the first kind [3]. In most 2D NMR appli-
cations, the part that relates the experimental and the measured
variables (e.g., T1 and inversion time, t, or D and diffusion
weighting, b, see Experimental) is called the kernel, and has an
exponential form. In this case solving the Fredholm integral is
reduced to a 2D inverse Laplace transform (ILT), which is a classic
ill-conditioned problem [4]. Traditionally, acquiring large amounts
of data are required to solve it. The most common and efficient 2D-
ILT algorithm [5] is typically used in 2D NMR applications to

compress the signal without losing useful information, revealing a
redundancy in some basis representations.

Although multidimensional relaxation-diffusion correlation
(REDCO) MRI methods have the potential to provide valuable bio-
logical information regarding the underlying microscopic structure
of the tissue, preclinical and clinical applications are infeasible
owing to long acquisition times. To migrate REDCOMRI methods to
measure in vivomean cell volume, cell types distribution, andwater
exchange between compartments and cells, the required number of
MR acquisitions must be vastly reduced. Taking a step in this di-
rection, compressed sensing was used as a more efficient data
sampling strategy [6], able to achieve an acceleration factor of
4e10, depending on the complexity of the spectrum. This acceler-
ation however, was not sufficient for preclinical and clinical MRI
applications.

A novel experimental design and reconstruction framework that
might achieves suitable compression was recently introduced [7].
The concept in this approach is to use the more accessible 1D in-
formation (e.g., T1 distribution) to enforce physical constraints on
the multidimensional distribution. For example, given a 2D joint
distribution of T1eD, the marginal distribution of D is simply the
probability distribution of D averaging over all T1 values. This is* Corresponding author.
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typically calculated by summing or integrating the joint probability
distribution over T1. The 1D distributions therefore contain infor-
mation regarding their joint distribution, which should be exploi-
ted [8]. This method, the marginal distribution constrained
optimization (MADCO), reduces the amount of required data by
selectively sampling the experimental parameters space. Following
the above example, instead of sampling the entire experimental
parameters space ðt; bÞ and from it estimate the 2D distribution
F ðT1;DÞ (Fig. 1A), using MADCO would only require sampling
along t and b axes (i.e., 1D data), complemented with a small
number of acquisitions in the 2D space (Fig. 1B). The 2D recon-
structionwould then have two steps: (1) estimate F ðT1Þ and F ðDÞ
from the 1D data, and then (2) use these 1D spectra to constrain the
estimation of F ðT1;DÞ from the remaining 2D data.

Using MADCO on simulated data revealed that the extent of
achievable compression depends on the complexity of the esti-
mated spectrum [7]. In this work we extend this investigation and
experimentally examine the impact the complexity of the 2D
spectra has on the accuracy and robustness of the estimates.
Although the method is equally applicable to other types of
multidimensional experiments, we compared MADCO and a con-
ventional approach using two T1eD phantoms. Both phantoms
have two peaks in the T1eD space, however they differ in the
proximity of those peaks, leading to a relatively simple case as
opposed to a more challenging one.

2. Experimental

Doped water and polyvinylpyrrolidone (PVP) (Sigma-Aldrich, K
value 29e32) were used to create two T1eD phantoms, phantom A
and phantom B, each with two distinct peaks. Increasing PVP w/v
concentration is negatively correlated with both the diffusivity and
T1, allowing for a range of T1eD values. Phantom A consisted of two
solutions: (1) purified water with 0.5 mM gadopentetate dime-
glumine (Magnevist, Bayer, Germany), and (2) 35%w/v PVP purified
water with 0.18 mM Magnevist. Phantom B consisted of two solu-
tions: (1) 35%w/v PVP purified water with 0.18 mMMagnevist, and
(2) 20% w/v PVP purified water with 0.5 mM Magnevist. The cor-
respondingweighted geometric means (gm) of the relaxation times
and diffusivities (gmT1, gmD), as measured separately for each
sample (see Methods) are shown in Fig. 3. Each solutionwas placed
in a 4 mm NMR tube; these were then inserted together into a
15 mm NMR tube.

Images were collected on a 7 T Bruker wide-bore vertical
magnet with an AVANCE III MRI spectrometer equipped with a

Micro 2.5 microimaging probe. MRI data were acquired with an
inversion recovery spin-echo diffusion-weighted echo planar im-
aging (IReDWIeEPI) sequence, with an adiabatic 180+ inversion
pulse applied before the standard spin-echo diffusion weighted
sequence (Fig. 2). The full 2D experimental set had 40 diffusion
gradient linear steps (G) ranging from 0 to 900 mT/m, 38 inversion
times (t) with logarithmic temporal spacing ranging from 100 to
3000 ms, and an additional magnetization equilibrium scan with
an inversion time of 10 s. Other acquisition parameters were
diffusion gradient duration and separation of d ¼ 3 ms and
D ¼ 15 ms, respectively, leading to a b-value range of

0e6000 s=mm2 (b ¼ g2d2G2ðD� d=3Þ, where g is the gyromagnetic
ratio), TE ¼ 50 ms, and TR ¼ inversion time þ 10 s. A single 5 mm
axial slice with a matrix size and resolution of 64� 64 and
0:2� 0:2 mm2, respectively, acquired with 2 averages and 4 seg-
ments. The experimental signal-to-noise ratio (SNR) in the full 2D
experiment was �700.

3. Methods

The following expression [3] describes the signal attenuation
from 2D NMR experiments with separable T1 and D kernels:

Mðt; bÞ ¼
Z Z

F ðT1;DÞ k1ðt; T1Þk2ðb;DÞ dT1 dD; (1)

Eq. (1) can be discretized on a grid with NT1 ¼ ND ¼ 50 values of
T1 and D, respectively, and have the general form of

Mðt; bÞ ¼
XNT1

n¼1

XND

m¼1

F
�
T1;n;Dm

�
exp

�
� t

T1;n

�
expð�bDmÞ; (2)

while it is worth noting that for T1-weighted measurements the
fully recovered data are subtracted from the data set to remove
signal offset.

The matrices K1 ¼ expð�t=T1;nÞ and K2 ¼ expð�bDmÞ, and F are
discretized version of k1, k2, and F , respectively, and Eq. (2) can be
written in matrix form as

M ¼ K1FK
0
2; (3)

As discussed earlier, Eq. (3) represents an ill-conditioned prob-
lem, i.e., a small change in M may result in large variations in F. A
standard approach to solving ill-conditioned problems is to regu-
larize them. When the spectrum is expected to be smooth, [2 reg-
ularization is appropriate [9]. However, in the case of the phantom,
the T1eD space is comprised of discrete components, therefore
making [1 regularization amore suitable choice since it hasmany of
the beneficial properties of [2 regularization, but yields sparse
models [10]. The regularized problem considered in this study was

FðaÞ ¼ argmin
F�0

�����K1FK
0
2 �M

����2
2 þ ajjFjj21

�
; (4)

Fig. 1. Schematic illustration of the experimental designs used to obtain a 2D corre-
lation function, F ðT1;DÞ. (A) The conventinal approach, in which the 2D experimental
parameter space is uniformly and densely sampled. (B) MADCO acquisition strategy, in
which sampling of 1D data is performed prior to a small number of acquisitions in the
2D space.

Fig. 2. The IReDWIeEPI sequence. The full 2D experimental set had 40 diffusion
gradient linear steps, G, and 38 inversion times, t, with logarithmic spacing.
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