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Abstract
Purpose: Diffusion tensor imaging (DTI) is commonly used in cardiac diffu-
sion magnetic resonance imaging (dMRI). However, the tissue’s microstructure
(cells, membranes, etc.) restricts the movement of the water molecules, mak-
ing the spin displacements deviate from Gaussian behavior. This effect may be
observed with diffusion kurtosis imaging (DKI) using sufficiently high b-values
(b > 450 s/mm2), which are presently outside the realm of routine cardiac dMRI
due to the limited gradient strength of clinical scanners. The Connectom scan-
ner with Gmax = 300 mT∕m enables high b-values at echo times (TE) similar to
DTI on standard clinical scanners, therefore facilitating cardiac DKI in humans.
Methods: Cardiac-gated, second-order motion-compensated dMRI was per-
formed with bmax = 1350 s∕mm2 in 10 healthy volunteers on a 3T MRI scanner
with Gmax = 300 mT∕m. The signal was fitted to a cumulant expansion up to and
including the kurtosis term, and diffusion metrics such as fractional anisotropy
(FA), mean diffusivity (MD), mean kurtosis (MK), axial kurtosis (AK), and radial
kurtosis (RK) were calculated.
Results: We demonstrate deviation of the signal from monoexponential decay
for b-values > 450 s∕mm2 (MK = 0.32 ± 0.03). Radial kurtosis (RK = 0.35 ±
0.04) was observed slightly larger than axial kurtosis (AK = 0.27 ± 0.02), and the
difference is statistically significant (RK − AK = 0.08 ± 0.04, p = 2e − 4).
Conclusion: This work demonstrates the feasibility of quantifying kurtosis
effect in the human heart in vivo (at an echo time shorter than typical TEs
reported for cardiac DTI), using high-performance gradient systems (which
are 4–8 times stronger than on standard clinical scanners). Our work lays the
foundation for exploring new biomarkers in cardiac dMRI beyond DTI.
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1 INTRODUCTION

Diffusion magnetic resonance imaging (dMRI) is a
non-invasive technique to study tissue microstructure.1
So far, diffusion tensor imaging (DTI), which is obtained
by combining dMRI measurements along at least six
non-collinear encoding directions, has been used most
commonly in microstructural investigations of the heart.2

DTI is based on the assumption that the probabil-
ity of finding a particle in position r at time t adheres
to a Gaussian distribution. The standard deviation of
this distribution is directly related to the diffusion coeffi-
cient. While cardiac diffusion tensor imaging (cDTI) can
characterize the average displacement of water molecules
in the three-dimensional space, it is not able to pro-
vide more specific information about the underlying
micro-environment. This is a consequence of the Gaussian
assumption in the DTI signal representation.3 dMRI signal
is usually measured using diffusion-sensitized sequences
that vary the diffusion weightings (b-values), which are
influenced by both the gradient strength and the dif-
fusion time. This signal behavior can be represented
using a mono-exponential decay, as described by the
Stejskal–Tanner equation.4 However, due to cell mem-
branes and other restrictions in biological tissue, the
diffusion of water molecules deviates from Gaussian
behavior.5–7 Consequently, the diffusion-weighted signal
in tissue deviates from monoexponential decay at higher
b-values as shown for human brain,8,9 lung,10 prostate,11

breast,12 calf muscle,13 and liver.14 However, this has not
been widely studied in the human heart in vivo so far.

The DTI representation results from truncating the
cumulant expansion of the logarithm of the dMRI signal
at the first term, where the logarithm of the signal is a
linear function of b-value. Conversely, the diffusion kurto-
sis imaging (DKI) representation truncates at the second
term, such that the logarithm of the signal is quadratic in
b-value. Diffusional kurtosis is a measure of the restriction
of water molecule movement, which in biological tissue
is most likely attributable to cell membranes, organelles,
and tissue compartments, among other factors.15 The abil-
ity to quantify restriction provides additional microstruc-
tural information beyond what is available from the dif-
fusion coefficient alone, making it one of the key advan-
tages of kurtosis imaging.6 Tissue structure and other
factors, such as the concentration of macromolecules,
impact the diffusion coefficient. The diffusion coefficient
is therefore a less specific indicator of a tissue’s structural
complexity.6

The same type of pulse sequence employed for car-
diac diffusion tensor imaging, can be used for DKI, but
the required b-values are larger than those usually used
to measure diffusion coefficients (bmax = 1500 s∕mm216).

The required b-values can only be obtained at echo times
comparable to those used on clinical MR scanners for
conventional cDTI17,18 if ultra-strong gradient systems are
available / used. The myocardium exhibits significantly
shorter T2 relaxation times compared to tissues where
DTI and DKI are more commonly applied, such as the
brain. Consequently, the ability to achieve shorter echo
times is paramount for cardiac diffusion imaging. This
necessity arises from the need to acquire sufficient sig-
nal before T2 decay substantially decreases the measurable
diffusion-weighted signal, thereby enabling accurate and
reliable diffusion and kurtosis measurements in cardiac
tissue.

Non-Gaussian diffusion in the myocardium has been
investigated in preclinical experiments such as per-
fused rat, rabbit, guinea pig, and porcine hearts.7,19–23

McClymont et al.7 demonstrated non-Gaussian diffusion
in healthy and hypertrophic rat hearts and showed that dif-
fusion kurtosis along the second and third eigenvectors of
the diffusion tensor can differentiate hypertrophic hearts
from sham hearts. Although all of these studies indicate
the potential of DKI to provide novel and more refined
biomarkers of heart disease, the analysis of diffusion kur-
tosis in the human heart in vivo has been limited.

Teh et al.16 have recently demonstrated the feasibility
to quantify non-Gaussian diffusion in healthy volunteers
using a conventional 3T MR system, albeit at long echo
times (TE) (> 100ms) and consequently, low SNR. Fur-
thermore, the reported isotropic, anisotropic, and total
kurtosis was directionally averaged and not directionally
resolved in three dimensions.

Here, we investigate three-dimensional diffusion kur-
tosis in healthy human hearts in vivo using ultra-strong
gradients (i.e., 300 mT/m)17,18 at a TE = 61 ms—similar
to the echo times commonly used for conventional car-
diac DTI—and bmax = 1350 s∕mm2 with a second-order
motion-compensated waveform. To the best of our
knowledge, this is the first in vivo quantification of
three-dimensional diffusion kurtosis in the human heart.

2 THEORY

The apparent kurtosis coefficient for a single direction can
be determined by acquiring data at three or more b-values
and fitting the signal (S(b)) to the equation:

ln S(b) = ln S(0) − bDapp +
1
6

b2D2
appKapp (1)

where Dapp is the apparent diffusion coefficient (ADC) for
the given diffusion encoding axis, and Kapp is the apparent
kurtosis coefficient, a dimensionless parameter.
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AFZALI et al. 3

The non-Gaussian behavior of water diffusion in the
three-dimensional space can be characterized by a sym-
metric 3 × 3 × 3 × 3 tensor, called the kurtosis tensor, W,

ln S(n, b)
S0

= −b
3∑

i=1

3∑

𝑗=1
nin𝑗Di𝑗

+ 1
6

b2MD2
3∑

i=1

3∑

𝑗=1

3∑

k=1

3∑

l=1
nin𝑗nknlWi𝑗kl

where n is the diffusion encoding vector, i, j, k, and l are
indices of the directions in the physical space, and can
take values of 1, 2, or 3. Because of the full symmetry of
the tensor, only the following 15 elements6 are indepen-
dent: W1111, W2222, W3333, W1112, W1113, W1222, W2223, W1333,
W2333, W1122, W1133, W2233, W1123, W1223, W1233.

Kapp for the direction n = (n1,n2,n3) can be calculated
from Wijkl:

Kapp = MD2

D2
app

3∑

i=1

3∑

𝑗=1

3∑

k=1

3∑

l=1
nin𝑗nknlWi𝑗kl, (2)

where

MD = 1
3

3∑

i=1
Dii. (3)

MD is the mean diffusivity and is independent of the
direction, and ni is the component of the direction
unit vector. For DTI, at least 7 measurements with
one non-zero b-value are required to quantify the diffu-
sion tensor (6 unique elements due to symmetry) and
the non-diffusion-weighted signal. We need at least two
non-zero b-values and 15 + 6 + 1 = 22 measurements to
quantify the diffusion tensor D (6 unknowns), kurtosis ten-
sor, W (15 unknowns), and non-diffusion-weighted signal
(S0). Various diffusion and kurtosis parameters can be cal-
culated from D and W,24–26 where fractional anisotropy
(FA), mean diffusivity (MD), mean kurtosis (MK), axial
and radial kurtosis (AK and RK) are among the most
widely used DKI parameters.24,27,28

3 METHODS

3.1 Experimental setup
and recruitment

Cardiac diffusion-weighted images (cDWI) were acquired
on a Connectom 3T research-only MR imaging system
(Siemens Healthcare, Erlangen, Germany) with a max-
imum gradient strength of 300 mT/m and slew rate of
200 T/m/s. An 18-channel body receive coil was used in
combination with a 32-channel spine receive coil. Ten

healthy volunteers (with no known previous cardiac con-
ditions) were recruited for this study (age range 20.1 ± 1.6
years (18–22 years), weight range of 64 ± 12 kg (54–94 kg),
six females). The study was approved by the local insti-
tutional review board, and all subjects provided written
consent.

3.2 Data acquisition

Routine GRE29 and TRUEFISP30 sequences were used
for cardiac planning and cine-imaging, whereas cDWI
was performed with a prototype pulse sequence that
enabled diffusion encoding with user-defined gradi-
ent waveforms.31,32 The cine images were acquired in
short-axis orientation for apical, mid, and basal slices.
cDWI was performed at the same location and orientation
as the cine imaging. The phase encoding direction was sys-
tematically varied in scout DW images (in steps of 30◦), and
the orientation providing the best visual image quality was
chosen for the full cDWI acquisition in each subject.

Diffusion gradient waveforms were designed using the
NOW toolbox33,34 (https://github.com/jsjol/NOW) to pro-
vide second-order motion-compensated waveforms that
can reach a specific b-value in the shortest echo time.
The maximum gradient strength used in this study for
M2-compensation acquisition to generate the b-value of
1350 s∕mm2 was 285.4 mT/m and the maximum slew-rate
was 76.2 T/m/s (slew-rate is limited due to peripheral
nerve stimulation and cardiac stimulation limits, see17

for more details) which resulted in an echo time of 61
ms (Figure S1, Supporting Information). Thus, the wave-
forms here used the physiologically-limited slew rate of
∼ 76.2 T∕m∕s instead of the 200 T/m/s hardware limit.
This added 6 ms to the echo time. In addition, diffusion
gradient waveforms were designed for maximum gradi-
ent strengths of 200 and 80 mT/m corresponding to the
Cima.X, and Prisma Siemens MRI scanners, respectively
(Figure S1, Supporting Information).

The cDWI parameters were: TR = 3 RR-intervals,
field-of-view = 320 × 120 mm2 using ZOnally-magnified
Oblique Multislice (ZOOM, tilted RF: Excitation, tilt angle:
15◦, tilted slice thickness: 20 mm),32,35 in-plane resolu-
tion = 2.7 × 2.7 mm2, slice thickness = 8 mm, 3 short axis
slices (base, mid, and apical), partial Fourier factor = 7/8,
no parallel imaging, bandwidth = 2354 Hz/pixel. Each
full data set was comprised of 5 b-values [b = 100, 450,
900, 1200, 1350 s∕mm2] in 30 directions per shell with
6 repetitions, except for the lowest b-value which only
had 3 directions and 12 repeats. Data were acquired with
ECG-gating and under free-breathing.2 Saturation bands
were placed around the heart to further suppress the signal
from outside the volume of interest. Fat suppression was
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4 AFZALI et al.

performed using the SPAIR method.36 The trigger delay
was adjusted for cDWI acquisition in mid-end systole as
determined from the cine images. The total acquisition
time was around one hour, where the nominal scan time
of the DTI/DKI protocol was 40 min at 60 beats/min heart
rate. Both magnitude and phase data were collected and
used to generate complex-valued images.

3.3 Data analysis

The phase variation in each complex-valued diffusion-
weighted image was removed using the method pro-
posed by Eichner et al.37 An in-house developed tool-
box was used for further post-processing.38,39 Real-valued
diffusion-weighted images were first registered: For each
slice, all low b-value images were registered to one
user-specified low b-value image, and then all images
were registered to the mean of the co-registered low
b-value images. The 2D registration was performed with
SimpleITK,40 with rigid transformation, separately for
basal, middle, and apical slices. Next, an outlier rejec-
tion technique was used to semi-automatically remove the
outliers (e.g., the images with misregistration or motion
corruption) from the data.38,41

The noise level, 𝜎, was measured as the standard devi-
ation of the real part of the noise data (acquired without
RF pulses) in the image domain from 256 repetitions. The
SNR of the data is defined as SNR = S/𝜎, where S is the
average of measured signal intensity over the repeats at dif-
ferent b-values in each voxel.42 To show the SNR values
quantitatively for all subjects, we calculated the SNR per
voxel for each b-value and diffusion encoding direction (30
directions for b > 100s∕mm2 and 3 directions for b = 100
s∕mm2), then the SNR values were averaged over differ-
ent directions for each b-value. SNR was calculated after
image registration and before outlier rejection.

The diffusion tensor was fitted to four subsets of data
including b = 100 s∕mm2 combined with different max-
imum b-values (b = 100 and 450 s∕mm2, b = 100 and
900 s∕mm2, b = 100 and 1200 s∕mm2, b = 100 and
1350 s∕mm2) using weighted linear least squares regres-
sion (WLS),43 and diffusion metrics such as fractional
anisotropy (FA) and mean diffusivity (MD) were calcu-
lated for each subset.

In addition, two subsets of data (subset 1: b = 100, 450,
900 s∕mm2; subset 2: b = 100, 450, 900, 1200 s∕mm2) were
compared to the full set: b = 100, 450, 900, 1200, 1350
s∕mm2) for fitting both DTI and DKI.

The left ventricular myocardium was seg-
mented manually in each slice.38 Areas corrupted
by susceptibility-related distortion—typically located
between myocardium, deoxygenated blood, and air,

particularly around the posterior vein—were excluded
from calculating the global metrics.

Bland–Altman plots were used to compare the mean
FA and MD obtained from different subsets of data. To
determine the statistical significance between parameters,
the Wilcoxon signed-rank test was used; a p-value less than
or equal to 0.05 was considered statistically significant.

The DKI representation was then fitted to the data (all
b-values) using WLS and the diffusion metrics such as FA,
MD, helix angle (HA), secondary eigenvector angle (E2A),
mean kurtosis (MK), axial (AK), and radial kurtosis (RK)
were calculated.44

Radial kurtosis (RK) and axial kurtosis (AK) were also
compared using the Wilcoxon signed-rank test.

4 RESULTS

Figure 1 shows representative diffusion-weighted images
averaged over six repeats of a single diffusion direction
acquired with b = 100, 450, 900, 1200, and 1350 s∕mm2

in short axis view. We calculated the number of rejected
images at each b-value and averaged it over 10 subjects.
For b = 100, 450, 900, 1200, and 1350 (s∕mm2), the average
number of rejected images was 1.14, 3.86, 1.14, 3.14, and
1.14, respectively. These results indicate that the majority
of b = 1350 s∕mm2 images were retained for DKI fitting.
The rejected images were likely due to subject motion,
which can occur at any b-value during acquisition. This
explains why the number of rejected images at b = 450
s/mm2 is higher than at b = 1350 s∕mm2, despite the latter
having a higher b-value and therefore lower SNR.

On average 12% ± 6% of the voxels in the left ventric-
ular mask were discarded due to poor image quality and
signal dropout.

The mean and standard deviation of the SNR at b= 100,
450, 900, 1200, and 1350 s∕mm2 were 40 ± 10, 23 ± 6, 12 ±
3, 9 ± 2, 7 ± 2, respectively.

The mean MD and FA values obtained from DTI fitting
of four subsets of data with different maximum b-values
(b = 100 and 450 s∕mm2, b = 100 and 900 s∕mm2, b =
100 and 1200 s∕mm2, b = 100 and 1350 s∕mm2) for 10
subjects are shown as boxplots in Figure 2. The aver-
age MD value reduces from (1.58 ± 0.04) × 10−3mm2∕s at
bmax = 450s∕mm2 to (1.44 ± 0.04) × 10−3mm2∕s at bmax =
1350s∕mm2 (Table 1), and the difference is statistically sig-
nificant (p < 0.05) (Table 2). While the mean FA values
are almost unchanged at different bmax values (0.31 ± 0.01)
(Tables 1 and 2).

Figure 3 shows the average signal attenuation versus
b-value in the ROI highlighted as green for a randomly
chosen subject. The blue dots and error bars indicate the
mean and standard deviation of the measured signal over
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AFZALI et al. 5

F I G U R E 1 Example representative cardiac diffusion-weighted images averaged over six repeats of a single diffusion direction acquired
in basal, middle, and apical slices with b-value = 100, 450, 900, 1200 and 1350 s∕mm2 using second-order motion compensation with
TE = 61 ms.

the ROI at each b-value, while the mono-exponential fit
to the averaged signal from b ≤ 450s∕mm2 is shown in
red and the DKI fit in yellow. Note that here we use
a one-dimensional mono-exponential fit (red curve) and
one-dimensional DKI as described in Equation 1 (yel-
low curve). At lower b-values, b ≤ 450 s∕mm2, the sig-
nal from the mono-exponential fit and the measured sig-
nal are indistinguishable, as expected from the theory.
However, the measured signal clearly deviates from the
mono-exponential decay for b > 450 s∕mm2. The relative
difference between the mono-exponential fit and the mea-
sured signal generally increases with b-value, correspond-
ing to the divergent signal attenuation curves, which is a
hallmark of non-Gaussian diffusion in the tissue.

Representative FA, MD, HA, and E2A maps from DTI
and FA, MD, HA, E2A, MK, AK, and RK from DKI fitting
for apical, middle, and basal slices are shown in Figure 4.

The mean and standard deviation of MD, FA, MK, AK,
RK, the median and interquartile range (IQR) for E2A, and
a histogram of HA for all 10 subjects are shown in Figure 5.
The average values of the DTI and DKI metrics over 10
subjects are presented in Table 3 (DTI: MD = (1.58 ± 0.04)
×10−3mm2∕s, FA = 0.30 ± 0.01, and E2A = 3 (−28 31)
degrees. DKI: MD = (1.66 ± 0.04) ×10−3mm2∕s, FA = 0.31
± 0.02, E2A = 2 (−28 31) degrees, MK = 0.32 ± 0.03, AK =

0.27 ± 0.02, and RK = 0.35 ± 0.04). It was found that the
radial kurtosis (RK) was slightly higher than axial kurto-
sis (AK) (RK = 0.35 ± 0.06 vs. AK = 0.27 ± 0.05) and the
difference is statistically significant (RK − AK = 0.08 ±
0.04(p = 2 × 10−4)) (Table 3 and Figure 5F).

Comparison between two subsets (subset 1: b = 100,
450, 900 s∕mm2; subset 2: b = 100, 450, 900, 1200 s∕mm2)
and full set: b = 100, 450, 900, 1200, 1350 s∕mm2 (Figure 6
and Table 4) shows that by increasing the b-value the
DTI-estimated MD decreases because of the non-zero kur-
tosis effect while the MD from DKI does not change since
the kurtosis effect is considered in the kurtosis terms (MK,
AK, RK). FA from DTI and DKI does not change with
increasing the b-value. MK and AK slightly decrease while
RK is almost unchanged by increasing the b-value.

5 DISCUSSION

This work demonstrates the feasibility of performing DKI
in the human heart in vivo using much stronger gra-
dients than commonly available in routine clinical set-
tings. To accurately measure diffusional kurtosis, b-values
higher than those typically used in cardiac DTI are neces-
sary to clearly reveal the deviation from monoexponential
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6 AFZALI et al.

F I G U R E 2 Change of
MD and FA for different bmax

values. (A) and (E) shows the
box plot of mean MD and FA
over 10 subjects (the red line
shows the mean value). (B–D)
and (F–H) Bland–Altman
plots, comparing mean
diffusivity (MD), and
fractional anisotropy (FA),
calculated using DTI fit to
b450 ∶ b = 100, and
450 s∕mm2 compared to (B)
and (F) b900 ∶ b = 100, and
900 s∕mm2, (C) and (G)
b1200 ∶ b = 100, and
1200 s∕mm2, and (D) and (H)
b1350 ∶ b = 100, and
1350 s∕mm2. Mean difference
± 1.96 SD is given by solid
and dashed black lines,
respectively (N = 10 subjects).
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AFZALI et al. 7

T A B L E 1 Mean ± standard deviation of mean diffusivity
(MD) and fractional anisotropy (FA) for DTI fit to different bmax

(bmax = 450 s∕mm2 [b = 100 and 450 s∕mm2], bmax = 900 s∕mm2

[b = 100 and 900 s∕mm2], bmax = 1200 s∕mm2 [b = 100 and 1200
s∕mm2], bmax = 1350 s∕mm2 [b = 100 and 1350 s∕mm2]) inside a
left ventricle mask and then averaged over volunteers. (* shows
the statistical significance between the parameters obtained with
a specific bmax compared to the one from bmax = 450 s∕mm2).

bmax[s∕mm2] MD [×10−3mm2∕s] FA

450 1.58 ± 0.04 0.30 ± 0.01

900 1.51 ± 0.04 * 0.31 ± 0.01

1200 1.46 ± 0.04 * 0.31 ± 0.01

1350 1.44 ± 0.04 * 0.31 ± 0.01

T A B L E 2 Mean difference ± standard deviation between
global mean values of MD, FA calculated using DTI fit to
b450 ∶ b = 100, and 450 s∕mm2 compared to b900 ∶ b = 100,
and 900 s∕mm2, b1200 ∶ b = 100, and 1200 s∕mm2, and
b1350 ∶ b = 100, and 1350 s∕mm2 inside a left ventricle mask.

MD(b900) − MD(b450)
[×10−3mm2∕s]

0.07 ± 0.02 (p = 2e−7)
(Figure 2B)

MD(b1200)−MD(b450)
[×10−3mm2∕s]

0.12 ± 0.01 (p = 5e−10)
(Figure 2C)

MD(b1350)−MD(b450)
[×10−3mm2∕s]

0.14 ± 0.01 (p = 2e−10)
(Figure 2D)

FA(b900) − FA(b450) −0.001± 0.005 (p= 0.37)
(Figure 2F)

FA(b1200) − FA(b450) −0.005± 0.007 (p= 0.03)
(Figure 2G)

FA(b1350) − FA(b450) −0.005± 0.008 (p= 0.06)
(Figure 2H)

decay.7,16,18 We further investigated the feasibility of car-
diac DKI in systems with lower gradient strength, 200
mT/m (TE= 65 ms) similar to Siemens Healthineers, Mag-
netom Cima.X and 80 mT/m (TE= 91 ms) which is the gra-
dient strength in the commonly used clinical scanners (see
Supporting Information, section Cardiac diffusion kurto-
sis imaging using different gradient strengths, for more
details).

In brain studies, maximum b-values of about 2000
to 3000 s∕mm224 (two to three times higher than b =
1000 s∕mm2 used for DTI) are recommended to quantify
the kurtosis effect. We followed the same rationale: The
maximum b-value used in cardiac DTI in vivo is around
450 s∕mm2, so the maximum b-value of 900 to 1350
s∕mm2 should be sufficiently high to show the deviation
of diffusion weighted signal from the mono-exponential
decay.

F I G U R E 3 Semi-log plot of the average signal over the region
of interest (ROI), highlighted as green, for each b-value. The blue
dots and the error bars show the mean and standard deviation of
the measured signal in the ROI, the red curve shows the
mono-exponential fit to the average signal from b ≤ 450 s∕mm2,
and the yellow curve shows the one-dimensional DKI fit. The
measured signal deviates from the mono-exponential decay by
increasing the b-value above 450 s∕mm2.

Sufficient SNR at high b-value images is essential to
accurately estimate DKI metrics.45 Glenn et al.46 found
that the estimated kurtosis parameters are 93% accurate
when the SNR is greater than 3 and greater than 98%
for SNR greater than 5. For insufficient SNR, the signal
intensity approaches the noise floor, resulting in an arti-
ficial curvature of the signal decay and biased estimates
of the kurtosis metrics.46 Tissue diffusion properties deter-
mine the rate at which the signal approaches the noise
floor. Obtaining sufficient SNR at high b-values is par-
ticularly challenging in the human heart due to motion
and the associated need for motion-compensated gradient
waveforms, which in turn require longer echo times, addi-
tionally confounded by short T2 of the heart tissue.47 By
using a high-performance gradient system in this study, a
b-value of 1350 s∕mm2 with a minimum TE= 61 ms for the
chosen imaging parameters and optimized waveforms was
feasible, which significantly improved the SNR efficiency
of in vivo cardiac diffusion kurtosis imaging. The achieved
sequence timings were comparable to standard cardiac
DTI acquisitions at more than three times (> 3×) higher
b-values. It provides SNR of 7 ± 2 over the left ventricle for
b = 1350 s∕mm2 which is high enough to avoid diffusion
weighted signal falling below the noise floor.46 Notably, the
same b-value on clinical routine systems with Gmax = 80
mT/m would need an echo time of at least 91 ms (see Sup-
porting Information, Figure S1) (Teh et al.16 used TE = 118
ms to enable tensor-valued diffusion encoding at b-value
of 1500 s∕mm2). The approximately 30 ms shorter echo
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8 AFZALI et al.

F I G U R E 4 Examples of mean diffusivity (MD), fractional anisotropy (FA), helix angle (HA) and secondary eigenvector angle (E2A)
calculated using b = 100 and 450 s∕mm2 for DTI and FA, MD, HA, E2A, mean, axial, and radial kurtosis (MK, AK, and RK) calculated using
all b-values for DKI.

time improves the SNR nearly two-fold due to the short
T2 of cardiac tissue: Based on the reported T2 of around
46 ms48 the SNR increase is exp(−61∕46)∕ exp(−90∕46) ≈
1.88 (also see Supporting Information, Table S1).

We found that by increasing b-value, the MD values
from DTI fit decreased (MD = (1.58 ± 0.04) ×10−3mm2∕s
at bmax = 450s∕mm2 and MD = (1.44 ± 0.04) ×10−3mm2∕s
at bmax = 1350s∕mm2) where this difference is statistically
significant (p = 2e − 10) (Figures 2 and 6, Tables 1, 2, and
4). This reduction in MD is due to the kurtosis effect that is
more pronounced at higher b-values. One may argue that

the noise in the data might have a similar effect, however
the SNR at the highest b-value is 7 ± 2 and also the real
part of the signal (instead of magnitude) is used in this
work to avoid the bias in the signal due to rician noise,37

therefore the reduction in MD should be due to the kurto-
sis effect. The estimated HA and E2A from DTI and DKI
are very similar (Figure 5 and Table 3), which is expected
since increasing the b-value does not affect the directional
information considerably.17

To the best of our knowledge, this is the first report of
three-dimensional diffusion kurtosis in the human heart
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AFZALI et al. 9

F I G U R E 5 Box plot of (A) mean diffusivity (MD), (B) fractional anisotropy (FA), (C) median and interquartile range (IQR) for
secondary eigenvector angle (E2A), (D) histogram of helix angles (HA) from DTI and DKI, and (E) mean kurtosis (MK), axial kurtosis (AK),
and radial kurtosis from DKI over left ventricular mask for all 10 subjects (“all” represents the distribution of the mean values in subjects 1 to
10). On each box, the central mark indicates the mean, except (C), which shows the median, and the bottom and top edges of the box indicate
the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are
plotted individually using the “+” symbol. (F) Bland–Altman plot, comparing axial kurtosis (AK) and radial kurtosis (RK) from DKI. Mean
difference ± 1.96 SD are given by solid and dashed black lines, respectively (N = 10).

T A B L E 3 Mean ± standard deviation of mean diffusivity (MD) and fractional anisotropy (FA) and median (interquartile range
[25% − 75%]) secondary eigenvector angle (E2A) for DTI (b = 100 and 450 s∕mm2) and MD, FA, E2A, mean kurtosis (MK), axial kurtosis
(AK), and radial kurtosis (RK) for DKI (all b-values) inside a left ventricle mask and then averaged over ten volunteers.

DTI MD [×10−3mm2∕s] FA E2A (degrees) (median [IQR])

1.58 ± 0.04 0.30 ± 0.01 3 (−28 31)

DKI MD [×10−3mm2∕s] FA E2A (degrees) (median [IQR]) MK AK RK

1.66 ± 0.04 0.31 ± 0.02 2 (−28 31) 0.32 ± 0.03 0.27 ± 0.02 0.35 ± 0.04

in vivo. We found that radial kurtosis (RK = 0.35 ± 0.04)
was slightly larger than axial kurtosis (AK = 0.27 ± 0.02)
and the difference was statistically significant (RK − AK

= 0.08 ± 0.04, p = 2e − 4, Table 3 and Figure 5D). Teh
et al.16 previously reported total kurtosis of 0.33 ± 0.09 for
in vivo human heart on a standard clinical MR scanner,
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10 AFZALI et al.

F I G U R E 6 Box plot of (A–C) mean diffusivity (MD) and (D–F) fractional anisotropy (FA) from DTI and DKI and (G–I) mean kurtosis
(MK), axial kurtosis (AK), and radial kurtosis from DKI over left ventricular mask for all 10 subjects (“all” represents the distribution of the
mean values in subjects 1 to 10). Each column shows the parameters estimated using a subset of b-values. On each box, the central mark
indicates the mean, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the
most extreme data points not considered outliers, and the outliers are plotted individually using the “+” symbol.

T A B L E 4 Mean ± standard deviation of mean diffusivity (MD) and fractional anisotropy (FA) for DTI and MD, FA, mean kurtosis
(MK), axial kurtosis (AK), and radial kurtosis (RK) for DKI using different subsets of b-value (subset 1: b = 100, 450, 900 s∕mm2; subset 2:
b = 100, 450, 900, 1200 s∕mm2; full set: b = 100, 450, 900, 1200, 1350 s∕mm2) inside a left ventricle mask and then averaged over volunteers.

DTI MD [×10−3mm2∕s] FA

Subset 1 1.51 ± 0.04 0.31 ± 0.02

Subset 2 1.48 ± 0.04 0.31 ± 0.01

Full set 1.46 ± 0.04 0.32 ± 0.01

DKI MD [×10−3mm2∕s] FA MK AK RK

Subset 1 1.67 ± 0.05 0.31 ± 0.02 0.34 ± 0.03 0.32 ± 0.02 0.35 ± 0.02

Subset 2 1.67 ± 0.05 0.31 ± 0.02 0.33 ± 0.02 0.29 ± 0.02 0.36 ± 0.03

Full set 1.66 ± 0.04 0.31 ± 0.02 0.32 ± 0.03 0.27 ± 0.02 0.35 ± 0.04

which aligns with our results on ultra-strong gradient
system (MK = 0.32 ± 0.03); however, they did not quan-
tify the three-dimensional kurtosis metrics such as AK
and RK. It is known that there are more restrictions per-
pendicular to the cardiomyocyte orientations than parallel
orientations, and a previous study on ex vivo rat7 and pig
hearts23 showed higher RK compared to AK. Mcclymont
et al.7 reported a kurtosis value of 0.13 ± 0.02, 0.45 ± 0.04

and 0.55 ± 0.03 along first, second and third eigenvector.
We observe the trend of higher RK compared to AK in
our work; however, the kurtosis values in the in vivo
human heart are slightly different than the values reported
ex vivo. The reason is that the tissue preparation/fixa-
tion may affect the cell size and cause shrinkage, which
results in a higher kurtosis effect along the perpendicular
direction. In addition, the difference between species, that
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AFZALI et al. 11

is, rat heart versus human heart, may contribute to this
difference.

The magnitude of kurtosis observed in the in vivo
human heart is limited due to the microstructure of the
cardiac tissue. We used a simple biophysical model to sim-
ulate the signal from cardiac tissue, and the estimated
kurtosis values in the simulated signal are close to the
values we obtained in vivo (see Supporting Information,
section Simulation, for more details). We further investi-
gated the effect of diffusion encoding time on the kurtosis
values and we found that by increasing the effective dif-
fusion time, the amount of mean and radial kurtosis (MK
and RK) slightly increase (Table S3), however, the increase
in diffusion encoding time, prolonges the echo time and
therefore reduces the SNR.

The study was conducted on a limited cohort of healthy
volunteers; the extrapolation of this technique to patient
populations with specific cardiac pathologies is the topic
of our future work. Diffusion kurtosis metrics are sensitive
to tissue microstructure but are not specific to particular
microstructural features (e.g., intracellular and extracellu-
lar space).

One possible clinically feasible protocol could include
b-values of 100, 450, and 900 s∕mm2 with 3, 30, and 30
diffusion encoding directions and 12, 6, and 6 repetitions,
respectively. This reduced protocol has a total scan time of
∼20 min, making it more suitable for clinical settings. The
results for such protocol are shown in the first column of
Figure 6 and as subset 1 in Table 4. It can clearly be seen
that the estimated parameters from the reduced protocol
(subset 1) are similar to the ones obtained from the full
protocol (full set), with only minor differences in MK and
AK. Further investigation into the optimal combination of
b-values, diffusion directions, and repetitions, while main-
taining the integrity of the diffusion metrics, will be subject
to future work.

The primary purpose of our work was to establish
the feasibility of DKI in human hearts in vivo using
ultra-strong gradients, and highly relevant with the advent
of the latest generation of clinical MR scanners with 200
mT/m gradient systems (such as the Siemens Healthi-
neers, Magnetom Cima.X). This opens the field for novel
investigation and paves the way for the exploration of
cardiac DKI in clinical studies.

6 CONCLUSION

In this work, we demonstrated the feasibility of
three-dimensional DKI in the human heart in vivo.
This was facilitated using strong gradients (300 mT/m)
that could provide high b-values (bmax = 1350s∕mm2)

for a second-order motion-compensated waveform at a
TE = 61 ms. Radial kurtosis (RK) was observed to be
slightly larger than axial kurtosis (AK), as expected, and
the difference was statistically significant. The in vivo
measurement of radial, axial, and mean kurtosis pro-
vides the potential for characterizing the myocardial
microstructure, which may be useful in some cardiac
diseases.
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