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Abstract

Purpose: Cardiac pulsation increases the noise level in brain maps of the
transverse relaxation rate R,*. Cardiac-induced noise is challenging to miti-
gate during the acquisition of R,* mapping data because its characteristics are
unknown. In this work, we aim to characterize cardiac-induced noise in brain
maps of the MRI parameter R,*.

Methods: We designed a sampling strategy to acquire multi-echo 3D data in
12 intervals of the cardiac cycle, monitored with a fingertip pulse-oximeter. We
measured the amplitude of cardiac-induced noise in this data and assessed the
effect of cardiac pulsation on R,* maps computed across echoes. The area of
k-space that contains most of the cardiac-induced noise in R,* maps was then
identified. Based on these characteristics, we introduced a tentative sampling
strategy that aims to mitigate cardiac-induced noise in R,* maps of the brain.
Results: In inferior brain regions, cardiac pulsation accounts for R,* varia-
tions of up to 3s7! across the cardiac cycle (i.e., ~35% of the overall variability).
Cardiac-induced fluctuations occur throughout the cardiac cycle, with a reduced
intensity during the first quarter of the cycle. A total of 50% to 60% of the overall
cardiac-induced noise is localized near the k-space center (k < 0.074 mm~™!). The
tentative cardiac noise mitigation strategy reduced the variability of R,* maps
across repetitions by 11% in the brainstem and 6% across the whole brain.
Conclusion: We provide a characterization of cardiac-induced noise in brain
R,* maps that can be used as a basis for the design of mitigation strategies during
data acquisition.
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1 | INTRODUCTION

MRI relaxometry consists of estimating the value of
the MRI parameters that drive signal intensities in MR
images.!”3 Relaxometry data exhibit a lower dependence
on acquisition parameters and scanner hardware than
conventional structural MRI data, leading to increased
reproducibility in multi-center studies.*> Maps of the
transverse relaxation rate (R,* = 1/T,*) are computed from
gradient-echo MR images acquired at multiple echo times.
R,* relaxation is driven by spin-spin interactions and
microscopic magnetic field inhomogeneities that arise
from magnetic material within the tissue.®’” Therefore,
R,* correlates with, for example, iron and myelin con-
centration in brain tissue®!! and enables the monitoring
of disease evolution in Parkinson’s disease,'>!3 multiple
sclerosis,'* and Alzheimer’s disease.!®

Cardiac pulsation leads to instabilities in brain MRI
data that reduce the sensitivity of R,* estimates to brain
disease in neuroscience studies. Cardiac pulsation gives
rise to a systolic pressure wave that reaches the brain
~50ms after onset of the R-wave in an electrocardio-
gram,'®17 and 30 to 130 ms before the detection of the
systolic peak measured with a pulse-oximeter attached
to the finger.!8-2° This wave results in pulsatile brain
motion because of the expansion of blood vessels,?! vari-
ations in blood flow velocity,!”-?22* brain tissue defor-
mation,?>2® CSF motion,?3! bulk head motion,*?* and
changes in 0,/CO, concentrations.>*3* The brain areas
primarily affected by cardiac pulsation are inferior brain
regions close to large vessels such as the brainstem,*® cere-
bellum?® and orbitofrontal cortex,*!3” highly vascularized
gray matter regions,3! and brain regions near the ventri-
cles.?”38 The effects of cardiac pulsation on MR images
arise from the interaction of spin displacements with the
amplitude and direction of the gradients of magnetic fields
used for image encoding.’® Although laminar flow leads
to a net phase shift in MRI data, turbulent or anisotropic
flow across an image voxel leads to a distribution of spin
phase that result in a net loss in signal amplitude.’® Car-
diac pulsation similarly reduces the BOLD sensitivity of
functional MRI data3!-34354% and leads to bias in measures
of the apparent diffusion coefficient.?’

R,* relaxometry requires multi-echo images acquired
using oscillating, high-amplitude readout gradients.
Because the coupling between encoding gradients and car-
diac pulsation accumulates over time,* cardiac-induced
noise is expected to increase with the echo time, leading
to exponential-like effects, and therefore, bias of the R,*
estimates. Furthermore, because data acquisition takes
place over several minutes, raw k-space data points may
show variable levels of cardiac-induced noise, leading to
aliasing artifacts in the reconstructed images.**> Few

data acquisition strategies currently exist that mitigate
cardiac-induced noise in R,* maps of the brain. On the
model of diffusion acquisitions,'®!° such strategies might
consist of adjusting k-space sampling in real-time accord-
ing to patients’ cardiac pulsation, or of averaging data
across multiple samples in the sensitive areas of k-space.
These strategies all hinge on a detailed description of
cardiac-induced noise in brain R,* maps. Such a descrip-
tion includes an assessment of its amplitude, spatial extent
in image space and k-space, and timing relative to the
cardiac cycle and is not currently available.

Here, we provide a complete assessment of
cardiac-induced noise in R,* relaxometry data of the
brain. Using a dedicated and optimized sampling strategy,
we acquire multi-echo data in multiple intervals of the
cardiac cycle to resolve the effect of cardiac pulsation on
the MR signal. From these data, we measure the ampli-
tude of cardiac-induced noise across the cardiac cycle, at
all echo times. We assess the effect of cardiac pulsation
on estimates of R,* computed from the decay of the MRI
signal across echoes. Subsequently, we identify the area of
k-space that contains most of the cardiac-induced noise
in Ry* maps. From these results, we introduce a tentative
sampling strategy that aims to mitigate cardiac-induced
noise in R,* maps of the brain.

2 | METHODS

Data acquisition was performed with a 3T MRI scanner
(Magnetom Prisma, Siemens Healthcare) equipped with
a 64-channel head-neck coil. The study was approved by
the local Ethics Committee and all participants gave their
written informed consent before participation.

The acquisition protocols are presented in Table 1.
All MRI acquisition protocols included an MPRAGE*®
image for segmentation and anatomical reference (1 mm?
isometric resolution, TR/TE =2000/2.39 ms, GRAPPA*
acceleration factor 2 with 24 reference lines, RF excitation
angle =9°, acquisition time 4:16 min).

2.1 | Characterization of R,* changes
across the cardiac cycle

2.1.1 | MRI protocol

Continuous low-resolution multi-echo data was acquired
using a custom-written 3D FLASH sequence on five adult
participants (two females, 33 + 7 years old) to character-
ize R,* variability across the cardiac cycle. Fifteen echo
images were acquired with a bipolar readout* (TR = 40 ms;
TE =2.34-35.10ms with 2.34ms spacing, RF excitation
flip angle =16°). The readout direction was set along the
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TABLE 1 MRIacquisition protocols.
Spatial
No. resolution Acquisition
Experiment Data type Pulse sequence echoes [mm3] time [min]
Characterization of R,* 5D (x-y-z-echoes-cardiac) FLASH optimized 15 2x4x%x4 56:21
changes across the k-space sampling
cardiac cycle Coil sensitivity FLASH linear 1 4x4x4 0:16
Cartesian k-space
sampling
T,-weighted image MPRAGE 1 1x1x1 4:16
Informed R,* mapping (CG on/off) FLASH linear 15 1x2x2 7.34 (CG off)
cardiac-induced noise Cartesian k-space 8:48 + 0:04
mitigation strategy sampling (CG on)
T;-weighted image MPRAGE 1 1x1x1 4:16

Abbreviation: CG, cardiac gating.

head-feet direction. Image resolution was 2mm along
the readout direction and 4 mm along the phase-encode
directions—sufficient to fully capture cardiac-induced fluc-
tuations, because physiological noise scales with signal
amplitude and is strongly reduced in high k-space fre-
quency regions required to achieve high spatial resolu-
tion.*

Our strategy for the acquisition of 3D multi-echo data
across the cardiac cycle was inspired by recent develop-
ments in high-dimensional heart and brain imaging,*246~+
where the cardiac cycle is resolved by pooling k-space
data from multiple heartbeats into separate images for
each phase of the cardiac cycle. Data were acquired con-
tinuously while the cardiac rhythm of the participants
was being recorded using a pulse-oximeter attached to
the finger. Data acquisition was, therefore, not synchro-
nized with the heart rates of the participants. Data acqui-
sition was conducted using a sampling scheme that was
optimized to provide samples at different phases of the
cardiac cycle for each k-space location, and to simul-
taneously mitigate non-cardiac spurious effects such as
head-motion, breathing, or swallowing. Within a pre-
defined kernel, that is, a subset of k-space along the
two phase-encode directions, data were acquired using
a standard linear Cartesian trajectory, with all k-space
positions along the fast phase-encode direction sam-
pled consecutively for each k-space position along the
slow phase-encode direction (see Supporting Informa-
tion). The kernel size was set to 30 and 2 along the
fast and slow phase-encode directions. With the opti-
mal mitigation strategy (strategy 2 in Supporting Infor-
mation), the kernel position was shifted along the fast
phase-encode direction after each kernel acquisition and
the process was repeated 30 times after the traversal of
k-space to obtain data samples at different phases of the
cardiac cycle.

The data was binned retrospectively according to the
phase of the cardiac cycle at the time of its acquisition,
leading to 5D datasets with three spatial dimensions, one
echo-time dimension and one cardiac phase dimension
(Figure 1A). We divided the cardiac cycle into 12 bins
as a trade-off between sufficient resolution of the systolic
period (~300 ms duration)'®3! and sufficient k-space data
in each bin for routine image reconstruction. If multiple
samples of the same k-space point were present in a car-
diac phase bin, they were averaged. The cardiac phase was
set to zero at the peak of the pulse-oximeter signal.

Coil sensitivity mapping data were acquired in each
participant using a 3D FLASH sequence, with 4 X4 X
4mm?3 spatial resolution (TR/TE = 5.72 ms/2.34 ms, exci-
tation flip angle = 6°, acquisition time 165s).%° Data acqui-
sition was conducted using the head and body coils for
signal reception. For the head-coil scans, separate images
were reconstructed for each coil element. The coil sensi-
tivity maps were computed from the ratio of the head coil
images with the body-coil image.>%>!

2.1.2 | Data processing and image
reconstruction

Following data acquisition, the <10% of missing k-space
points in the 5D datasets were reconstructed using
SPIRIT>? (http://people.eecs.berkeley.edu/~mlustig/
Software.html). The data were inverse Fourier trans-
formed along the fully sampled readout direction and
each 2D slice was reconstructed separately for each echo
image and cardiac phase. To optimize the accuracy of
the reconstruction, the 2D SPIRIT kernel was calibrated
using all the k-space data for each bin of the cardiac cycle,
after linear interpolation of the missing k-space data from
the neighboring bins. The kernel size was [3x 3] and
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Schematic representation of the acquisition of 5D datasets for the characterization of cardiac-induced noise in brain R,*

maps. (A) Multi-echo data were acquired continuously for 1 h while the cardiac rhythm of the participants was recorded using a pulse-oximeter
attached to the finger. The data were binned retrospectively according to the phase of the cardiac cycle at the time of its acquisition, leading to
k-space datasets with three spatial dimensions (readout and two phase encoding directions), one echo-time dimension and one cardiac phase
dimension. (B) R,* maps were computed after image reconstruction, from the regression of the log signal with the corresponding echo times.
The noise level of the R,* estimates was calculated as the root-mean-squared error (RMSE) between the MR signal and the R,* fit.

30 iterations were performed. After SPIRIT reconstruc-
tion, the head-foot direction was Fourier-transformed
back into k-space data.
The data from the i element of the head coil can be
written as’!:
Si = C; X Staw, (1)

where C; is the sensitivity profile of the i coil element.
From Eq. (1), brain images S, free of signal intensity
variations because of the sensitivity profiles of the head
coil elements, were estimated from the coil-specific data
and the coil sensitivity maps (i.e., SENSE algorithm with
an acceleration factor of 1).°! These images contained sig-
nal from areas outside and below the brain (e.g., tongue,
mouth, and neck) along the readout direction (orienta-
tion: head-feet). Cardiac-induced noise from these areas
might alias in the 2D plane of the two phase encod-
ing directions, orthogonal to the readout direction, but
cannot alias into the brain along the readout direction
because of the high readout bandwidth. Therefore, these
noise contributions are of no interest for the characteriza-
tion of cardiac-induced noise in brain images and the 5D
images were trimmed below the medulla along the readout
direction.

2.1.3 | Modeling of cardiac-induced k-space
fluctuations

Consistent with common models of physiological
noise,*#>53 cardiac-induced fluctuations of the com-
plex MRI signal across the cardiac cycle were modeled
at each k-space location and each echo separately using
second-order Fourier series of sinusoidal basis functions
(Figure 2A):

Sraw(ka TE, (Pc) = Smean(k, TE)

2
+ )" [Bum(k, TE) cos(mq, ) + B, (k. TE) sin(mg, )|

m=1

+¢(k, TE, @), ©)

where Sy, is the raw 5D MR data, Smean is the mean sig-
nal across the cardiac cycle, @, is the phase of the cardiac
cycle, TE is the echo time of the data and ¢ is the residual.
Brm and B, ,, the complex weights of the m™-order com-
ponents, were estimated by expressing Siay from its real
and imaginary parts instead of its phase and magnitude to
improve resilience against low SNR.*> From the estimates
of B, ,, and B, ,,, the modeled cardiac-induced fluctuations
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FIGURE 2 Cardiac-induced noise in the multi-echo data. (A) Example fluctuation of the raw signal S,,,, across the cardiac cycle at one
k-space location of the last echo data (TE = 35.10 ms) (red dots). The blue solid line shows the corresponding modeled cardiac-induced noise
Scardiac + Smean across the cardiac cycle. (B) k-Space distribution of the amplitude of the first Fourier component of the modeled
cardiac-induced fluctuations, averaged along the readout direction and participants. (C) Average deviation of Sc,ygiac from its mean value

across the cardiac cycle, averaged across k-space and participants.

of the MRI signal Scargiac Were computed as follows:
Scardiac (k, TE, (Pc)

2
= Z [Bym(k, TE) cos(mq, ) + B, (k, TE) sin(meq,)|.
m=1
(3)

Similarly, the non-cardiac fluctuations of the raw MR
signal S cardiac Were computed as follows:

Sno cardiac(k’ TE, (Pc) = SraW(k’ TE, (Pc) = Scardiac (k’ TE, (pC)
= Smean(k, TE) + 9(k7 TE, (PC)~ 4)

2.1.4 | Characterization of R,* changes
across the cardiac cycle

To analyze the effects of all noise sources on R,* estimates,
we computed R,* maps for each cardiac bin from S;ay.
We applied a Fourier transform along the three k-space
dimensions of Si,w. For each phase of the cardiac cycle,
R,* maps were computed from the resulting images from
a regression of the log signal with the corresponding
echo times>* (R} (Sraw))(Figure 1B). The noise level on the
R,* estimates was calculated as the root-mean-squared
error (RMSE) between the MR signal and the R,* fit
(RMSE(Sraw))-
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This procedure was also performed on Scargiac + Smean
to analyze the effects of the modeled cardiac pulsation,
leading to estimates R (Scardiac) and RMSE(Scardiac)- To ana-
lyze the changes in R,* across the cardiac cycle because
of non-cardiac noise sources, this procedure was con-
ducted on Sy, cardiac, leading to estimates R5(Sno cardiac) and
RMSE(Sno cardiac)-

2.1.5 | Determination of the k-space region
sensitive to cardiac-induced fluctuations

To characterize the distribution of cardiac-induced noise
across k-space, we removed the modeled cardiac-induced
noise from sub-regions of the 5D raw data and measured
the impact on the SD of R,* across the cardiac cycle. We
computed the hybrid k-space matrix:

S i k, TE, for k S r

S; brid(k’ TE, (pc) — no card1ac( (pc) Kl
y Sav(k.TE.@;)  for ||kl > r
(5)

where || k|| is the distance to the center of a given k-space
location along the two phase encoding directions, and r
a given radius. S;ybri 4 contains no cardiac-induced noise
inside a circular area of radius r, and noise of all sources
outside. For values of r from 0% to 100% of k-space extent
with step size 1%, R,* maps were computed across the car-
diac cycle using the procedure outlined in section 2.1.4
Characterization of R,* changes across the cardiac cycle.
The changes in R,* across the cardiac cycle were used to
measure the effect of cardiac-induced noise in an area out-
side r and were compared to the effect of all sources of
noise present in the data.

The same procedure was repeated using the hybrid
k-spaces that only contained cardiac noise, so that the con-
tributions of cardiac and non-cardiac fluctuations could be
compared:

r
Shybrid—cardiac only (k’ TE, (pC)

_ Smean(ka TE) for ||k|| <r
Scardiac(k, TE’ (PC) + Smean(k’ TE) for ”k“ > r-

The changes in R,* across the cardiac cycle allowed the
estimation of the effect of cardiac-induced noise alone in
an area of k-space outside r.

2.2 | Informed cardiac-induced noise
mitigation strategy

Once the sensitive k-space regions were determined as
described above, we implemented a mitigation strategy

similar to cardiac gating that is widely used in diffusion
MRI!8-20 that involves suspending data acquisition during
detrimental periods of the cardiac cycle.

Data were acquired on seven adult participants (six
females, 32 + 7years old) using a multi-echo 3D FLASH
sequence with a linear Cartesian trajectory (TR =40 ms;
TE =2.34-35.10ms with 2.34 ms spacing, RF excitation
flip angle = 16°). The voxel size was 1 X 2 X 2 mm?, similar
to brain R,* maps acquired in clinical protocols.>>>’

With our implementation, the time window for data
acquisition was limited to the first quarter of the car-
diac cycle that followed detection of the R-wave with the
pulse-oximeter, because this period was observed to con-
tain the least cardiac-induced noise (see section 3 Results).
To minimize the increase in scan time because of the
suspension of data acquisition, cardiac gating was only
effective for the acquisition of the subset of k-space that
contains most of the cardiac-induced noise (see section 3
Results). This corresponds to 22% of k-space at the resolu-
tion of the 5D acquisition (2 x4 x4 mm?), but only 5.5%
of k-space with the resolution used here (1 x2Xx2mm3).
Note, that this implementation of cardiac gating for 3D
FLASH sequences maintained RF excitation during peri-
ods of suspension to preserve the steady state of the
magnetization.’® The acquisition time was 8:48 + 0:04 and
7:34min with and without cardiac gating, respectively.
Data acquisition was conducted three times for both con-
ditions in a randomized order.

The effect of cardiac gating on brain R,* maps was mea-
sured from the repeatability of the maps across three repe-
titions and from the maps of RMSE, the goodness-of-fit of
the MRI signal with the R,* fit.

2.3 | Image analysis

Image reconstruction and data analyses were per-
formed wusing bespoke analysis scripts written in
MATLAB (version 2017a, The MathWorks). The impact
of cardiac-induced noise was assessed in four different
regions of interest (ROIs): brainstem, cerebellum, whole
brain, and noisy non-brain voxels. The noisy non-brain
region was designed to include areas outside brain tissue
with high levels of cardiac-induced noise (e.g., blood ves-
sels, CSF). With standard acquisition strategies, this noise
might alias across images and enhances the effective noise
level in brain voxels. As the acquired 3D FLASH data did
not allow for accurate delineation of blood vessels, we
devised an ad hoc procedure to compute a mask composed
of voxels outside brain tissue that exhibit a high level
of cardiac-induced noise. The voxels within this mask
showed a combined gray and white matter probability
below 0.1, and variations of the modeled cardiac-induced
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noise Scardiac across the cardiac cycle in the last echo image
above the average value within the brain.

Image coregistration and segmentation were con-
ducted using Statistical Parametric Mapping (SPM12,
Wellcome Centre for Human Neuroimaging). The
MPRAGE images were segmented into maps of gray
and white matter probabilities using unified segmen-
tation. Whole-brain masks were computed from the
gray and white matter segments and included vox-
els with a combined probability of 0.9 or above. As
described in Lutti et al.,%° regional masks were com-
puted from the gray matter maximum probability labels
computed in the “MICCAI 2012 Grand Challenge and
Workshop on Multi-Atlas Labeling,” using MRI scans
from the OASIS project (http://www.oasis-brains.org/)
and labeled data provided by Neuromorphometrics,
Inc, (http://neuromorphometrics.com/) under academic
subscription.

The significance of the effect of cardiac-induced noise
on the R,*/RMSE estimates was performed using paired
t-test statistical analyses conducted with MATLAB.

3 | RESULTS

Figure 2A shows an example of fluctuation of the raw
MR data S, across the cardiac cycle and of mod-
eled cardiac-induced fluctuation Scyrgiac. The amplitude
of Scardgiac 1S two orders of magnitude larger at the cen-
ter of k-space than at the edges (Figure 2B). The aver-
age amplitude of Scugiac increases by a factor 2 to
2.5 with echo time and varies by a factor 1.5 across
the cardiac cycle (Figure 2C). Consistent with previous
observations,102961 the maximum cardiac-induced noise
level occurs on arrival of the systole in the brain (car-
diac phase = 3n/4). The first quarter of the cardiac cycle
shows a diastolic and reduced level of cardiac-induced
noise.

TABLE 2

. . .. 243
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Cardiac-induced noise leads to a variability of 0.59 s~*

in R,* across the cardiac cycle, averaged across the brain
(Table 2). In the brainstem and cerebellum, this variability
is 0.95and 0.77 s71, respectively. Accounting for all sources
of noise in the raw MRI data (i.e., R5(Sraw)), changes in
R,* of up to 3s7! occur across the cardiac cycle (Figure 3A
as well as Video S1 and S2). The modeled changes in
R,* across the cardiac cycle reflect exponential-like effects
of cardiac pulsation on the MRI signal across echoes
(Figure 3B). Before removal of cardiac-induced fluctua-
tions (i.e.,R3(Sraw)), the highest levels of R,* variation
across the cardiac cycle are observed in inferior brain
regions such as the brainstem and cerebellum (Figure 3C
and Table 2). After removal of cardiac-induced fluctu-
ations (i.e., R5(Sno cardiac)), the spatial uniformity of the
R,* variations is improved. At the regional level, car-
diac pulsation accounts for ~35% (p <0.05) of the over-
all SD of R,* across the cardiac cycle in the brain and
44% (p<0.05) in non-brain voxels (e.g., blood vessels,
CSF), respectively (i.e., SD(R5(Sho cardiac))/SD(R3(Sraw)))
(Figure 3D and Table 2).

The fitting residuals (RMSE) show variations of
up to 40% across the cardiac cycle (Figure 4A). The
modeled changes in RMSE across the cardiac cycle
reflect non-exponential effects of cardiac pulsation on
the MRI signal across echoes (Figure 4B), with a gen-
eral increase of the deviation between the MRI sig-
nal and its exponential fit with the echo time. Before
removal of the modeled cardiac-induced fluctuations
(i.e., Staw), the highest level of variation in RMSE across
the cardiac cycle are observed in inferior brain regions
such as the brainstem and cerebellum (Figure 4C, see
Table 3). After removal of cardiac-induced fluctuations
(i.e., Sno cardiac)> the spatial uniformity of the RMSE varia-
tions is improved. At the regional level, cardiac pulsation
respectively accounts for 29% (p < 0.05) of the overall SD
of RMSE across the cardiac cycle in the brain and 42%
(p <0.05) in non-brain voxels (e.g., blood vessels, CSF)

SD of R,* across the cardiac cycle, calculated from the raw MR signal (S, ), the modeled cardiac-induced noise (Scardiac)»

the raw MR signal after removal of the modeled cardiac-induced noise (Syo cardgiac) and two hybrid 5D k-space S.* and

T
hybrid—cardiac only

hybrid—all noise

, computed from S;ay, and Scargiac, by removal of cardiac-induced noise within a circular region of radius r; = 0.074 mm~!.

R,* variability [s~!] Brainstem Cerebellum Whole-brain Noisy non-brain voxels
SD( *(S,aw)) 1.35+0.29 1.04+0.19 0.82+0.18 3.55+0.53
SD(R; (scardm)) 0.95+0.09 0.77 +0.06 0.59 +0.06 2.97+0.23
SD(R5(Sno cardmc)) 0.91+0.24 0.65+0.11 0.54+0.13 2.00+0.31
sp(Rs (s; )) 1.13+0.24 0.80+0.12 0.66+0.14 2.99+0.38
ybrid—all noise o
sp(R;(sp ) ) 0.60%0.09 0.43+0.06 0.35+0.06 2224023
ybrid—cardiac only

Abbreviation: SD, standard deviation.
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in the raw data (R}(Srw), red) and because of the modeled cardiac-induced noise (R3(Scardiac), blue). The changes in R,* across the cardiac
cycle reflect exponential-like effects of cardiac pulsation on the MRI signal. This is illustrated in figure (B) by presenting the magnitude of the
modeled cardiac-induced noise Sc,qiac across echo time for the purple and green points of figure (A), being, respectively, the maximum and
minimum of R (Scardiac) across the cardiac cycle. (C) Example maps of the variability of R,* across the cardiac cycle before and after removal
of the modeled cardiac-induced noise (SD (R} (Sraw))q,c and SD(R}(Sho Carcnac))q)c). (D) Regional estimates of SD(R; (S“‘W))wc and

SD(R}(Sno C‘,ﬁlmuac))q) averaged across participants (*p < 0.05).

(SD(RMSE(Sno cardiac))/SD(RMSE(Sraw))) (Figure 4D and
Table 3).

The SD across the cardiac cycle of R,* maps com-
puted from S .. o . o.y Shows a decrease with
ybrid—cardiac only
increasing r, with an inflection point when the mod-

eled cardiac-induced noise is removed in ~80% of voxels

(Figure 5A). Beyond 80%, the SD of R,* across the car-
diac cycle varies as the inverse of the square root of the
number of remaining k-space frequencies (black curve),
indicating that R,* variability is dominated by thermal
noise.%? The apparent knee point near the origin delin-
eates the region of k-space where the local variation in the
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noise (RMSE(Scardiac), blue). The changes in RMSE(S arqiac) across the cardiac cycle reflect non-exponential effects of cardiac pulsation on the

MRI signal. This is illustrated in figure (B) by presenting the difference between the magnitude of the modeled cardiac-induced noise Scasdiac

and the magnitude of the exponential fit Sg; across echo time for the purple and green points of figure (A), being, respectively, the maximum

and minimum of RMSE(S...4iac) across the cardiac cycle. (C) Example maps of the variability of RMSE across the cardiac cycle before and

after removal of the modeled cardiac-induced noise (SD(RMSE(S;ay)), and SD(RMSE(Syo cardiac))g, » TESPectively). (D) Regional estimates
SD(RMSE(Sraw))g, @and SD(RMSE(Sno cardiac))q, averaged across participants (*p < 0.05).

level of cardiac-induced noise is sharp, that is, the region
of k-space sensitive to cardiac-induced noise. Using the
Kneedle algorithm,® this region was determined to be
a circle of radius r; = 0.074mm~™" that includes ~22%
to 24% of the central points of k-space (dashed lines in
Figure 5A,B). Removal of cardiac-induced noise from this
region reduces the variability of R,* across the cardiac

cycle by ~40% (p < 0.05) across the brain, and 25% (p <
0.05) in non-brain voxels such as blood vessels or CSF

. * Vg *
(e., SD (Rz (Shybrid—cardiac only ) )(p /SD (R (Seardiac)) o)

Accounting for all noise sources present in the

- o
data (Shybri dall nOise), removal of cardiac-induced

noise from this region reduces the variability of R,*
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TABLE 3

SD of the fit residuals (RMSE) across the cardiac cycle, calculated from the raw MR signal (S;.y ), the modeled

cardiac-induced noise (Scardiac ), the raw MR signal after removal of the modeled cardiac-induced noise (Syo cardiac) @and two hybrid 5D

rt
hybrid—all noise
of radius r; = 0.074 mm™L.

and S

k-space S hybrid—cardiac only’

computed from S,y and Scardgiac, by removal of cardiac-induced noise within a circular region

RMSE variability [a.u.] Brainstem Cerebellum Whole-brain Noisy non-brain voxels
SD(RMSE(Staw))g, 1.52+0.34 1.20+0.15 0.86 +0.16 1.85+0.28
SD(RMSE(Scardiac) o, 1.03+0.18 0.81+0.15 0.58 +0.12 1.49 +0.23
SD(RMSE(Sho cardiac))o, 1.09+0.29 0.85+0.11 0.61+0.13 1.08+0.16
SD (RMS]«:(sf;ybri el mise) )(PC 1.35+0.29 1.03+0.11 0.75+0.14 1.60+0.22

0.75+0.09 0.55+0.07 0.41+0.07 1.15+0.14

rA
SD (RMSE (Shybrid—cardiac only ) >(P

Abbreviation: RMSE, root-mean-squared error; SD, standard deviation.

across the cardiac cycle by ~15% to 20% (p<0.05)

(e SD(R5 (SFyprigat ot ) )(P /SD(R;(Sav)),, ) (Table 2
and Figure 5C). )

From the characteristics of cardiac-induced noise pre-
sented above, we compared the reproducibility of R,*
maps obtained with a standard acquisition and with
an implementation of cardiac gating that allowed data
acquisition during the first quarter of the cardiac cycle
only (Figure 6A). Cardiac gating was only implemented
for the acquisition of the sensitive region of k-space,
located within a circle of radius r; = 0.074mm™!. The
variability of the R,* maps across repetitions decreased
with the cardiac gating sequence, particularly in infe-
rior brain regions: this decrease was 11%/8%/6% in
the brainstem/cerebellum/whole-brain (non-significant,
p > 0.05) (Figure 6B). Figure 6C shows maps of the RMSE
of the fit averaged across repetitions for the standard and
cardiac gating sequences. Similar to R,* variability, the
decrease in RMSE with the cardiac gating sequence was
most pronounced in inferior brain regions: 7% in the
brainstem and cerebellum and 3% across the whole brain
(non-significant, p > 0.05) (Figure 6D). However, aliasing
of cardiac-induced noise originating from the circle of
Willis along the anterior-posterior phase encode direction
can be observed.

4 | DISCUSSION

We presented an extensive characterization of noise
induced by cardiac pulsation in quantitative maps of the
MRI parameter R,* in the brain. Multi-echo R,* map-
ping data were acquired across the cardiac cycle using
a continuous sampling strategy similar to that used for
high-dimensional brain and cardiac imaging.?*#6-4° Data
acquisition was conducted using a Cartesian sampling
kernel optimized to mitigate spurious effects such as

breathing- or motion-induced effects and maximize the
filling of the multidimensional space of the data. We mod-
eled the effect of cardiac pulsation from the changes of
the raw k-space data across the cardiac cycle. We used
the modeled cardiac-induced noise to identify the sensi-
tive region of k-space and estimate the effect of cardiac
pulsation on the reproducibility of R,* estimates. The
modeled cardiac-induced fluctuations do not distinguish
between the physiological processes that may contribute
to the effect, but rather represent an overall measure of
cardiac-induced noise in R,*-mapping data. From the dis-
tribution of cardiac-induced noise in k-space a tentative
strategy to mitigate the effect during data acquisition was
presented, which leads to an effective reduction in variabil-
ity of R,* maps across repetitions.

The amplitude of cardiac-induced noise increases with
the echo time of the data, in line with the expected
coupling of motion with the magnetic field gradients
used for imaging encoding. This leads to systematic
exponential-like effects of cardiac pulsation on the trans-
verse signal decay and to apparent changes of R,* across
the cardiac cycle. Variations in R,* of 0.59s7! were
observed across the cardiac cycle on average across the
brain, reaching 0.95/0.77/2.97s7! in the brainstem/cere-
bellum/noisy non-brain voxels. Cardiac-induced noise,
therefore, accounted for ~35% of the overall SD of
R,* across the cardiac cycle in the brain and 44% in
non-brain voxels (e.g., blood vessels, CSF). Additionally,
the non-exponential effects of cardiac pulsation on the
MRI signal led to a 29% increase of the overall SD of RMSE
across the cardiac cycle in the brain and 42% in non-brain
voxels.

The amplitude of cardiac-induced noise is strongest
near the k-space center and decreases sharply toward the
periphery. The improvements in the reproducibility of R,*
maps after removing the modeled cardiac-induced fluctu-
ations over an increasing fraction of k-space allowed us to
delineate the region of k-space sensitive to cardiac-induced
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covering 22% of k-space. (C) Regional estimates of relative R,* variability across the cardiac cycle for increasing radius r of '

noise (Figure 5). We found that this region lies within a rel-
atively small radius of 0.074 mm~! from the k-space center
and accounts for ~40% of the total cardiac-induced fluctu-
ations in the brain and 25% in non-brain voxels (Table 2).
The distribution of cardiac-induced noise in k-space is
amenable to the design of mitigation strategies that pri-
marily target the k-space center. Here, we tentatively chose
to mitigate cardiac-induced noise by restricting data acqui-
sition in the target region to the first quarter of the cardiac
cycle, where the level of cardiac-induced noise is low-
est (Figure 2C). This strategy leads to a decrease in R,*
variability across repetitions of 11%, 8%, and 6% in the
brainstem, cerebellum, and whole brain, at a cost of 16%
scan time increases (Figure 6B). In areas such as the brain-
stem, this is more efficient than uninformed averaging
methods that would require a scan time increase of ~23%
to achieve the same improvements in R,* reproducibil-
ity. However, it is suboptimal in superior brain regions,
where cardiac-induced signal instabilities are not a domi-
nant source of noise. The cardiac-gated acquisitions show

r
hybrid—all noise*

improved spatial uniformity. In particular, RMSE maps
exhibit a reduced level of aliasing of cardiac-induced noise
from the circle of Willis along the anterior—posterior direc-
tion.

However, the improvements in the stability of R,*
maps with the proposed cardiac gating approach only rep-
resent a fraction of the changes in R,* from the modeled
cardiac-induced fluctuations in the 5D data. We are cur-
rently investigating alternative strategies that involve the
synchronization of data acquisition with cardiac pulsation
for Cartesian trajectories, as well as alternative sampling
trajectories. Initial results indicate that these strategies
provide a much improved mitigation of cardiac-induced
noise.% The spatial resolution in the assessment of the pro-
posed mitigation strategy was higher than the 5D datasets
used for the characterization of cardiac-induced noise,
leading to a higher contribution of thermal noise to the
overall variability of R,* maps. Furthermore, cardiac gat-
ing was set to act on a restricted area of k-space that
contains ~40% of the total cardiac-induced noise in brain
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voxels and ~25% in non-brain voxels, leaving a large part
of cardiac-induced noise in other k-space regions intact.
In particular, the large remaining cardiac-induced noise
in noisy non-brain regions (i.e., blood vessels and CSF)
leads to a visible amount of spatial aliasing in the data that
propagates into the brain (Figure 6A,C).

Visual examination of the maps suggests that head
motion may have led to image degradation that partly
overshadowed the effects of this cardiac noise mitigation

strategy. This was confirmed by a quantitative assessment
of image quality using a motion degradation index.%¢°
Increased motion degradation index values indicative of
motion degradation were present in datasets acquired
with both standard and cardiac-gated acquisitions (data
unshown). It is, therefore, likely that head motion might
have introduced a substantial contribution to the vari-
ability of the R,* maps between repetitions, leading to a
decrease of the relative contribution of cardiac pulsation.

5UB217 sUoWIWOY dAIRa.D 3|gedt|dde ay) Aq pausenob afe saailie YO ‘9sn JO sajn. Joj Areld 1 auluQ A3 |1 UO (SUO T IPUOD-pUe-SWLR)/W0D A3 1M Aelq 1 pul|uo//:Sdny) suo i ipuoD pue swe | 8yl 8es *[€z0g/TT/9T] uo AriqiTauliuQ A3|IM ‘sutesne] nog Ag €686z WIW/Z00T 0T/I0p/Wod A8 1M Are.q 1 pul|uo//sdny wo.j papeojumoq ‘T ‘v202 ‘765222ST



RAYNAUD ET AL.

The increase in scan time with cardiac gating increases
the likelihood of image degradation because of head
motion.>%:65-66

5 | CONCLUSION

In this work, we provide a thorough assessment of
cardiac-induced noise in brain maps of the R,* relax-
ation rate. Multi-echo data were acquired at regular inter-
vals across the cardiac cycle using an optimized scheme,
enabling the analysis of cardiac pulsation effects on brain
R,* maps. Variations of up to 3/2/1/6s7! in R,* were
observed across the cardiac cycle in the brainstem, cerebel-
lum, whole-brain, and noisy non-brain voxels (e.g., blood
vessels, CSF). Cardiac-induced noise accounts for ~35%
of the total R,* variability in brain voxels and 44% in
noisy non-brain voxels. The amplitude of cardiac-induced
noise is strongest near the k-space center and decreases
sharply toward the periphery: the k-space frequencies
below 0.074mm~' (i.e., the center 22% of k-space at
an encoding phase resolution of 4mm) accounts for
~40% and 25% of the cardiac-induced fluctuations of R,*
in the brain and in non-brain voxels. This represents
~20% and 15% of the overall R,* variability across the
cardiac cycle.

The results of the cardiac-induced noise characteriza-
tion were used to design a mitigation strategy that reduces
efficiently the level of cardiac-induced noise in R,* maps of
the brain. The proposed cardiac gating strategy suspends
data acquisition during detrimental periods of the cardiac
cycle. To minimize the increase in scan time that results
from the suspension, cardiac gating was only implemented
for the acquisition of the subset of k-space that contains
most of the cardiac-induced noise. With the proposed strat-
egy, the variability of R,* maps was reduced by 11% in
the brainstem and 6% across the whole brain, compared
to standard acquisition techniques, for an increase in scan
time of 13% only.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Text S1. Optimizing data acquisition for the characteriza-
tion of cardiac-induced noise.

Video S1. Example fluctuation of the R}(S;.w) estimates
across the cardiac phase. On the left, the deviation from the
mean R,* value across the cardiac phase is presented. Two
color scales are displayed, one for the brain, and one for
the carotid area. On the right, the fluctuations of the R,*
values across the cardiac phase of two voxels are presented.

Video S2. Example fluctuation of the R}(Sraw) estimates
across the cardiac phase. The deviation from the mean
R,* value across the cardiac phase is presented for three
different slices.
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