
NeuroImage 208 (2020) 116466
Contents lists available at ScienceDirect

NeuroImage

journal homepage: www.elsevier.com/locate/neuroimage
Validating faster DENSE measurements of cardiac-induced brain tissue
expansion as a potential tool for investigating cerebral
microvascular pulsations

Ayodeji L. Adams a,*, Max A. Viergever b, Peter R. Luijten a, Jaco J.M. Zwanenburg a

a Department of Radiology, University Medical Center Utrecht, E 01.132, Heidelberglaan 100, 3584 CX, Utrecht, the Netherlands
b Image Sciences Institute, University Medical Center Utrecht, Heidelberglaan 100, 3584 CX, Utrecht, the Netherlands
A R T I C L E I N F O

Keywords:
Brain
Displacement
Microvasculature
Pulsatility
Intracranial dynamics
CSF
Abbreviations: AP, Anterior-Posterior; cSVD, C
Intracranial Volume Change; PCMRI, Phase-contras
Ratio; VCG, Vectorcardiogram.
* Corresponding author. University Medical Cent
E-mail addresses: a.l.adams-5@umcutrecht.nl (

Zwanenburg@umcutrecht.nl (J.J.M. Zwanenburg).

https://doi.org/10.1016/j.neuroimage.2019.11646
Received 19 November 2019; Accepted 13 Decemb
Available online 13 December 2019
1053-8119/© 2019 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Displacement Encoding with Stimulated Echoes (DENSE) has recently shown potential for measuring cardiac-
induced cerebral volumetric strain in the human brain. As such, it may provide a powerful tool for investi-
gating the cerebral small vessels. However, further development and validation are necessary. This study aims,
first, to validate a retrospectively-gated implementation of the DENSE method for assessing brain tissue pulsations
as a physiological marker, and second, to use the acquired measurements to explore intracranial volume dy-
namics. We acquired repeated measurements of cerebral volumetric strain in 8 healthy subjects, and internally
validated these measurements by comparing them to spinal CSF stroke volumes obtained in the same scan session.

Peak volumetric strain was found to be highly repeatable between scan sessions. First/second measured peak
volumetric strains were: (6.4 � 1.7)x10�4/(6.7 � 1.6)x10�4 for whole brain, (9.5 � 2.5)x10�4/(9.6 � 2.4)x10�4

for grey matter, and (4.4 � 1.7)x10�4/(4.1 � 0.8)x10�4 for white matter. Grey matter showed significantly higher
peak strain (p < 0.001) and earlier time-to-peak strain (p < 0.02) than white matter. An approximately linear
relationship was found between CSF and brain tissue volume pulsations over the cardiac cycle (mean slope and R2

of 0.88 � 0.23 and 0.89 � 0.07, respectively). The close similarity between CSF and brain tissue volume pul-
sations implies limited contributions from large intracranial vessel pulsations, providing further evidence for
venous compression as an additional mechanism for maintaining stable intracranial pressures over the cardiac
cycle.

Cerebral pulsatility showed consistent inter-subject peak values in healthy subjects, and was strongly correlated
to CSF stroke volumes. These results strengthen the potential of brain tissue volumetric strain as a means for
investigating the intracranial dynamics of the ageing brain in normal or diseased states.
1. Introduction

The small vessels which compose the cerebral microvasculature pul-
sate as a result of transient increases in intracranial blood volume during
the cardiac cycle, thereby causing local tissue displacement (Sweetman
and Linninger, 2011). Recently, we used an MR imaging technique called
Displacement Encoding with Stimulated Echoes (DENSE) (Aletras et al.,
1999) to measure the pulsatile brain tissue motion and indirectly
investigate changes in the microvascular blood volume over the cardiac
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strain (change in tissue volume ΔV relative to the original volume V:εv ¼
ΔV
V ) was computed. Peak volumetric strain showed differences between

grey matter and white matter that matched the relative blood volume
differences between these two tissue types, suggesting that tissue volu-
metric strain reflects swelling of the microvasculature embedded in the
tissue. The ability to study the swelling of the microvasculature bed
within the brain would be an advantage of DENSE over ‘mass-balance’
approaches that study blood- and CSF flows at the spinal canal (Bal�edent
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Table 1
Imaging parameters used in the study.

Parameter T1-weighted
FFE

DENSE PCMRI

Denca (mm) (FH/AP/RL) – 0.35/0.175/0.175 –

Vencb (cm/s) (FH) – – 5
Resolution (mm)
(FHxAPxRL)

0.93 � 0.93 x
1

1.95 � 1.95 x 2.2 3 � 0.45 x
0.45

FOV (mm) (FHxAPxRL) 300 � 248 �
190

250 � 250 � 190 3 � 190 � 185

TR (ms) 4 35/30/35 (FH/
AP/RL)

12

TE (ms) 2 8.7 6.1
EPI factor – 15 –

TFE factor 600 2 2
Readout/phase BW (Hz/
pixel)

405/– 2342/92 474/–

Inversion delay (ms) 1235 – –

Max. gradient strength
(mT/m)

40 30 25

Max. gradient slew rate
(T/m/s)

200 150 150

SENSE (APxRL) 2 � 2 1.9 � 2.5 1 � 2
Flip angle (deg) 5 Variablec 30
Cardiac synchronisationd – Retrospective Retrospective
Phases/cardiac cycle – 20 36–40
Scan duration (min:s)e 0:48 2:24 1:43

a Denc: motion (either positive or negative) that induces phase wrap in the
subtracted phase images, analogous to the Venc parameter in velocity encoded
phase contrast imaging.

b Velocity was measured in the FH direction. One subject was scanned with a
Venc ¼ 10 cm/s to eliminate phase wraps.

c The flip angles were varied over the cardiac cycle to create a stable signal
(Stuber et al., 1999), assuming a T1 of 1100 ms. The maximum flip angle in the
sweep was set to 30�, in order to maintain/preserve longitudinal magnetization
for tagging at the next cardiac cycle.

d The retrospectively-gated acquisitions were performed using a pulse oxim-
eter as the triggering device, which was attached to the left index finger.

e Scan duration reported for a heart rate of 60 beats/min and for one motion
encoding direction.
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et al., 2001; Wåhlin et al., 2012), which cannot distinguish blood volume
changes originating from the large vessels in the subarachnoidal CSF and
volume changes originating from the vascular bed in the brain tissue.

Although DENSE comes at the cost of a factor of 2 in signal-to-noise
(compared to a spin echo), it is an ideal method for investigating sub-
voxel brain tissue motion as it permits the spatial quantification of sub-
millimeter tissue motion, and inherently limits eddy current induced
phase errors by temporally separating the motion encoding/decoding
gradients through the use of a stimulated echo acquisition. For compar-
ison, an optimized phase contrast velocity method would need an
encoding velocity (Venc) of about 1 mm/s (approx. maximally 300 μm
motion during systole (Adams et al., 2019; Soellinger et al., 2009)),
which implies the need for impractically large bipolar gradients, or a
large loss in signal-to-noise due to the use of a strongly suboptimal Venc.
However, further development and validation of DENSE-derived volu-
metric strain measurements are necessary to ascertain the feasibility of
this approach for investigating the changes to the cerebral microvascu-
lature which may occur naturally with age or with disease. Previous
measurements of brain tissue pulsatility were lengthy due to the use of a
triggered acquisition that required scanning 120% of the cardiac cycle to
obtain full coverage of the cardiac cycle. This effectively led to a repe-
tition time between the motion encodings of two heartbeats (double scan
duration), increasing the likelihood of motion artefacts and reducing the
clinical viability of the method. Improvements to the acquisition scheme
are therefore needed to allow full coverage of the cardiac cycle in a more
efficient manner. Additionally, measurement repeatability would offer
an insight into whether inter-subject peak volumetric strain variability
reflects physiological variation or simply sensitivity of the volumetric
strain calculation to noise. Furthermore, internal validation of brain tis-
sue volumetric strain could be achieved through measurements of CSF
stroke volume during the same scan session (as the cranial vault has a
fixed volume, swelling of brain tissue or the arterial compartments must
be compensated by displacing CSF spinally (Enzmann and Pelc, 1993;
Greitz et al., 1992)).

This study aims, first, to validate a more efficient DENSE method for
assessing brain tissue pulsations as a physiological marker, and second, to
use the acquired measurements to explore intracranial volume dynamics.
To achieve these aims, we first implemented a retrospectively-gated
version of DENSE, which reduced the acquisition duration by half, and
assessed the repeatability of the brain tissue volumetric strain by per-
forming repeated measurements on healthy subjects. The cardiac-
induced volumetric strain was analysed for the whole brain, as well as
for grey and white matter tissue separately. Second, for internal valida-
tion we measured the CSF spinal stroke volumes as independent physi-
ological measurements of the subjects. Finally, we used the CSF and
DENSE measurements to further explore the physiology of intracranial
volume dynamics by disentangling the contributions of the large intra-
cranial extracerebral vessels and the cerebral microvasculature to
spinally displaced CSF.

2. Materials and methods

2.1. Measurements

To investigate the repeatability of brain tissue volumetric strain
measurements, the DENSE protocol was performed twice within a 2-h
period on the same day, with repositioning of the subjects. For the
comparison of the DENSE measurements with an independent mea-
surement in the same subjects, a CSF flow scan was also acquired.
Informed consent for all measurements was obtained from 8 healthy
young subjects of European descent without known cardiovascular or
cerebral diseases (3 females, mean age: 27 � 6) to participate in the
study, which was approved by the governing Ethical Review Board of our
institution.

In the first scan session, three 4D (3D þ time) brain tissue displace-
ment measurements were acquired on a 7T MR scanner (Philips
2

Healthcare) on which we implemented retrospectively-gated DENSE
(Adams et al., 2018). Similar to previous work (Adams et al., 2019), the
three DENSE acquisitions covered the entire cardiac cycle in the right-left
(RL), anterior-posterior (AP) and feet-head (FH) directions, and were
acquired using opposite gradient polarities. Retrospectively-gated pha-
se-contrast MRI (PCMRI) was used to acquire time-resolved 2D CSF flow
measurements at the C2-C3 level. The PCMRI acquisition was sensitised
for motion in the FH direction. Both DENSE and PCMRI measurements
were performed using a 32 channel head coil (Nova Medical), and
synchronised to the cardiac cycle using a pulse oximeter (POx) attached
to the index finger on the left hand.

After the first scan session, subjects were briefly taken out of the MR
scanner and allowed to move around freely (for a maximum of 10 min)
before being repositioned into the scanner for the second scan session.
During the second scan session, subjects were re-scanned using the same
DENSE protocol as the first session.

Additionally, a 3D T1-weighted FFE scan was also made for both scan
sessions for registration and segmentation of the brain tissue. See Table 1
for all relevant scan parameters.

2.2. Analysis

An identical analysis was performed on the DENSE images acquired
from each scan session. The analysis comprised of several steps as
described below.

2.2.1. Background phase removal
Background phase errors could be removed by subtraction of the two

opposing gradient polarity images present for each DENSE acquisition.
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However, we observed that the background phase was stable for every
acquired phase of cardiac cycle. Therefore, we preferred to remove the
background phase by subtracting the first acquired cardiac phase from all
others, with the minor consequence of introducing an arbitrary offset
which was irrelevant for our peak-to-peak based analysis. This has the
benefit that the volumetric strain can be computed from the DENSE
displacement fields for each gradient polarity separately, and later
combined (after inversion of the negative gradient polarity. This allowed
us to do artefact removal for each gradient polarity image, rather than on
the level of the subtracted images.

2.2.2. Image registration
Registration of the DENSE images was performed to correct for

typical EPI distortions and subject motion between each displacement-
sensitive acquisition. First, AP and FH magnitude images were rigidly
registered to RL magnitude images to correct for subject motion between
acquisitions. Next, the last RL magnitude image of the cardiac cycle was
non-rigidly registered using Elastix (Klein et al., 2010) to the subject’s
high resolution T1-weighted image (RL magnitude images were used for
the non-rigid registration, as these images showed virtually no artefacts
at the end of the cardiac cycle, where image contrast between greymatter
and white matter was optimal). Finally, all images were transformed to
the T1-weighted image using the non-rigid registration parameters ob-
tained from the registration of the RL image to the T1-weighted image.
The magnitude and phase images were combined to form complex im-
ages before transformation to the T1-weighted image space to prevent
interpolation errors near phase jumps.

2.2.3. Brain tissue selection
A brain tissue mask free of large blood vessels, CSF and artefacts must

be used to obtain a volumetric strain map which reflects only changes
induced by the swelling of the microvasculature embedded in the tissue.
A brain tissue mask without the large blood vessels was created by using
the Computational Anatomy Toolbox (Jena University Hospital, De-
partments of Psychiatry and Neurology) extension for SPM12 (Wellcome
Trust Centre for Neuroimaging, University College London). The soft-
ware yields CSF, grey and white matter probability maps from the T1-
weighted image which were used to segment the T1-weighted image
into CSF, grey and white matter tissue. The large intracranial blood
vessels were associated with high intensities in the T1-weighted image,
and were therefore incorrectly marked as grey or white matter by SPM12.
These large blood vessels were removed from the grey and white matter
probability masks using morphological area opening. Voxels in the grey
and white matter tissue masks with a probability less than 0.95, or a CSF
probability greater than zero (as determined by SPM12) were subse-
quently removed.

2.2.4. Artefact removal
Physiological motion that is not synchronised with the triggering

device, leads to an inter-shot phase instability and thus image artefacts.
The sensitivity to such motion increases with increasing delay between
motion-encoding and –decoding, and is, thus, maximal at the end of the
cardiac cycle. As subjects have most freedom to move in the FH direction,
while breathing causes a roll over the AP-axis (Sloots et al., 2018)
(mimicking FHmotion in the frontal areas of the brain), these artefacts in
the DENSE images are most extreme in the FH acquisitions (Adams et al.,
2019; Soellinger et al., 2009)). These artefacts were typically charac-
terised in the magnitude images by a rapidly decaying image intensity
throughout the latter half of the cardiac cycle (see Fig. S1 in Supple-
mentary Material). This characteristic was used to be remove the arte-
facts from the brain tissue masks used for the volumetric strain analysis.
The spatial location of the artefacts was different in each gradient po-
larity image, an observation which we exploited to maximise the brain
region available for the analysis. The artefacts were detected and
removed from the whole brain tissue mask as follows.

First, an estimate of the DENSE signal-to-noise ratio (SNR) for each
3

gradient polarity was created by dividing the magnitude image from the
end of the cardiac cycle (when the artefacts were most prominent) by the
temporal standard deviation as defined in Eqn (1),

SNR½i; j; k� ¼ Mag½i; j; k; n�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

t¼1

�
Mag½i;j;k;t��1

n

Pn

t¼1
Mag½i;j;k;t�

�2

n�1

vuut
Eqn 1

where i,j,k are image coordinates and t ¼ 1 represents the first of n ac-
quired cardiac phases.

Secondly, the estimated SNR map was thresholded to create a mask
free of artefacts. A threshold value of five was empirically determined to
be satisfactory for this purpose. Finally, the artefact-free tissue mask was
combined with the grey and white matter tissue masks using logical
conjunction.

2.2.5. Volumetric strain calculation
Volumetric strain maps were created as follows. First, raw phase

images were extracted from the registered complex images. Second, the
raw phase images were converted to displacement maps by multiplying
the phase image by twice the Denc value (since the analysis was per-
formed separately for each gradient polarity, and the Denc parameter
reflects the maximum displacement which does not induce a phase wrap
in the subtracted phase images, see Table 1). Third, 1D strains were
computed as the gradient of the RL, AP, and FH displacement maps in the
RL, AP and FH direction, respectively. Wraps in the resulting 1D strain
maps (i.e. phase wraps in the displacement maps that are propagated to
the 1D strain map due to the derivative operation) were spatially
unwrapped under the assumption of small strains (difference in
displacement between neighbouring voxels being smaller than the tag
spacing). Finally, volumetric strain maps were obtained as the sum of the
three 1D strains (which represents the divergence of the displacement
vector field) within the ‘cleaned’ grey and white matter tissue masks
separately. Absolute volumetric strain values greater that 1% for over
half the cardiac cycle were attributed to contributions from partial-
volumed CSF, remnant artefacts or large blood vessels in the tissue
masks and were thus removed.

Grey and white matter volumetric strain curves were created by
calculating the mean value within the volumetric strain map at each
acquired cardiac phase. The volumetric strain curves obtained from the
separate analysis of both gradient polarities were combined by first
negating the strain curve derived from the negative gradient polarity
followed by point-wise averaging. A mean, whole brain volumetric strain
curve was subsequently constructed by summing the grey and white
matter strain curves, weighted by the ratio of their respective tissue
volumes to the whole brain tissue volume (obtained from SPM12).

2.2.6. Measurement reference adjustment
The measurement reference was adjusted to reflect tissue expansion

similar to that obtained from other measurements triggered using a
vectorcardiographic signal (Adams et al., 2019). This was necessary
because DENSE is a measure of relative displacement accruing from the
time of encoding (Aletras et al., 1999), and the signal from the POx
utilised in this study is delayed relative to the vectorcardiogram (VCG).
The minima of the whole brain volumetric strain curves obtained in this
study were therefore set to zero and the curves were shifted to start at this
beginning of the physiological cardiac cycle (close to the R-wave). Grey
and white matter strain curves were also shifted temporally by the same
amount.

2.2.7. CSF stroke volume analysis
The oscillating volumetric flow of CSF at the C2-C3 level was analysed

as follows. A region of interest (ROI) was created using the magnitude
and phase image for guidance. Phase wraps in the velocity map within
the ROI were rare and were corrected through temporal unwrapping, if
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present. The temporal average of the velocity map was set to zero. CSF
volumetric flow was then computed as the product of the average ve-
locity within the ROI and its area. The time integral of volumetric flow
curve was calculated to obtain the CSF volume changes over the cardiac
cycle. Each subject’s CSF volume change curve was shifted by the same
temporal offset as their respective whole brain volumetric strain curve.
CSF stroke volume was defined as the peak-to-peak value of the CSF
volume change curve.

2.2.8. Exploring intracranial volume dynamics

2.2.8.1. Volume change of intracranial tissue including grey and white
matter differences. To investigate the intracranial tissue volume dy-
namics, the whole brain, grey and white matter volumetric strain curves
were converted to volume changes using their respective total volume
(derived from SPM). To explore physiological differences between grey
and white matter tissue, the ratio of the peak grey and white matter
volumetric strain curves was calculated. The time-to-peak of the volu-
metric strain curves was also determined.

2.2.8.2. Volume change of large intracranial vessels. A constant intracra-
nial volume, as per the Monro-Kellie doctrine, was assumed for every
phase of the cardiac cycle. The volume change of the large, intracranial
vessels (summed volumes of the arterial and venous extracerebral
vasculature) could then be derived from the brain and CSF volumes as
defined in Eqn (2),

ΔAVðtÞþΔVVðtÞ¼ ΔCSFVðtÞ� ΔBVðtÞþΔBSVðtÞþ ΔICVðtÞ 1� t � n
Eqn 2

where ΔAV þ ΔVV is the net volume change of the extracerebral (but
intracranial) arterial and venous blood vessels. ΔCSFV and ΔBV are the
CSF and brain tissue components within the cranium respectively, all at
one of n possible frames. ΔBSV is the volume change of the brain stem
Fig. 1. Example magnitude and displacement images at the start and peak frames obt
Grey and white matter volumetric strain maps are also shown. Images show displacem
synchronisation rather than the VCG R-wave, which yields a different reference poin
apparent compression observable in the strain maps.

4

displaced into the spinal canal, which was found to be negligible
compared to the other components (data not shown), and thus ignored.
ΔICV represents the cardiac-induced volume change of the cranial vault,
which is zero (Monro-Kellie).

2.2.9. Statistics
Agreement of peak-to-peak whole brain, grey and white matter

volumetric strain values from both scan sessions was assessed using
Bland-Altman plots. Student’s t-test was used to assess differences in the
peak and time-to-peak volumetric strain values of the grey and white
matter tissue. A linear regression was used to assess the relationship
between cardiac-induced CSF and whole brain volume changes.

3. Results

DENSE and CSF flowmeasurements and analyses for all subjects were
successfully completed. Fig. 1 shows example images of displacement
and strain maps obtained from one subject. The observed laterally
directed motion of the brain tissue arises from the use of the POx for
cardiac gating and reflects tissue relaxation following the peak systolic
pulse. As with previous studies (Adams et al., 2019; Pahlavian et al.,
2018; Soellinger et al., 2009), larger displacements were found in the FH
direction in comparison with the RL and AP directions, and typically
occurred below the cerebellar tentorium. Despite the relative smoothness
of the displacement maps, the strain maps were noticeably noisier in
appearance.

The mean volumetric strain curves covering the entire cardiac cycle
for whole brain, grey matter and white matter tissue are shown in Fig. 2.
The general shape of the volumetric strain curves was similar for all
measurements and subjects. The mean peak volumetric strain values
obtained from the first scan session were (mean � std): (6.4 � 1.7)x10�4

(whole brain), (9.5 � 2.5)x10�4 (grey matter), and (4.4 � 1.7)x10�4

(white matter), corresponding to peak volume changes of 0.82� 0.24ml,
0.68 � 0.20 ml and 0.24 � 0.09 ml, respectively. The mean volumetric
ained from the retrospective DENSE acquisition triggered using a pulse oximeter.
ent away from the mid-line due to the use of a pulse oximeter signal for cardiac
t in the cardiac cycle for which the displacement is zero. This also results in the



Fig. 2. Whole brain (A), and grey and white matter (B) volumetric strain curves for all subjects for the first and second scan sessions, shifted to reflect brain tissue
volume changes relative to the R-wave as a reference point. The strain curves show characteristic swelling of brain during systole and relaxation during diastole. In
addition to differences in their peak volumetric strain values, a delay in onset of the peak volumetric strain can be seen between grey and white matter tissue (red and
blue shaded regions in B, respectively). The bold line indicates the mean over all subjects. The shaded regions around the strain curves reflect subject variability, where
each subject is represented by a unique, consistent colour to aid subject comparison between scan sessions.
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Table 2
Results of the linear regression analysis of the cardiac-induced CSF and brain
tissue volume changes for each subject in this study.

Subjects Slope Intercept R2 RMSE

1 1.09 0.07 0.91 0.10
2 1.15 0.04 0.96 0.07
3 0.74 0.05 0.95 0.03
4 0.69 �0.01 0.89 0.05
5 0.60 0.00 0.88 0.04
6 0.70 0.05 0.84 0.12
7 0.86 0.04 0.75 0.08
8 1.19 0.07 0.97 0.08

(Mean ± std) 0.88 ± 0.23 0.04 ± 0.03 0.89 ± 0.07 0.07 ± 0.03
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strain values from the first scan session were calculated using ROIs
containing (32.6 � 8.0)% and (46.4 � 13.5)% of the available tissue for
grey and white matter, respectively. For the second scan session, the
mean peak volumetric strain values were: (6.7 � 1.6)x10�4 (whole
brain), (9.6 � 2.4)x10�4 (grey matter) and (4.1 � 0.8)x10�4 (white
matter), corresponding to peak volume changes of 0.86 � 0.22 ml, 0.69
� 0.19 ml and 0.23 � 0.05 ml, respectively. The mean volumetric strain
values from the second scan session were calculated using ROIs con-
taining (36.4 � 3.7)% and (52.9 � 6.7)% of the available tissue for grey
and white matter, respectively.

Fig. 3 shows Bland-Altman plots of the mean peak volumetric strain
values for whole brain, grey and white matter tissue from both scan
sessions. The mean peak grey matter volumetric strain values were
observed to have a higher inter-subject variability than those of white
matter.

A good agreement was found between the changes in the CSF and
brain volumes over the cardiac cycle for all subjects (see Table 2 and
Fig. 4). Linear regression of CSF vs whole brain tissue volume changes
yielded a mean slope of 0.88� 0.23 with an R2 value of 0.89� 0.07. The
mean peak CSF stroke volume was 0.74 � 0.33 ml. The derived volume
changes of the large intracranial vessels were relatively limited, with a
mean stroke volume of 0.33 � 0.10 ml. The volume changes of the CSF,
brain and large intracranial vessels over the entire cardiac cycle are
shown in Fig. 5.

The mean peak volumetric strain of grey matter was significantly
higher than that of white matter, with a p-value < 0.001 in both scan
sessions. The peak grey to white matter volumetric strain ratio was 2.4 �
0.9 (first scan session) and 2.3 � 0.4 (second scan session). After cor-
recting for the delay between the pulse oximeter and VCG R-wave, the
mean peak whole brain volumetric strain occurred at (mean � std) (32.4
� 6.3)% and (32.9 � 3.1)% of the cardiac cycle for the first and second
scan sessions, respectively. For both scan sessions, the time-to-peak for
grey and white matter was found to be significantly different. For the first
scan session, mean grey and white matter volumetric strain peaked at
(28.0 � 3.2)% and (38.6 � 7.2)% of the cardiac cycle, respectively (p-
value < 0.004). In the second scan session, the peak value for grey and
white matter occurred at (31.0� 3.5)% and (40.4� 7.1)% of the cardiac
cycle, respectively (p-value < 0.02).

4. Discussion

We validated a faster DENSE implementation as a method for quan-
tifying cardiac-induced brain tissue pulsations. Shorter scan durations
were achieved through the use of a retrospectively-gated implementation
of DENSE. The peak brain tissue volumetric strain value was found to be
Fig. 3. Bland-Altman plot showing the repeatability of whole brain, grey and white m
(1.96 x standard deviation), whilst the bold line indicates the mean difference. Each
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consistent between repeated measurements for whole brain and grey
matter, and fairly consistent for white matter. Additionally, the brain
tissue volume changes agreed well with independent measures of CSF
volume change in the same subjects. The DENSE and CSF measurements
were used to further explore intracranial volume dynamics. Relative to
white matter, grey matter showed a considerably higher peak volume
change that occurred considerably earlier in the cardiac cycle. Under the
assumption of a fixed intracranial volume and the incompressible tissue
constituents of the cranial vault, we inferred a relatively small net
contribution of the large intracranial extracerebral vessels (having a
diameter in the order of 1 mm and more) to the CSF volume expelled
towards the spinal canal during the cardiac cycle.

A retrospectively-gated implementation of DENSE was used in this
study to expand on the early work on cardiac-driven pulsatile brain
motion established by previous authors such as (Feinberg and Mark,
1987), (Greitz et al., 1992), and others more recently (Adams et al., 2019;
Pahlavian et al., 2018; Soellinger et al., 2009). In comparison with our
previous work utilizing DENSE to acquire cardiac-induced brain tissue
motion (Adams et al., 2019), the retrospectively-gated implementation of
DENSE reduced the scan duration by half whilst still achieving a similar
SNR (Adams et al., 2018). The reduced scan time not only improves its
candidacy for use in clinical research, but also reduces potential
subject-based motion artefacts. Although the retrospectively-gated al-
gorithm is compatible with the use of a VCG signal for cardiac synchro-
nisation, utilisation of the POx instead simplifies measurement setup
whilst providing a stable signal, free from magnetohydrodynamic arte-
facts. A minor consequence of using the POx in this manner is an implied
compression of brain tissue due to the peak-systolic cardiac phase used as
a reference point for triggering the DENSE measurements. As shown in
this study, this issue can be easily corrected in post-processing.

The Bland-Altman analysis revealed good agreement of peak brain
atter peak volumetric strains. The dotted lines indicate the limits of agreement
colour represents a specific subject.
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tissue volumetric strain between measurements. We observed lower SNR
at the centre of the brain due to the lower sensitivity of the receive coil
array. This lower SNR, in addition to the generally lower mean peak
volumetric strain values may explain the limited repeatability observed
in this study for white matter. Nonetheless, the high repeatability of the
peak whole brain volumetric strain, in conjunction with the high corre-
lation to CSF volume changes, suggests that the variability in peak
volumetric strain observed amongst subjects reflects physiological vari-
ation rather than measurement error. Due to the relatively long acqui-
sition, respiration effects are averaged out, thus its impact on the
variation observed in this study was limited. It should be noted that from
our previous work (Adams et al., 2019), it was estimated that increasing
the DENSE SNR by a factor of ~10 allows for a voxel-wise analysis of the
peak volumetric strain. In terms of SNR, this is equivalent to averaging
~100 voxels. Therefore, in this study spatial smoothing of the data was
unnecessary since results were obtained from averaging over 10k voxels.

The approximately linear relationship (as obtained from the regres-
sion analysis) between CSF and brain tissue volume changes is consistent
with current concepts of intracranial volume change. In order to
compensate for the increased blood volume which enters the cranium
from the heart during each cardiac cycle, a similar volume of CSF is
flushed out into the spinal canal, thereby assisting with the maintenance
of a stable intracranial pressure (Alperin et al., 1996; Bal�edent et al.,
2001; Capel et al., 2018; Enzmann and Pelc, 1993). Thus, if only the
average brain volume change is of interest, one might use CSF stroke
volumemeasurements at the level of the spinal canal, which are shown to
be readily available at clinical field strengths (Bal�edent et al., 2001). The
internal validation of our method using CSF volume changes increases
confidence in the volume change measurements obtained using DENSE,
despite the inherent sensitivity of the volumetric strain calculation to
noise.
Fig. 4. CSF vs brain tissue volume changes over the measured cardiac cycle. The bl
Larger dots on the lines signify measurement points. A hysteresis effect is noticeable
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Exploration of the volume changes in the large intracranial vessels
was achievable using the results obtained from the internal validation of
our method. Fundamental to the exploration of these volume changes is
the notion of intracranial volume change (ICVC). Several investigators
have previously calculated ICVCs by summing transcranial blood and
CSF flows into and out of the cranium over the cardiac cycle. Based on
this approach, average maximum ICVCs of 0.6 � 0.1 ml (Bal�edent et al.,
2006), 0.48 � 0.15 ml (Alperin et al., 2005) and 0.43 � 0.12 ml (Tsai
et al., 2018) have been reported. Our results are complementary to these
measurements as we quantified the contribution of the swelling of the
vasculature embedded in the brain tissue to the CSF expelled in the spinal
canal. Considering these vessels to belong by definition to the micro-
vasculature, we estimated the swelling of the extracerebral vasculature
(or intracranial ‘macrovasculature’) by subtracting the brain tissue vol-
ume from the CSF volume. This estimation is based on the assumption
that the intracranial volume is truly rigid and does not show a volume
change over the cardiac cycle. We believe that this is a valid assumption
since the skull is three orders of magnitude stiffer (Peterson and Dechow,
2003) than the brain tissue (Jin et al., 2013). Even in the soft brain tissue,
only a volume change of about 1 ml is observed. However, if the esti-
mated ICVCs in the literature are realistic (or reflect tissue and/or fluid
flows through other foramina), such ICVCs have to be added to our
estimated macrovascular volume pulsations. This still would yield stroke
volumes of the large intracranial vessels of similar size as the stroke
volume of the microvasculature, underscoring that the contribution of
the microvasculature cannot be ignored. On the other hand, if the ICVC
truly is negligible, our findings of limited volume change in the large
intracranial (but extracerebral) blood vessels implies compression of the
cortical veins and cavernous sinus. In either case, direct measurements of
the blood volume changes in the extracerebral macrovascular are chal-
lenging due to the complex venous drainage system (Schaller, 2004).
ack solid line represents y ¼ x. Each coloured line represents a specific subject.
, with the direction indicated by the arrow heads.



Fig. 5. Brain and CSF volume changes over the cardiac cycle for all subjects. Positive values of the CSF volume change curve indicate volume displaced into the spinal
canal. The estimated contribution of the large intracranial vessels (including both arteries and veins) is also shown. The mean heart rate during measurements of the
brain and CSF volume changes is indicated between brackets above each figure.
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Therefore, the method of indirect estimation as performed in our study
may provide a means to gain further insights into the intracranial volume
dynamics. We observed a net negative volume of the extracerebral
macrovascular compartment during systole, which may reflect an initial
venous compression (DE Simone et al., 2017; Enzmann and Pelc, 1993;
Greitz, 2006) due to the rapid increase in intracranial pressure (Alperin
et al., 2006), before the CSF can be displaced. As such, due to the tightly
coupled pressure-volume relationships between the incompressible
constituents of the cranial cavity, reduced or abnormal CSF expulsion,
such as that which occurs in the elderly (Stoquart-ElSankari et al., 2007)
or in disorders such as Chiari I malformation (Haughton et al., 2003),
may be associated with altered microvascular pulsations within the brain
tissue. Altered microvascular pulsations may also occur as a result of
intracranial hypertension (Saindane et al., 2018), hydrocephalus and
age-related ‘pulse wave encephalopathy’ (Cecile Henry-Feugeas and
Koskas, 2012).

The measured differences in the mean volumetric strain value of grey
and white matter tissue reflects the physiological differences between
these two tissue types. Since white matter is stiffer than grey matter (Jin
et al., 2013), the lower volumetric strain (or, equivalently, volume
change) for the former obtained in this study may not only reflect dif-
ferences in the blood volume occupying both tissue types, but also dif-
ferences in tissue viscoelasticity. The vascular organization within the
brain parenchyma results in grey matter being perfused before white
matter, and intuitively provides an explanation for the delay observed
between peak grey and white matter volumetric strain. However, given
the speed of the arterial pulse wave, and the mean distance between the
two tissue types, it is unlikely that this delay can be measured with the
temporal resolution used in this study. Rather, a more likely explanation
for the observed delay in peak swelling between grey and white matter
can be surmised from the BOLD-CVR studies performed by (Bhogal et al.,
2015), where it was suggested that grey matter is preferentially filled
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with blood due to its denser vascularization. Therefore, grey matter may
buffer cardiac-induced blood volume changes before these are redirected
to the white matter. It is unclear how the surrounding tissue stiffness
properties affect the propagation of the arterial pulse wave throughout
the microvasculature. One approach may be to lump tissue and vessel
wall stiffness as a single parameter in biomechanical modelling (Ambarki
et al., 2007), which is outside the scope of this paper.

Our results are similar to those reported in the literature. The peak
volumetric strain values obtained in this study are in agreement with
previous measurements of tissue volumetric strain using prospectively-
triggered DENSE (Adams et al., 2019) and PCMRI (Hirsch et al., 2013).
Furthermore, the peak grey to white matter volume change ratio of
approximately 2.4 found in this study is similar to that obtained in other
MR based methods of assessing brain tissue blood volume variations over
the cardiac cycle. (Viessmann et al., 2017) assessed the signal fluctua-
tions derived from double-echo EPI scans and found an approximate
factor of 2 in the T2* fluctuations of grey and white matter, with the
former being larger. They associated these T2* fluctuations with blood
volume changes between these two tissue types. Interestingly, they also
observed phase delays between different grey matter regions but do not
report such a relation between grey and white matter. (Rivera-Rivera
et al., 2019) also investigated brain tissue blood volume differences using
T2* signal fluctuations, enhanced through the use of ferumoxytol as a
contrast agent and instead obtained through a spiral acquisition. As in
this study, they also obtained a significant difference between grey and
white matter blood volume pulsations over the cardiac cycle, however
they found a slightly lower ratio of approximately 1.6. The ratio they
obtained may have been limited by the model used to estimate brain
volume changes. They also do not report any differences in the time to
peak of grey and white matter microvascular blood volumes, which may
be due to the reconstructed temporal resolution and retrospective
binning used in that study. The group mean CSF stroke volume
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measurements achieved in our study are also similar to those obtained by
other investigators using PCMRI to measure volumetric CSF flow at the
C2-C3 cervical level: 0.58 � 0.12 ml (Bal�edent, 2014), 0.71 � 0.32 ml
(Wåhlin et al., 2014), 0.77 � 0.23 ml (Wåhlin et al., 2012).

Cerebral small vessel disease is an age-linked, neurological disorder
characterized by damage to the microvasculature and the surrounding
tissue bed (Shi and Wardlaw, 2016). As such, brain tissue volumetric
strain measurements, which uniquely contain joint information on both
vascular and tissue function, may prove to be a useful tool for investi-
gating early pathological changes induced by this disease, conceivably
even before the vascular/neuronal damage is visible on typical CT/MR
images. Moreover, cardiac pulsation is claimed to be involved in the
brain’s clearance system (Iliff et al., 2013). Although it is unlikely that
cardiac pulsation drives a net fluid flow in the tissue, it is well conceiv-
able that the observed tissue deformations contribute to mixing of fluids
and, thus, to more effective waste transport (Asgari et al., 2016; Bedussi
et al., 2018). In this study we observed consistency between repeated
measurements of brain tissue volumetric strain, and also internal con-
sistency of brain tissue and CSF intracranial volume exchange in accor-
dance to the Monro-Kellie doctrine. These consistencies together
strengthen the potential of this method as a biomarker of the microvas-
cular function for investigating the ageing brain under healthy and
diseased conditions. Our measurements also revealed an inter-subject
variation, which is likely related to physiological differences, including
inter-subject variation in intracranial pressure (Saindane et al., 2018).
Future work is warranted to explore these differences to determine
whether a particular physiology may be linked to age, sex and/or risk
factors for disorders such as stroke or cerebral small vessel disease.
Additionally, given the existing inter-subject variation in controls, future
studies comparing matched controls with patients or elderly are needed
to investigate the power of this technique for detecting disease or
changes with age (where a reduction in tissue strain is expected given
CSF stroke volume reduction with age (Stoquart-ElSankari et al., 2007)).

Several biomechanical phenomena underlie the volumetric strain
values reported in this study: the change in blood volume of the micro-
vasculature within the parenchyma (Sweetman and Linninger, 2011), the
net pulsatile pressure acting on the parenchyma (Mousavi et al., 2014)
and the parenchyma’s viscoelastic properties (Hirsch et al., 2013). As
previously discussed, our volumetric strain measurements may provide
early insights into diseases which alter those underlying phenomena.
Moreover, in some cases, minor differences in cardiac-induced pulsatile
pressure may be assumed throughout the brain parenchyma (Eide,
2008). Under that assumption, the parenchymal viscoelastic properties
can be approximated using MR elastography reconstructions derived
from displacement measurements such as those acquired in this study
(Weaver et al., 2012; Zorgani et al., 2015). This would in principle allow
the disentanglement of the tissue volume change from its viscoelastic
properties, allowing separate quantification of changes to these specific
biomechanical phenomena due to age or disease. Future work is also
warranted to explore how cardiac-induced brain tissue volumetric strain
measurements depend on the actual physiology during the measure-
ments such as heart rate and respiration rate, which may vary based on
the level of anxiety of the patient in the scanner.

Due to the sensitivity required to accurately measure brain tissue
displacement, which would introduce multiple phase-wraps of CSF mo-
tion at the C2-C3 level, simultaneous measurements of brain tissue and
CSF motion from the DENSE images were not possible. In some subjects
we noted a discrepancy in the average heart-rate between DENSE and
CSF measurements (see Fig. 5). CSF and arterial flow waveforms are
known to be a function of heart rate (Daouk et al., 2017; Strik et al.,
2002). The heart rate discrepancy may thus restrict interpretations of the
brain tissue and CSF intracranial volume imbalance.

As with other measurements of brain tissue using DENSE (Adams
et al., 2019; Soellinger et al., 2009), some images contained artefacts
which may be related to the SENSE acceleration, intra-voxel dephasing,
and subject motion including respiration. Although these artefact regions
9

were excluded from the analysis, their removal may have hampered
measurement repeatability by the exclusion of volumetric strain data
from key brain regions. The removal of these artefacts, and an increase in
measurement SNR would further allow brain region volumetric strain
analyses using smaller ROIs, and is the focus of future work. A further
limitation of this study is the use of registration software to correct for
EPI distortions, which could be improved through the use of an acquired
B0-field map.

5. Conclusion

Cardiac-induced brain tissue pulsatility has consistent inter-subject
peak values in repeated measurements of healthy subjects. Further-
more, it is strongly correlated to CSF volume changes measured at the C2-
C3 level. The successful internal validation of measured brain volume
changes to CSF displaced into the spinal canal suggests that due to venous
compression, the extracerebral macrovasculature offers a relatively
minor contribution to CSF intracranial dynamics over the cardiac cycle.
The consistency between repeated brain tissue volumetric strain mea-
surements, and internal validation to CSF measurements strengthens the
potential of brain tissue volumetric strain as a tool for investigating the
ageing brain in normal or diseased states.
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